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Supraspinal Brain-Derived Neurotrophic Factor Signaling:
A Novel Mechanism for Descending Pain Facilitation

Wei Guo,* Meredith T. Robbins,* Feng Wei,* Shiping Zou, Ronald Dubner, and Ke Ren
Department of Biomedical Sciences, Program in Neuroscience, Dental School, University of Maryland, Baltimore, Maryland 21201

In the adult mammalian brain, brain-derived neurotrophic factor (BDNF) is critically involved in long-term synaptic plasticity. Here, we
show that supraspinal BDNF-tyrosine kinase receptor B (TrkB) signaling contributes to pain facilitation. We show that BDNF-containing
neurons in the periaqueductal gray (PAG), the central structure for pain modulation, project to and release BDNF in the rostral ventro-
medial medulla (RVM), a relay between the PAG and spinal cord. BDNF in PAG and TrkB phosphorylation in RVM neurons are upregu-
lated after inflammation. Intra-RVM sequestration of BDNF and knockdown of TrkB by RNA interference attenuate inflammatory pain.
Microinjection of BDNF (10 –100 fmol) into the RVM facilitates nociception, which is dependent on NMDA receptors (NMDARs). In vitro
studies with RVM slices show that BDNF induces tyrosine phosphorylation of the NMDAR NR2A subunit in RVM via a signal transduc-
tion cascade involving IP3 , PKC, and Src. The supraspinal BDNF-TrkB signaling represents a previously unknown mechanism underlying
the development of persistent pain. Our findings also caution that application of BDNF for recovery from CNS disorders could lead to
undesirable central pain.
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Introduction
Recent evidence indicates that brain-derived neurotrophic factor
(BDNF), a member of the neurotrophin family that is essential
for neuronal survival during development, is widely expressed
throughout the nervous system (Conner et al., 1997; Yan et al.,
1997a) and contributes to synaptic plasticity in the adult mam-
malian brain (Schinder and Poo, 2000). The effects of BDNF are
mediated through its binding to the tyrosine kinase receptor B
(TrkB) and subsequent activation of downstream signaling path-
ways (Huang and Reichardt, 2003). The BDNF-TrkB signaling
has been shown to play a critical role in activity-dependent syn-
aptic plasticity underlying learning and memory (Schinder and
Poo, 2000; Lu, 2003).

Brainstem descending pathways linking the periaqueductal
gray (PAG), the rostral ventromedial medulla (RVM), and the
spinal cord constitute a major mechanism in the modulation of
pain transmission (Fields and Basbaum, 1999) (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
Recent studies indicate that persistent pain after tissue or nerve
injury is linked to an enhanced activation of descending modu-
latory circuits. An increased net descending facilitatory drive
leads to an amplification and spread of the pain (for review, see
Urban and Gebhart, 1999; Porreca et al., 2002; Ren and Dubner,
2002; Vanegas and Schaible, 2004). The increased excitability in

the descending circuitry after injury likely reflects long-lasting
changes in synaptic efficacy, similar to that seen in hippocampal
synapses that are involved in learning and memory. However, the
cellular mechanisms underlying injury-induced synaptic plastic-
ity in pain modulatory circuitry are poorly understood.

Studies have shown high levels of BDNF mRNAs and proteins
within the PAG (Ceccatelli et al., 1991; Conner et al., 1997).
Abundant TrkB mRNAs and proteins are observed in RVM neu-
rons projecting to the spinal dorsal horn (Yan et al., 1997b; King
et al., 1999). At the spinal level, BDNF is distributed in primary
sensory neurons in the dorsal root ganglion (DiStefano et al.,
1992; Mannion et al., 1999) and is involved in central sensitiza-
tion in the spinal dorsal horn (Mannion et al., 1999; Kerr et al.,
1999; Pezet et al., 2002a; Malcangio and Lessmann, 2003). Given
the matching distribution of the BDNF-TrkB system in the PAG-
RVM circuitry, we hypothesize that supraspinal BDNF-TrkB re-
ceptor signaling plays an important role in the development of
persistent pain after injury. Here, we show for the first time that
BDNF-containing neurons in the PAG project to and release
BDNF in the RVM and peripheral inflammation induces an en-
hanced expression of BDNF in PAG and TrkB receptor phos-
phorylation in RVM neurons. Sequestration of endogenous
BDNF and knockdown of TrkB by RNA interference (RNAi) in
the RVM attenuates inflammatory hyperalgesia. Microinjection
of BDNF into the RVM produces descending pain facilitation,
which is dependent on the activation of NMDA receptors
(NMDARs). In vitro studies with RVM slices show that BDNF
induces tyrosine phosphorylation of the NR2A subunit of the
NMDAR through a signal transduction cascade that involves IP3,
PKC, and Src family tyrosine kinase. The BDNF-TrkB signaling
in the supraspinal circuitry represents a previously unknown
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mechanism underlying the development and maintenance of
plasticity and persistent pain.

Materials and Methods
Animals. Adult male Sprague Dawley rats weighing 250 –300 g (Harlan,
Indianapolis, IN) were used in all experiments. Rats were on a 12 h
light/dark cycle and received food and water ad libitum. The experiments
were approved by the Institutional Animal Care and Use Committee of
the University of Maryland Dental School.

Hindpaw inflammation. A unilateral hindpaw inflammation was pro-
duced by a subcutaneous injection of complete Freund’s adjuvant (CFA)
(0.05 ml; Sigma, St. Louis, MO) suspended in an oil/saline (1:1) emulsion
into the plantar surface of one hindpaw. The CFA injection produced an
intense tissue inflammation of the hindpaw characterized by erythema,
edema, and hyperalgesia (Iadarola et al., 1988). The CFA-treated animals
groom normally and display normal locomotor activity. They maintain
their weight, explore their environment, and interact with their cage
mates. Saline (0.05 ml; 0.9%) was used as a control for CFA.

Intra-RVM microinjections. Animals were anesthetized with 2–3%
isoflurane in a gas mixture of 30% O2 balanced with nitrogen and placed
in a Kopf stereotaxic instrument (Kopf Instruments, Tujunga, CA). A
midline incision was made after infiltration of lidocaine (2%) into the
skin. A midline opening was made in the skull with a dental drill to insert
a microinjection needle into the target site. The coordinates for the nu-
cleus raphe magnus (NRM), the major structure of RVM, were as fol-
lows: 10.5 mm caudal to bregma, midline and 9.0 mm ventral to the
surface of the cerebellum (Paxinos and Watson, 2005). To avoid pene-
tration of the transverse sinus, the incisor bar was set at 4.7 mm below the
horizontal plane passing through the interaural line. Animals were sub-
sequently maintained at �1% halothane. Microinjections were per-
formed by delivering drug solutions slowly over a 10 min period using a
500 nl Hamilton syringe with a 32 gauge needle. The needle was with-
drawn 5 min after the completion of the injection and the incision su-
tured. Different groups of animals were subjected to injection of human
recombinant BDNF (Amgen, Thousand Oaks, CA), human recombinant
TrkB-IgG (R & D Systems, Minneapolis, MN), or rabbit anti-BDNF
antisera (Chemicon, Temecula, CA). The control rats underwent identi-
cal procedures with injection of the same volume (500 nl) of the vehicles.
All wound margins were covered with a local anesthetic ointment (Nu-
percainal; Rugby Laboratories, Norcross, GA). The animals recovered
from anesthesia �5–10 min after microinjection. For retrograde tracing,
cholera toxin subunit B (CTB) (1%, 250 nl; List Biologic, Campbell, CA)
was microinjected into the NRM. After 4 d of survival, the animals were
deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
perfused through the ascending aorta with 200 ml of saline followed by
500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer.

Intra-PAG electrical stimulation. Animals were anesthetized with
isoflurane and mounted in a stereotaxic apparatus as described above.
The stimulation site in the ventrolateral PAG was located stereotaxically
(7.5– 8.8 mm caudal to bregma, 0.4 mm lateral to the midline, and 4.5–
4.8 mm deep from the surface of the cerebral cortex), and a monopolar
electrode consisting of Teflon-insulated stainless steel wire (0.1 mm)
exposed only at the cut tip was introduced. The indifferent electrode was
attached to the neck muscles. The PAG was stimulated with 60 trains
(square pulses of 0.5 ms, 67 Hz, 0.25 mA) for a total of 10 min (1 s on and
9 s off). At 30 min after stimulation, the animals were deeply anesthetized
with sodium pentobarbital (100 mg/kg, i.p.); the RVM was rapidly dis-
sected and stored at �80°C for immunoblot analysis. The medulla was
also removed for double immunostaining after animals were perfused
with 4% paraformaldehyde.

Targeted small interfering RNA transfer by electroporation. The method
for regional gene transfer in vivo with electroporation (Wei et al., 2003)
was used for TrkB small interfering RNA (siRNA) transfer in the RVM.
The surgical procedure was the same as that for intra-RVM microinjec-
tions. The siRNAs, including TrkB siRNA (70 and 280 ng/500 nl) and the
control siRNA (70 ng), were injected into the RVM. All siRNAs were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). After the
completion of the injection volume, the injection needle was left in place
for at least 15 min before being slowly withdrawn. A pair of Teflon-

coated silver positive and negative electrodes were placed around the
microinjection sites rostrocaudally. The tip of the wires was naked, and
the bare length was 2 mm. For transfer of negatively charged siRNA into
RVM neurons, seven square wave electric pulses (50 ms, 40 V, 1 Hz;
model 2100; A-M Systems, Carlsborg, WA) were delivered. The wound
was closed and animals returned to their cages after they recovered from
anesthesia. In some experiments, control siRNA conjugated with fluo-
rescein (70 ng) was injected to the RVM and then followed by focal
electroporation.

Behavioral testing. The paw withdrawal latency was determined by a
method described previously in detail (Hargreaves et al., 1988). The rats
were placed under an inverted clear plastic cage on an elevated glass
surface and allowed to acclimatize for 15–30 min. A radiant heat stimulus
was applied from underneath the glass floor with a high-intensity pro-
jector lamp bulb (Osram 58-8007, 8 V, 50 W; Osram, Berlin, Germany).
The heat stimulus was focused on the plantar surface of each hindpaw,
and the paw withdrawal latency to the nearest 0.1 s was determined using
an electronic clock circuit. Bulb voltage was adjusted to derive an average
baseline withdrawal latency of �10.0 s in naive animals. A 20 s cutoff was
used to prevent tissue damage. Before the microinjection of drugs, three
measures (each separated by a 5 min interval) were obtained for each
hindpaw, and the mean was designated the predrug latency. Paw with-
drawal latencies were measured at different times after microinjection.

Immunohistochemistry. At different time points after hindpaw inflam-
mation, rats were deeply anesthetized with pentobarbital and perfused
transcardially with 200 ml of saline followed by 500 ml of cold (4°C) 0.1
M phosphate buffer containing 4% paraformaldehyde. The brainstem
was removed, immersed in the same fixative overnight at 4°C, and trans-
ferred to 30% sucrose (w/v) in phosphate buffer for several days for
cryoprotection. Thirty-micrometer-thick coronal sections of the brain-
stem were cut with a cryostat at �20°C. Free-floating tissue sections,
including the PAG and RVM, were incubated with sheep anti-BDNF
(1:1000; Chemicon) or rabbit anti-TrkB (1:5000; Chemicon) antibodies
overnight, respectively. For colocalization of TrkB with NR2A, the RVM
sections were incubated in mixed rabbit anti-TrkB (1:1000) and mouse
anti-NR2A (1:1000; Chemicon) antibodies. The sections were then incu-
bated with biotinylated donkey anti-sheep or donkey anti-rabbit IgG
(Jackson ImmunoResearch, West Grove, PA) or goat anti-rabbit or goat
anti-mouse IgG (Vector Laboratories, Burlingame, CA) followed by
streptavidin-conjugated Alexa Fluor 488 or 568 (1:600; Invitrogen, Eu-
gene, OR). After washes in PBS, sections were mounted on gelatin-coated
slides and coverslipped with Vectashield (Vector Laboratories). Control
sections were processed with the same method except that the primary
antisera was omitted or adsorbed by respective antigens.

For the combination of retrograde tracing with immunohistochemis-
try, the sections, including the PAG of normal animals, were incubated in
mixed goat anti-CTB antibody (1:10,000; List Biologic) and sheep anti-
BDNF (1:500; Chemicon) antibody in PBS overnight and then incubated
in donkey anti-goat IgG conjugated with Alexa Fluor 568 (1:600) and
donkey anti-sheep IgG conjugated with Alexa Fluor 488 (1:600;
Invitrogen).

Tyramide signal amplification was used for double immunostaining to
identify phosphorylation of TrkB as described previously (Guo et al.,
2004). Antibody Tyr490 (Cell Signaling Technology, Beverly, MA), a
rabbit anti-phospho-TrkA/B antiserum directed against a synthetic
phospho-peptide corresponding to residues 485– 493 of human TrkA,
was used to detect the phosphorylated form of the TrkA/B receptor. After
incubation with the first primary antibody, rabbit Tyr490 (10,000), sec-
tions were reacted with biotinylated donkey anti-rabbit antibody (1:600;
Jackson ImmunoResearch) followed by incubation with Streptavidin-
conjugated peroxidase. After the application of cyanine 3-tyramide
(PerkinElmer, Boston, MA), sections were incubated in 4 M urea (carb-
amide; in distilled water; Sigma) for 15 min. The treatment with the
denaturing reagent removes the primary–secondary antibody complex,
whereas the tyramide fluorescein marker deposited on the tissue re-
mains. The sections were then incubated with the second primary anti-
body, rabbit anti-TrkB (1:1000; Upstate Biotechnology, Charlottesville,
VA) and visualized by goat anti-rabbit IgG conjugated to Alexa Fluor 488
(1:600; Invitrogen). The specificity of the double labeling with Tyr490
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was verified with mouse anti-TrkB (1:600; Neuromics, Bloomington,
MN) or goat anti-TrkA (1:600; R & D Systems). To control for cross
reactions between the two primary antibodies, some sections were pro-
cessed as above except that the second primary antibody was omitted.
Images were collected sequentially on the Zeiss (Thornwood, NY) 510
MATA laser-scanning confocal microscope.

The fluorescent immunostaining for BDNF in ventrolateral PAG neu-
rons was quantified by using NIH Image (Scion Image; Scion, Frederick,
MD) to obtain measurements of the relative fluorescence intensity in the
whole-cell body area compared with that in the adjacent background
(Wei et al., 2002). All data were shown as a ratio of the staining intensities
between the cytosolic area and the surrounding background of each neu-
ron. Only neurons with sharp boundaries and a well defined nucleus
were considered. At least 10 neurons were measured from three different
sections in each animal and then the data were averaged.

Brainstem/RVM slice. Normal adult male Sprague Dawley rats weigh-
ing 150 –200 g (Harlan) were anesthetized with 2% halothane and decap-
itated. The brainstem was removed quickly and kept in cold artificial CSF
(aCSF) consisting of the following (in mM): 124 NaCl, 4.4 KCl, 25
NaHCO3, 2.0 CaCl2, 1.0 MgSO4, 1.0 NaH2PO4, 10 D-glucose, pH 7.4, and
bubbled with 95% O2 and 5% CO2. Transverse brainstem slices at the
RVM level (0.6 mm thick) were cut at 4°C using a vibratome and im-
mersed in chambers perfused at 5 ml/min with oxygenated aCSF. The
slices were treated at room temperature with different drugs (see Results)
to test their effect on receptor phosphorylation. At the conclusion of
pharmacological treatment, the RVM tissues were punched out (Guan et
al., 2003) and homogenized to extract proteins for immunoprecipitation
and Western blot analysis.

Western blot and immunoprecipitation. Naive and treated rats were
anesthetized with 2% halothane and decapitated. The RVM tissues were
removed (Guan et al., 2003) and homogenized in solubilization buffer
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.5% deoxycholic acid, 0.1% SDS, 1 mM Na3VO4, 1 U/ml aprotinin, 2
�g/ml leupetin, 2 �g/ml pepstatin A). The homogenate was centrifuged
at 20,200 � g for 10 min at 4°C, and the supernatant was removed. The
protein concentration was determined. Each sample contained proteins
from one animal.

For Western blot analysis, the proteins (50 �g) were separated on a
7.5% SDS-PAGE gel and blotted to a nitrocellulose membrane (Amer-
sham Biosciences, Arlington Heights, IL). The blot was incubated with
the respective antibody overnight at 4°C. The membrane was washed
with Tris-buffered saline and incubated for 1 h with anti-goat IgG horse-
radish peroxidase (HRP) (1:3000; Santa Cruz Biotechnology) in 5%
milk. The immunoreactivity was detected using enhanced chemilumi-
nescence (ECL) (Amersham Biosciences). The loading and blotting of
equal amounts of protein were verified by reprobing the membrane with
anti �-actin antiserum (Sigma).

For immunoprecipitation, the samples were incubated with the same
amount of respective antiserum (4 mg) overnight and then with protein
A/G-agarose beads (Santa Cruz Biotechnology). SDS sample buffer (0.05
ml) was added to elute proteins from the protein A/G beads. The eluant
was separated on SDS-polyacrylamide gel (7.5%) and transferred to a
nitrocellulose membrane. To determine the level of tyrosine phosphor-
ylation, the membranes were blocked and incubated with anti-
phosphotyrosine 4G-10 (1:1000; Upstate Biotechnology) and further
washed and incubated with anti-mouse IgG HRP (1:3000), and ECL was
performed. The membranes were then stripped and reprobed with anti-
TrkB antiserum or anti-NR2A antiserum (1:1000) to verify the amount
of immunoprecipitated proteins.

The ECL-exposed films were digitized, and densitometric quantifica-
tion of immunoreactive bands was performed using U-SCAN-IT gel
(version 4.3; Silk Scientific, Orem, UT). The relative tyrosine-
phosphorylated protein levels were obtained by comparing the anti-
phosphotyrosine immunoblot against the corresponding TrkB or NR2A
subunit immunoblot from the same membrane, and the deduced ratios
were further normalized to that of the control rats. Data are illustrated as
percentage of the controls. Raw data (ratio of the 4G-10 band over TrkB
or NR2A band) were used for statistical comparisons. ANOVA and the
unpaired two-tailed t test were used to determine the significant differ-

ences between sample groups. p � 0.05 was considered significant in all
cases.

BDNF enzyme-linked immunosorbant assay. Naive and CFA-treated
rats were killed by overdose with 2% halothane. The RVM tissues were
weighed and homogenized in cold extraction buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% deoxycholic
acid, 0.1% SDS, 1 U/ml aprotinin, 2 �g/ml leupetin, 2 �g/ml pepstatin
A). The BDNF levels (pg/mg protein) were determined by using the
Chemikine BDNF assay kits (Chemicon) following the protocol of the
manufacturer.

Histological reconstruction. The location of microinjection in the RVM
and electrical stimulation in the PAG were determined by visualization of
Nissl-stained tissue under a microscope. Rats with misplaced microin-
jection or stimulation were excluded from the data analysis.

Data analysis. Results were expressed as mean � SEM. Statistical com-
parisons included one- or two-way ANOVA with the post hoc Scheffé’s F
test in immunocytochemical experiments or the Student–Newman–
Keuls test in behavioral experiments (ANOVA with repeated measures).
In all cases, p � 0.05 was considered statistically significant.

Results
Inflammation-induced increase in BDNF expression in
PAG neurons
Previous studies have characterized the distribution of BDNF-
containing neurons in the PAG of adult rats (Ceccatelli et al.,
1991; Conner et al., 1997). However, it is unclear whether BDNF-
containing PAG neurons are involved in the response to injury.
Using a rat model of inflammation and hyperalgesia, we first
examined the effect of hindpaw inflammation on BDNF expres-
sion in the PAG. An inflammatory agent, CFA, was injected sub-
cutaneously into one hindpaw to produce an intense tissue in-
flammation characterized by erythema, edema, and pain
(Iadarola et al., 1988). Immunostaining showed that BDNF-
labeled neurons were widely present in all portions of the PAG,
including the ventrolateral portion (Fig. 1A,B). Compared with
the control rats, substantial increases in BDNF-like immunore-
activity in ventrolateral PAG neurons were observed at 1 and 3 d
after inflammation. Quantitative densitometric analysis of
BDNF-like immunoreactivity showed a significant upregulation
by approximately threefold at 1d and fourfold at 3 d after injury
(Fig. 1C) (n � 4 –5 each group; p � 0.01). Western blot analysis
identified a 14 kDa band that corresponded to the molecular
weight of the mature BDNF (Fig. 1D), which showed similar
levels of upregulation after inflammation (Fig. 1D). These results
suggest that changes in BDNF expression occur in PAG neurons
after peripheral injury.

BDNF-containing neurons in the PAG project to the RVM
The descending input from PAG is relayed to the RVM, a pivotal
structure in descending pain modulation (Fields and Basbaum
1999). We asked whether BDNF-containing neurons in the PAG
project to RVM. A retrograde tracer cholera toxin subunit B (1%;
500 nl) was microinjected into the RVM. As shown in Figure 1E,
the injection site was centered in the NRM. A large number of
CTB-labeled neurons were found in the ventrolateral region of
the PAG (Fig. 1F), consistent with a previous report (Van Bock-
staele et al., 1991). Double immunostaining further showed that a
population of retrogradely labeled neurons in the ventrolateral
PAG was immunoreactive for BDNF (Fig. 1G–L). We found that
63 � 4% of CTB-labeled neurons (18 � 0.9 per section; n � 4) in
the unilateral ventrolateral PAG expressed BDNF (11.3 � 0.7 per
section). A smaller proportion of PAG-RVM projection neurons
in the lateral PAG were labeled for BDNF (41 � 6%). Thus, a
major population of RVM-projecting PAG neurons express
BDNF.
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Inflammation upregulates TrkB
receptor function in the RVM
The presence of a PAG-RVM BDNFergic
projection strongly suggests BDNF-TrkB
signaling in RVM neurons. To examine
the receptor mechanisms related to the in-
creased BDNF expression, we studied the
effect of inflammation on TrkB receptor
expression in the RVM. Immunostaining
showed expression of TrkB in RVM neu-
rons (Fig. 2A,B). Western blots demon-
strated a time-dependent upregulation of
full-length TrkB but not truncated TrkB
protein levels from 30 min to 3 d after in-
flammation (Fig. 2C) ( p � 0.05 compared
with naive group; n � 4 each time point).

BDNF binds TrkB receptors on neuro-
nal membrane surfaces to form a ligand-
receptor complex that initiates phosphor-
ylation of TrkB on its tyrosine residues
(Pezet et al., 2002a; Du et al., 2003). An
increase in phosphorylated TrkB receptors
in TrkB-labeled neurons can be used as a
measure of increased activation of the re-
ceptor and provides evidence for the pre-
synaptic release of BDNF (Pezet et al.,
2002b; Du et al., 2003). We investigated
the time course of phosphorylation of the
TrkB receptor (pTrkB) in the RVM after
tissue injury. Extracted proteins from
RVM tissue were immunoprecipitated
with anti-TrkB antibody and then immu-
noblotted against 4G-10, an anti-
phosphotyrosine antibody. Inflammation
induced a prolonged increase in pTrkB in
the RVM (Fig. 2D) (n � 4 each time point;
p � 0.05). Both TrkB and pTrkB levels re-
turned to baseline levels at 7–14 d after
inflammation (Fig. 2C,D).

Electrical stimulation of the PAG
induces TrkB phosphorylation in
the RVM
To identify activity-dependent release of
BDNF into RVM and subsequent activa-
tion of TrkB receptors on RVM neurons,
we next investigated TrkB receptor phos-
phorylation in RVM neurons after electri-
cal stimulation of the ventrolateral PAG. A
pattern of trains of burst stimulation
(TBSs) has been shown to be effective in
activating PAG neurons to release gluta-
mate into the RVM (Cui et al., 1999) and

Figure 1. Inflammation-induced upregulation of BDNF in the PAG and projection of PAG BDNF-containing neurons to the RVM.
A, B, The distribution of BDNF-containing neurons in the ventrolateral PAG. The inset in A is enlarged in B to show BDNF-labeled
neurons. C, Summary of the BDNF-like immunoreactivity in ventrolateral PAG neurons. There are significant increases in the
relative intensity of neuronal BDNF staining at 1 and 3 d after CFA, compared with the control ( p � 0.01; n � 4 –5 per group). D,
Western blot shows the time-dependent increase of BDNF expression in the PAG after inflammation. The top blots show examples
of the immunoreactive bands against anti-BDNF. The bottom blots show immunobands against �-actin after stripping and
reprobing the same membrane. The bottom bar graphs in D show the mean levels of BDNF normalized to �-actin. The relative
BDNF levels (mean � SEM) after inflammation are expressed as a percentage of the controls. Asterisks indicate significant
differences (**p � 0.01; ***p � 0.001) from the control. n � 4 per time point. The dashed line indicates the control level. E, CTB
immunostaining shows an example of the microinjection site of the tracer in the RVM, centered in the NRM. F, CTB-labeled
neurons in the ventrolateral PAG, indicating PAG-RVM projection. G–L, Double immunostaining of PAG neurons (I, L, yellow-
orange). Arrows in G–I indicate CTB-labeled neurons (G, red) that are also immunoreactive to BDNF (H, green), indicating
BDNFergic projection from PAG to RVM. Arrowheads in H represent single-labeled BDNF-containing neurons without CTB staining.

4

J, K, and L are enlarged from the insets in G, H, and I, respec-
tively, in which the neuron on the left is clearly double labeled
and the neuron on the right is single labeled with CTB. Scale
bars: A, 0.2 mm; B, 0.02 mm; E, 0.5 mm; F, 0.1 mm; G–I, 0.03
mm; J–L, 0.01 mm. 7n, Facial nerve; Aq, cerebral aqueduct;
Ctrl, control; L, lateral PAG; NGC, gigantocellular reticular nu-
cleus; Py, pyramidal tract; VM, ventromedial PAG; VL, ventro-
lateral PAG. Error bars represent SEM.
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C-fibers to release BDNF, substance P, and
glutamate into the spinal dorsal horn (Le-
ver et al., 2001). We applied a similar TBS
protocol (see Materials and Methods) to
the ventrolateral PAG to activate PAG
neurons in isoflurane anesthetized rats.
The location of the TBS site in the PAG is
shown in Figure 3A. We first assessed the
pTrkB levels by Western blot after immu-
noprecipitation. Compared with the con-
trol group without stimulation, pTrkB lev-
els in the RVM were significantly elevated
at 30 min after electrical stimulation of the
PAG (Fig. 3B) ( p � 0.01; n � 4/group).
This result was confirmed with double im-
munostaining of Tyr490 (anti-phospho-
tyr490-TrkA/B antibody) with TrkB. Elec-
trical stimulation of the PAG induced an
increase in the numbers of pTrk (Tyr490)-
immunoreactive puncta in the cytoplasm
and proximal dendrites of TrkB-labeled
neurons in the RVM, compared with that
of the sham group (Fig. 3C–J). The cyto-
solic/background ratios of fluorescence
intensity were 2.38 � 0.18 (n � 16 cells
from 3 rats) after electrical stimulation of
the PAG and 0.52 � 0.08 (n � 12 cells
from 3 rats) in the sham group ( p �
0.001). There was no double immuno-
staining of Tyr490 with TrkA in the RVM
after PAG stimulation (data not shown).
These results suggest that activation of
PAG induces functional release of BDNF
into the RVM.

Neutralizing endogenous BDNF
in the RVM attenuates
inflammatory hyperalgesia
The finding that both BDNF in the PAG
and its specific receptor TrkB in the RVM are dynamically up-
regulated after peripheral inflammation suggests that the en-
hanced BDNF-TrkB signaling in the RVM may contribute to
neuronal plasticity in the descending pain modulatory pathways
and underlie central mechanisms of persistent pain. Thus, inac-
tivation of BDNF/TrkB receptors in the RVM should affect be-
havioral hyperalgesia induced by inflammation. To block selec-
tive activation of TrkB receptors, we neutralized endogenous
BDNF by microinjection of either anti-BDNF antibody or the
TrkB-IgG fusion protein (TrkB-IgG or TrkB-Fc). TrkB-IgG is a
compound of divalent homodimers containing the BDNF-
binding domain of the TrkB receptor and acts as a false TrkB
receptor to sequester endogenous BDNF. Single microinjection
of anti-BDNF antisera or TrkB-IgG was targeted at the NRM, the
center of the RVM (Fig. 4A,B). To examine the role of BDNF in
the induction of inflammatory pain, we first injected the drugs at
30 min before the injection of CFA into the hindpaw. CFA pro-
duces a significant reduction in rat’s paw withdrawal latency to a
noxious thermal stimulus, indicating the development of hyper-
algesia. Microinjection of anti-BDNF antibody (25 ng/500 nl; n �
6) in the RVM induced complete inhibition of thermal hyperal-
gesia at 30 min after inflammation, and the inhibition persisted
for at least 6 h when compared with the vehicle-injected group
(Fig. 4C) ( p � 0.01). Intra-RVM administration of TrkB-IgG (50

ng/500 nl; n � 6) briefly but completely blocked behavioral hy-
peralgesia at 2 h after inflammation compared with the vehicle-
injected rats (n � 5; p � 0.001) (Fig. 4C), suggesting that TrkB-
IgG was less effective than anti-BDNF in neutralizing BDNF in
the RVM. There were no changes in thermal threshold to noxious
heat on the contralateral hindpaw of the TrkB-IgG or anti-BDNF
antisera-treated animals (data not shown). Thus, presequestra-
tion of the increased release of BDNF in the RVM dampened the
development of hyperalgesia after inflammation.

To determine whether BDNF in the RVM plays a role in the
maintenance of hyperalgesia, animals received a single microin-
jection of anti-BDNF antisera into the RVM at 3 d after inflam-
mation. At this time point, the rats with an inflamed hindpaw
showed intense hyperalgesia in the control group (Fig. 4D) (n �
3). Microinjection of anti-BDNF antisera (25 ng/500 nl; n � 3)
into the RVM significantly attenuated thermal hyperalgesia for at
least 6 h when compared with the vehicle treatment (Fig. 4D)
( p � 0.01). There were no differences in the thermal response
threshold of the noninflamed hindpaws between the antibody
and vehicle-treated groups (data not shown). The basal paw
withdrawal latency to noxious heat in non-CFA-treated animals
was not affected by microinjection of TrkB-IgG (n � 6) or anti-
BDNF antisera (n � 6) into the RVM (data not shown). These
results suggest that the enhanced levels of BDNF and activa-

Figure 2. Peripheral inflammation upregulates TrkB and TrkB phosphorylation in the RVM. A, B, TrkB immunostaining in the
RVM. B is enlarged from the inset in A. Arrows indicate some TrkB-immunoreactive neurons. Scale bars: A, 0.1 mm; B, 0.02 mm.
C, D, Western blot analysis shows the time-dependent increase of the TrkB expression (C) and tyrosine phosphorylation of TrkB
(p-TrkB; D) in the RVM after inflammation. The top blots show examples of the immunoreactive bands against anti-TrkB that
identifies both full-length and truncated TrkB (C) and 4G-10, the antiphosphotyrosine antibody (D). The bottom blots in C and D
show immunobands against �-actin and TrkB antibodies, respectively, after stripping and reprobing the same membrane. The
bottom bar graphs in C and D show the mean levels of the full-length TrkB and p-TrkB normalized to �-actin (C) and TrkB (D). The
relative TrkB and p-TrkB levels (mean � SEM) after inflammation are expressed as a percentage of the controls. Asterisks indicate
significant differences ( p � 0.05) from the control (n � 4 per time point). Ctrl, Control; NGC, gigantocellular reticular nucleus; Py,
pyramidal tract. Error bars represent SEM.
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tion of TrkB receptors in the RVM after inflammation con-
tribute to the descending net facilitation and the induction
and maintenance of behavioral hyperalgesia.

Knockdown of endogenous TrkB receptors by RNAi
attenuates hyperalgesia
The involvement of TrkB activation in BDNF-dependent de-
scending facilitation after inflammation was further demon-
strated by RNAi methodology. We selectively knocked down en-
dogenous TrkB receptor expression by introducing siRNA of
TrkB receptors in the RVM to induce endogenous TrkB silencing
by taking advantage of the electroporation technique in vivo (Wei
et al., 2003; Akaneya et al., 2005). A single injection of TrkB
siRNA (70 and 280 ng), control siRNA (70 ng), or vehicle (free
RNAase water; 500 nl) was injected into the RVM of the adult rats
after focal electroporation. To verify the efficiency of siRNA
transfer, a control siRNA conjugated with fluorescein (70 ng/500
nl; n � 3) was injected before electroporation. We found a wide
expression of fluorescein in RVM neurons at 24 h after gene
transfer (Fig. 5A,B). Next, we assessed the effects of TrkB RNAi
on expression of TrkB protein in the RVM by Western blots.
Compared with the naive rats and rats receiving control siRNAs,
a significant reduction of TrkB proteins was found in the RVM at
1 and 4 d after the TrkB siRNA transfer (Fig. 5C) (n � 3– 4 per
group). Electroporation alone did not induce changes in TrkB
expression (Fig. 5C). There was a slight decrease in TrkB ex-
pression in the RVM after microinjection of TrkB siRNA with-
out electroporation (Fig. 5C). Compared with the rat receiving

control siRNA (Fig. 5E), the TrkB-
immunostaining was mostly reduced in
the RVM at 4 d after transfer of TrkB
siRNA (Fig. 5F ). These results confirm
successful TrkB siRNA transfer into
RVM neurons and knockdown of TrkB
expression.

Knockdown of TrkB receptor in the
RVM by RNAi resulted in an attenuation
of behavioral hyperalgesia after inflamma-
tion. Animals received a single transfer of
TrkB siRNA into the RVM 4 d before
hindpaw injection of CFA. The
inflammation-induced enhancement of
TrkB expression was blocked completely
by TrkB RNAi but not control RNAi
(Fig. 5D) at 1 d after CFA. The animals
receiving siRNA (10 –280 ng, n � 4 – 6)
exhibited a significant and dose-
dependent attenuation of thermal hy-
peralgesia from 30 min to 6 h after hind-
paw injection of CFA, compared with
the control siRNA-treated rats (n � 6)
(Fig. 5G). There were no changes in basal
paw withdrawal latency to noxious heat
before and after siRNA transfer in rats
before inflammation (Fig. 5G). These re-
sults are consistent with the BDNF neu-
tralization experiments and indicate a
role of TrkB activation in descending
pain facilitation after inflammation.

Exogenous BDNF induces facilitation of
nociception through activation of
NMDA receptors

The above findings suggest that BDNF in brainstem descending
pathways contributes to pain hypersensitivity after inflamma-
tion. To mimic BDNF-dependent descending facilitation after
inflammation, naive rats received a single microinjection of
BDNF (270 pg/500 nl, 100 fmol; n � 6) into the RVM. This dose
of BDNF produced a significant decrease in paw withdrawal la-
tency to a noxious thermal stimulus from 4 to 24 h after BDNF
infusion, compared with rats treated with vehicle (n � 5) (Fig.
6A). A lower dose of BDNF (27 pg/500 nl, 10 fmol; n � 6) also
produced a significant but shorter facilitation of thermal sensi-
tivity only at the 4 h time point (Fig. 6A).

To determine whether the doses of BDNF were within the
range of in vivo conditions, we first injected a 500 nl volume of
streptavidin-conjugated Alexa Fluor 568 (1:100) into the RVM to
determine the amount of the tissues affected by microinjection.
The fluorescence was found to diffuse into an area �2 mm 2

surrounding the injection site, and the fluorescence-diffused tis-
sues weighed 3.0 � 1.0 mg (n � 3). We then measured BDNF
concentrations in the same volume of RVM tissue in naive and
CFA-treated animals by using a conventional BDNF ELISA pro-
tocol. The concentration of BDNF was significantly increased
from 46.2 � 1.4 pg/mg in naive animals (n � 4) to 67.9 � 7.1
pg/mg tissue at 24 h after inflammation (n � 4) ( p � 0.05) (Fig.
6B), consistent with an enhanced release of BDNF in the RVM.
Thus, the doses (27–270 pg or 10 –100 fmol) that facilitated no-
ciception (Fig. 6A) were within the physiological range.

It is well established that BDNF facilitates glutamatergic syn-
aptic transmission and is involved in activity-dependent long-

Figure 3. Electrical stimulation of the PAG-induced pTrkB in RVM. A, The site of stimulation was in the ventrolateral PAG
(arrow) (bregma, �8.70 mm). Aq, Cerebral aqueduct; DR, dorsal raphe nucleus. B, TrkB phosphorylation in the RVM after PAG
electrical stimulation. Compared with the sham control (�), there was a significant increase (***p � 0.01; n � 4 per group) in
pTrkB in the RVM at 30 min after electrical stimulation (TBS; �). C, TrkB-labeled neurons in the RVM of the sham control rats
without TBS. G, TrkB-labeled neurons in the RVM after PAG TBS. D–F, Higher magnification of a neuron in C (arrow) illustrating
double immunostaining for TrkB (D, green) and Tyr490 (E, red). Very few double-labeled puncta were seen (F, yellow) in this
neuron. H–J, Higher magnification of a neuron in G (arrow) illustrating double immunostaining for TrkB (H, green) and Tyr490 (I,
red). Note the appearance of double labeling (J, yellow) indicating the activation of TrkB by BDNF after TBS. Scale bars: A, 0.5 mm;
C, G, 0.05 mm; D–J, 0.01 mm. Error bars represent SEM.
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term synaptic plasticity in the hippocampus and neocortex (Figu-
rov et al., 1996; Levine et al., 1998; Schinder and Poo, 2000;
Kovalchuk et al., 2004). We have shown that upregulation of
NMDAR subunit expression occurred in the RVM after inflam-
mation (Miki et al., 2002). Our double immunohistochemistry
labeling indicated that TrkB colocalized with NR2A in RVM neu-

rons (Fig. 6C). To test whether NMDARs contribute to BDNF-
induced descending facilitation, we microinjected AP-5, an
NMDAR antagonist into the RVM. Microinjection of AP-5 (10
pmol; n � 4) alone did not affect baseline thermal nociceptive
threshold (Fig. 6D). However, preadministration of AP-5 (10
pmol) abolished BDNF (100 fmol)-induced facilitation of the
paw withdrawal response to noxious heat (n � 6; p � 0.05) (Fig.
6D). The pretreatment with (�)-5-methyl-10,11-dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate or dizo-
cilpine maleate (0.1 nmol), an NMDAR channel blocker, also
abolished BDNF-produced facilitation (data not shown).

We next examined whether exogenous BDNF application ac-
tivates NMDARs, as indicated by phosphorylation of the
NMDAR subunit. RVM tissues were removed at 30 min after
microinjection of BDNF (100 fmol; n � 5) in vivo. Protein sam-
ples from RVM were first immunoprecipitated with anti-NR2A
antibodies. The eluted NR2A proteins were subsequently ana-
lyzed by Western blot using 4G-10, a selective anti-
phosphotyrosine antibody. The level of NR2A tyrosine phos-
phorylation was significantly increased in BDNF-treated rats
compared with the vehicle-injected rats (Fig. 6E). Additionally,
there was a time-dependent increase in NR2A, but not NR2B
(data not shown), tyrosine phosphorylation in the RVM after
inflammation (Fig. 6F). These results suggest that NMDARs me-
diate BDNF-induced descending facilitation.

Cellular mechanisms for BDNF-induced NR2A tyrosine
phosphorylation in the RVM
Our results suggest an interaction between BDNF-TrkB signaling
and NMDAR activation in the RVM after inflammation, which is
consistent with the view that NMDAR is a downstream target of
BDNF (Lin et al., 1998; Di Luca et al., 2001; Slack et al., 2004).
Using an in vitro RVM slice preparation, we examined some key
signal transduction steps involved in BDNF-induced NR2A
phosphorylation. Transverse brainstem slices, including RVM,
were obtained and treated with BDNF (18.5 nM) for 10 min.
Consistent with the in vivo experiment (Fig. 6E), bath application
of BDNF induced a significant increase in NR2A tyrosine phos-
phorylation in the RVM (n � 6; p � 0.05) (Fig. 7A). The in-
creased NR2A tyrosine phosphorylation was blocked by pretreat-
ment with an IP3 receptor antagonist 2-aminoethoxydiphenyl
borate (2-APB) (0.036 mM; n � 4; p � 0.05) (Fig. 7B), the PKC
inhibitor chelerythrine (0.01 mM; n � 4; p � 0.05) (Fig. 7C), and
the Src family tyrosine kinase inhibitor 4-amino-5-(4-chloro-
phenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) (0.04 mM;
n � 4) (Fig. 7D). These results identified a direct signaling role for
IP3, PKC, and Src in mediating BDNF-induced elevation of
NR2A tyrosine phosphorylation in RVM neurons. In contrast,
the group I metabotropic glutamate receptor (mGluR) antago-
nist 1-aminoindan-1,5-dicarboxylic acid (AIDA) did not have an
effect on BDNF-induced phosphorylation of NR2A in the RVM
(Fig. 7E), suggesting that different from spinal dorsal horn (Guo
et al., 2004), BDNF-induced NR2A phosphorylation is not de-
pendent on mGluR activation. It remains to be determined, how-
ever, whether other G-protein-coupled receptors such as NK1
tachykinin receptors mediate BDNF-induced NR2A phosphory-
lation in the RVM. The basal levels of NR2A tyrosine phosphor-
ylation in RVM slices were not affected by bath application of
2-APB (0.036 mM), chelerythrine (0.01 mM), and PP2 (0.04 mM)
(n � 3 per drug; data not shown).

Figure 4. Neutralizing endogenous BDNF in the RVM attenuates inflammatory hyperalge-
sia. A, B, An example of Nissl-stained section showing the track (B, arrow) of intra-RVM micro-
injection. B is an enlarged image from the inset in A. 7n, Facial nerve; Py, pyramidal tract. Effects
of intra-RVM anti-BDNF antisera or TrkB-IgG on inflammatory hyperalgesia are shown in C and
D. Thermal hyperalgesia was assessed by paw withdrawal latency (PWL) to a noxious heat
stimulus, as indicated by a significant reduction of PWL. Anti-BDNF antisera (25 ng/500 nl),
TrkB-IgG (50 ng/500 nl), or vehicle (saline) was microinjected into the RVM at 0.5 h before the
injection of CFA. C, Compared with vehicle-injected rats, pretreatment with anti-BDNF signifi-
cantly attenuated thermal hyperalgesia for at least 6 h (asterisks, p � 0.01– 0.001). Pretreat-
ment with TrkB-IgG reversed the PWL to the pre-CFA level at 2 h after CFA ( ###p � 0.001). D,
Posttreatment with anti-BDNF antisera also significantly attenuated behavioral hyperalgesia,
compared with vehicle-treated rats (**p � 0.01).
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High doses of BDNF induce descending inhibition and
downregulation of TrkB receptors in the RVM
It has been reported that exogenously applied BDNF into the
PAG produces analgesia in rats (Siuciak et al., 1994; Frank et al.,
1997). However, the amount of BDNF applied in previous studies

was higher (12 �g/d for 1–11 d) and ap-
pears to be out of the physiological range
(see above). Similar phenomena were ob-
served when higher doses of BDNF (10 –
300 pmol) were injected into the RVM.
There were dose-dependent increases in
paw withdrawal latencies to noxious heat
( p � 0.01) (Fig. 8A), indicating that
BDNF in higher pharmacological concen-
trations induces analgesia. We further
identified that a single intra-RVM injec-
tion of BDNF at 300 pmol produced a re-
markable decrease in full-length TrkB,
which appeared as early as 30 min and
lasted for at least 3 d after BDNF treatment
(Fig. 8B). These data are consistent with
previous observations in other systems
(Frank et al., 1997) and suggest that higher
doses of BDNF produce descending inhi-
bition by downregulation of TrkB recep-
tors in RVM neurons. Alternatively, high
doses of BDNF may activate p75 neurotro-
phin receptor to produce synaptic inhibi-
tion (Woo et al., 2005).

Discussion
Here, we provided evidence that BDNF-
TrkB signaling within the brainstem de-
scending pathways contributes to net de-
scending facilitation and plays an
important role in the development of pain
hypersensitivity. Recent studies have pro-
vided considerable evidence on the critical
role of centrifugal excitatory input on per-
sistent pain conditions (Urban and Geb-
hart, 1999; Porreca et al., 2002; Ren and
Dubner, 2002; Vanegas and Schaible
2004). The present findings represent a
systematic effort to address its coupling to
TrkB activation and enhanced phosphor-
ylation of the NMDAR subunit. We iden-
tified a novel PAG-RVM BDNFergic facili-
tatory influence that is activated by
peripheral tissue injury, evidenced by up-
regulation of BDNF and TrkB after in-
flammation, stimulation-produced BDNF
release, and contribution to behavioral hy-
peralgesia. We further show that BDNF-
produced facilitation of nociception is
blocked by NMDAR antagonists, and
BDNF-TrkB signaling leads to NMDAR
activation that involves IP3, PKC, and Src-
induced NR2A tyrosine phosphorylation.
The role of BDNF in persistent pain has
been implicated in previous studies (Man-
nion et al., 1999; Pezet et al. 2002a). BDNF
mRNA and protein levels are upregulated
in the spinal cord after inflammation, and
sequestration of endogenous BDNF blocks

inflammatory hypersensitivity (Mannion et al., 1999). However,
previous analyses focused on BDNF released from primary affer-
ent neurons (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). A role of BDNF in supraspinal cir-

Figure 5. Knockdown of endogenous TrkB receptors by RNAi attenuates inflammatory hyperalgesia. A, B, Expression of
fluorescein in RVM neurons at 24 h after electroporation transfer of a control siRNA conjugated with fluorescein (70 ng/500 nl; n �
3). B is magnified from the inset in A. Arrows in B indicate examples of fluorescein-expressing neurons. C, Western blot analysis
shows a significant reduction of TrkB proteins in the RVM at 1 and 4 d after the TrkB siRNA transfer (n � 3– 4/per group). The top
blots show examples of the immunoreactive bands against anti-TrkB that identifies both full-length and truncated TrkB. The
bottom bar graph shows the mean levels of the full-length TrkB normalized to �-actin. The relative TrkB levels (mean � SEM) are
expressed as a percentage of the control (first lane from the left) for the purpose of illustration. Raw data are used for statistical
comparisons. Asterisks indicate significant differences (*p � 0.05; **p � 0.01; ***p � 0.001) from the control. The dashed line
indicates the control level. D, The inflammation-induced enhancement of TrkB expression was blocked by TrkB siRNA but not
control siRNA at 1 d after CFA. E, F, TrkB immunostaining in the RVM at 4 d after transfer of control siRNA (E; 70 ng; n � 4) or TrkB
siRNA (F; 70 ng; n � 4). Scale bar, 0.1 mm. G, The animals receiving TrkB siRNA exhibited a significant and dose-dependent
attenuation of thermal hyperalgesia from 30 min to 6 h after hindpaw injection of CFA, compared with the control siRNA-treated
rats (n � 6). RNAase-free water (n � 8) was used as a control for control siRNA. There were no significant changes in basal paw
withdrawal latency to noxious heat before and after siRNA transfer in rats before inflammation. Ctrl, Control; NGC, gigantocellular
reticular nucleus; PWL, paw withdrawal latency; Py, pyramidal tract. #,*p � 0.05, ##,**p � 0.01 versus control siRNA. Error bars
represent SEM.
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cuitry in descending pain facilitation has
not been demonstrated. Our findings em-
phasize dynamic changes in BDNF-TrkB
signaling in descending pathways and sub-
sequent enhancement of NMDAR-
dependent excitatory transmission, thus
providing evidence for a supraspinal BD-
NFergic contribution to the initiation and
maintenance of inflammatory pain.

Descending projection of BDNF-
containing neurons in PAG and
pain facilitation
In addition to a well documented role in
endogenous pain inhibition, it has become
clear that brainstem descending pathways
also facilitate pain transmission (Urban
and Gebhart, 1999; Wei et al., 1999; Guan
et al., 2002; Porreca et al., 2002; Ren and
Dubner, 2002; Heinricher et al., 2004;
Vanegas and Schaible 2004). The present
study shows that a not yet described PAG
efferent projection, primarily from ven-
trolateral PAG neurons, releases BDNF
into the RVM, activates TrkB and its sig-
naling cascade and contributes to de-
scending facilitation. This pathway re-
sponds to peripheral inflammation as
shown by relevant increases in BDNF in
PAG and TrkB in RVM neurons. Seques-
tration of BDNF and RNAi of TrkB in the
RVM suppressed inflammatory hyperal-
gesia, indicating the importance of su-
praspinal BDNF in the inflammatory pain
process. Previous studies have shown that
BDNF is released from primary afferents
and plays a role in pain hypersensitivity at
the spinal level (Mannion et al., 1999; Le-
ver et al., 2001). The present results suggest
that BDNF in supraspinal pathways is at
least equally important in facilitating cen-
tral sensitization and the development of
persistent pain (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental
material).

The present study also analyzed the rel-
ative role of endogenous and exogenous
BDNF in nociception. The results showed
that BDNF at physiological concentrations
facilitates paw withdrawal from noxious
heat. In contrast, higher doses of BDNF pro-
duced analgesia, which is consistent with
previous reports (Siuciak et al., 1994; Frank
et al., 1997). Additional results suggest that
the inhibition of the paw withdrawal re-
sponse by higher doses of BDNF is likely a
result of TrkB downregulation (Frank et al.,
1997). The BDNF-produced facilitation ap-
peared only at 4 h after infusion, suggesting the involvement of com-
plex intermediate pathways. BDNF does not appear to be tonically
active because intra-RVM microinjection of TrkB-IgG or anti-
BDNF antibody does not affect basal nociception in non-CFA-
treated animals. Instead, BDNF contributes to injury-induced neu-

ronal plasticity. The BDNF-TrkB signaling is activated after
inflammation to facilitate the generation and maintenance of in-
flammatory hyperalgesia. These findings suggest that application of
BDNF for recovery from CNS injury and some mood disorders
(Pezet and Malcangio, 2004) could lead to undesirable central pain.

Figure 6. BDNF-produced facilitation of nociception through activation of NMDA receptors. A, Low doses of intra-RVM BDNF
treatment (10 –100 fmol) facilitated the nocifensive response to noxious heat stimulation, as indicated by a significant reduction
in PWLs (10 fmol, #p � 0.05, ###p � 0.001; 100 fmol, *p � 0.05, **p � 0.01). B, The levels of BDNF in the RVM tissue were
measured by ELISA, which showed a significant increase at 24 h after CFA injection ( p �0.05). C, Colocalization of TrkB with NR2A
subunit of the NMDAR in RVM neurons (arrows). Scale bar, 0.025 mm. D, The BDNF-produced facilitation of PWLs was blocked by
the pretreatment with the NMDAR antagonist AP-5 (10 pmol). E, Microinjection of BDNF (100 fmol) into the RVM produced an
increase in NR2A tyrosine phosphorylation ( p � 0.001). F, Western blot illustrating a significant increase in NR2A tyrosine
phosphorylation in the RVM from 10 min to 24 h after CFA-induced inflammation ( p � 0.05; n � 5). Ctrl, Control; PWL, paw
withdrawal latency; PY, pyramidal tract. Error bars represent SEM.
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Dynamic BDNF-TrkB signaling and NMDA receptor
activation after inflammation
Previous studies have shown that neuronal plasticity induced by
tissue injury within the brainstem pain modulatory circuitry in-
volves an enhanced expression and activation of NMDAR in the
RVM (Guan et al., 2002; Miki et al., 2002). The present study
shows a time-dependent increase in NMDAR NR2A subunit ty-
rosine phosphorylation in the RVM after inflammation. What
are the mechanisms of NMDAR-related plasticity within the
RVM? There is increasing evidence that BDNF increases
NMDAR function and open channel probability via a postsynap-
tic interaction between TrkB and NR2B in the hippocampus (Le-
vine et al., 1998; Levine and Kolb, 2000). Recent studies have
shown that BDNF enhanced phosphorylation of NMDAR sub-
units in the hippocampus (Lin et al., 1998) and spinal dorsal horn
(Di Luca et al., 2001; Slack et al., 2004). Together with distinct

distribution of BDNF-containing neurons in the PAG and ex-
pression of TrkB in spinally projection neurons in the RVM
(Conner et al., 1997; Yan et al., 1997a,b; King et al., 1999), our
results suggest an involvement of BDNF in NMDAR-dependent
neuronal plasticity in enhanced descending modulation during
inflammatory pain. Hindpaw inflammation upregulates BDNF
proteins in the ventrolateral PAG, which is associated with an
increase in BDNF and TrkB in the RVM. Importantly, there is an
increased TrkB activation as shown by the increased TrkB phos-
phorylation. Behavioral studies demonstrate that NMDAR an-
tagonists are able to block BDNF-induced nociceptive facilita-
tion, suggesting that the effect of BDNF depends on downstream
NMDAR activation. Two alternative mechanisms may underlie
the action of BDNF after microinjection in the brain (Lessmann,
1998). First, BDNF may enhance glutamate release from presyn-
aptic terminals in the RVM, leading to an increase in intracellular
Ca 2� concentration through the activation of NMDARs, result-
ing in enhanced excitatory (facilitatory) descending output. Al-
ternatively, BDNF may bind to postsynaptic TrkB receptors and
enhance NMDAR activity through intermediate cellular signal-
ing pathways (Pezet et al., 2002b). Our results demonstrate the
latter mechanism because of the following: (1) activation of PAG
neurons induced internalized and phosphorylated TrkB in RVM
neurons and direct knockdown of TrkB expression in the RVM
attenuated inflammatory hyperalgesia, and (2) BDNF is coupled
to NMDAR activation.

BDNF-TrkB signaling activates several distinct cellular path-

Figure 7. BDNF-induced NR2A tyrosine phosphorylation in vitro. The transverse brainstem
slice including RVM was obtained from adult 8- to 10-week-old rats. The slices were incubated
with BDNF (18.5 nM) for 10 min before protein extraction. In all panels, representative immu-
noblots against anti-4G-10 (PY-NR2A) and anti-NR2A antibodies are shown at the top, and
mean relative levels of tyrosine-phosphorylated NR2A proteins are shown in the bar graphs.
*p � 0.05 versus untreated or vehicle-treated rats. A, BDNF induced a significant increase in
PY-NR2A in the RVM slice. B–E, Pretreatment with an IP3 receptor antagonists
2-aminoethoxydiphenyl borate (2-APB; 0.036 mM; n � 4; B), a PKC inhibitor chelerythrine
(0.01 mM; n � 4; C), a Src family tyrosine kinase inhibitor PP2 (0.04 mM; n � 4; D), but not a
group I metabotropic glutamate receptor (mGluR) antagonist, AIDA (0.3 mM; n � 4; E), blocked
the BDNF-induced increase in PY-NR2A in the RVM. Ctrl, Control; PY, pyramidal tract. Error bars
represent SEM.

Figure 8. High doses of BDNF induce descending inhibition and downregulation of the TrkB
receptor A, BDNF treatment at high doses (10 –300 pmol) induced a significant elevation of paw
withdrawal latencies (PWL) compared with vehicle-treated rats. (n � 4 – 6 per group). B,
Western blot analysis performed with anti-TrkB antibody on the RVM tissue extracts from
BDNF- or vehicle-treated rats. A reduced expression of full-length TrkB in the RVM was seen at
30 min, 4 h, and 3 d after BDNF treatment.
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ways (Pezet et al., 2002a; Huang and Reichardt, 2003). The
present results indicate that IP3 and PKC are involved in BDNF-
induced and Src-mediated NR2A tyrosine phosphorylation in
RVM neurons. Thus, this signaling pathway is likely initiated
through phosphorylation of the tyrosine residue on TrkB that is
related to activation of phospholipase C (Pezet et al., 2002a),
which is followed by IP3 and diacylglycerol formation, intracel-
lular calcium release, and PKC activation. These events may lead
to Pyk2 (proline-rich tyrosine kinase 2) and Src activation and
NR2A tyrosine phosphorylation (Huang et al., 2001; Guo et al.,
2004). Distinct features are noticed for inflammation-induced
NR2 tyrosine phosphorylation in the RVM when compared with
the spinal dorsal horn. First, the NR2A subunit, but not the NR2B
subunit, is tyrosine phosphorylated by BDNF. This is likely re-
lated to the differential distribution of the two subunits in the
brain (Wenzel et al., 1995). Second, the group I mGluRs do not
appear to play a role in BDNF-induced NR2A phosphorylation,
suggesting different signaling pathways (Guo et al., 2004). It is yet
to be determined whether serotoninergic neurons in the RVM
also participate in BDNF-produced descending pain facilitation
(Siuciak et al., 1998).

The present results indicate that supraspinal BDNF-TrkB sig-
naling represents a novel molecular mechanism for descending
facilitation of inflammatory pain. In addition to BDNF released
from primary afferent terminals in the spinal cord, the supraspi-
nal BDNFergic transmission may play an equally important role
in initiating and maintaining spinal hyperexcitability after injury.
Sequestering BDNF in the RVM reversed behavioral hyperalge-
sia, suggesting that supraspinal BDNF is necessary, if not suffi-
cient, for inflammatory pain. These results reemphasize the im-
portance of descending mechanisms in pain facilitation. The
findings may also be generalized to other models of persistent
pain as well as synaptic plasticity in CNS pathways. It also cau-
tions that application of BDNF for recovery from CNS injury and
some mood disorders could lead to undesirable central pain.
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