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Hippocampal Nerve Growth Factor Potentiated by 17b-Estradiol

and Involved in Allodynia of Inflamed TMJ in Rat
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Abstract: The hippocampus is believed to play an important role in sex-based differences of pain

perception. Whether estrogen potentiates allodynia in the inflamed temporomandibular joint

(TMJ) through affecting the expressions of pain-related genes in the hippocampus remains largely

unknown. Because the nerve growth factor (NGF) is an important gene related to inflammatory

pain, we tested whether hippocampal NGF may be involved in TMJ inflammatory pain. Here we

showed that the rat hippocampal NGF was upregulated by TMJ inflammation induced by complete

Freund adjuvant. NGF upregulation was further potentiated by estradiol in a dose-dependent man-

ner. In contrast, NGF transcription in the amygdala, prefrontal cortex, and thalamus was not affected

by TMJ inflammation and estradiol. An intrahippocampal injection of NGF antibody or NGF receptor

inhibitor K252a (inhibitor for tropomyosin receptor kinase A, TrkA) reduced the allodynia of inflamed

TMJ in proestrous rats. Our data suggest that the hippocampal NGF is involved in estradiol-sensitized

allodynia of inflammatory TMJ pain.

Perspective: We report that complete Freund adjuvant–induced temporomandibular joint (TMJ) in-

flammation upregulated hippocampal nerve growth factor (NGF) expression, and estradiol replace-

ment potentiated this upregulation. These results propose that estradiol could modulate TMJ pain

through the NGF signaling pathway in the hippocampus to exacerbate TMJ pain and offer a possible

mechanism of sexual dimorphism of temporomandibular disorder pain.

ª 2012 by the American Pain Society
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hippocampus.
T
emporomandibular disorder (TMD)-related pain
includes myofascial masticatory muscle pain and
temporomandibular joint (TMJ) pain. Joint inflam-

mation is believed to be the major reason for TMJ
pain.32,33,37,46 TMD has the highest prevalence in
women aged 20 to 40, approximately twice that found
in men.67 Although the mechanism underlying the
sex-based difference of TMD pain remains unclear, the
central hippocampus is believed to play an important
November 9, 2011; Revised February 16, 2012; Accepted March

nd Dr. Ma contributed equally to this work.
d by the National Natural Science Foundation of China (Grant
40046 and 81070849).
ors report no conflicts of interest.
reprint requests to Ye-Hua Gan, DDS, PhD, Center for TMD &
l Pain, Peking University School and Hospital of Stomatology,
gguancun Nandajie, Haidian District, Beijing 100081, China.
qyehuagan@bjmu.edu.cn

0/$36.00

y the American Pain Society

16/j.jpain.2012.03.005
role in the sexual dimorphism of pain syndromes.2,3,31

We recently reported that estradiol can potentiate the
expression of hippocampal transient receptor potential
vanilloid 1 (TRPV1) and enhance the allodynia of
an inflamed TMJ in female rats. Intrahippocampal
injection of TRPV1 antagonists partially blocks estradiol-
enhanced allodynia of the inflamed TMJ, suggesting
that estradiol enhances the allodynia of the inflamed
TMJ at least partially through hippocampal TRPV1.70

However, nerve growth factor (NGF) is an important
regulator of TRPV1, which can regulate TRPV1 sensitiza-
tion, translocation, and transcription,71,73 and NGF is
particularly involved in inflammatory pain.4 Therefore,
we question whether the hippocampal NGF was also
involved in TMJ inflammatory pain in female rats.
NGF is essential for the development andmaintenance

of the central nervous system (CNS) and peripheral ner-
vous system (PNS).17 NGF is secreted as a precursor and
cleaved by its regulators to generate mature NGF.13

Both NGF and its receptors are expressed and functional
555
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in the hippocampus.7,10,16,56,66 Hippocampal NGF
expression is induced by a variety of stimuli, including
hypothermia, memory task, traumatic brain injury,
transient cerebral ischemia, early maternal separation,
and even nicotine.10,20,28,59,69 Three decades ago, NGF
was also found to be inflammation induced and to play
an important role in inflammatory pain in male rats.68

NGF acts as a pain-related gene function through 2 dis-
tinct types of high-affinity cell-surface receptors, tropo-
myosin receptor kinase A (TrkA) receptor and p75; TrkA
appears to be more important than p75 in inflammatory
pain in both sexes of mice.6 The question then arises
whether TMJ inflammation and estrogen affect hippo-
campal NGF expression, and whether hippocampal NGF
is involved in the allodynia of TMJ inflammation in fe-
male rats. To address this question, we examined the hip-
pocampal NGF expression in ovariectomized female rats
with inflamedTMJ to testwhether 17b-estradiol could af-
fect NGF expression and whether intrahippocampal in-
jection of the NGF antibody or NGF TrKA antagonist
could have any effect on the allodynia of inflamed TMJ.
Methods

Animals
Two weight classes of Sprague-Dawley female rats

were used (Vital River Laboratory Animal Technology
Co. Ltd, Beijing, China). The experiment was approved
by the Animal Use and Care Committee of Peking Univer-
sity and was consistent with the Ethical Guidelines of the
International Association for the Study of Pain. Female
rats weighing 180 to 200 g were ovariectomized, re-
ceived estradiol replacement, and were randomly di-
vided into 6 groups (6 rats per group), including 1
control group, 1 sham-ovariectomized group, and 4
groups of ovariectomized rats dosed at 0, 20, 80, or
200 mg of 17b-estradiol, respectively. Female rats weigh-
ing 240 to 260 g received the cannula placement and
were randomly divided into 6 groups (5 rats per group),
including 2 groups receiving NGF antibody (2 or 20 ng), 2
groups receiving K252a (5 or 25 ng), and 2 groups receiv-
ing vehicles as the NGF antibody or K252a controls,
respectively.

Estradiol Administration
The rats were anesthetized by intraperitoneal injec-

tions of pentobarbital sodium (50 mg/kg body weight).
Following anesthesia induction, the rats were bilaterally
ovariectomized or sham-operated (control and sham-
ovariectomized groups) and allowed to recover for 1
week. 17b-estradiol (Beijing Huanmeihuli Biochemical,
Beijing, China) was dissolved in corn oil. The ovariecto-
mized rats received 17b-estradiol by subcutaneous injec-
tion every morning for 12 days. The doses were 0, 20, 80,
or 200 mg per rat, respectively, with a total dosage vol-
ume of 200 mL. The control, sham-ovariectomized, and
ovariectomized rats that received 0 mg estradiol were
subcutaneously injected with an equal amount of corn
oil. Vaginal smears confirmed the estrous stages in the
control and sham-ovariectomized groups.
Induction of TMJ Inflammation
On the 12th day of estradiol replacement, the sham-

ovariectomized and ovariectomized rats were anesthe-
tized and injected with 50 mL of complete Freund’s
adjuvant (CFA) (1:1 oil/saline suspension) (Sigma-Aldrich,
St. Louis, MO) into the bilateral TMJs to induce TMJ
inflammation for 24 hours as described previously.55

Briefly, the injection site was positioned inferior to the
posteroinferior margin of the zygomatic arch. A 30-
gauge needle was fixed anteriorly until the needle con-
tacted the posterolateral aspect of the condyle. CFA was
injected following a gentle aspiration. The control rats
were injected with 50 mL of saline into the bilateral TMJs.

Measurement of Head Withdrawal
Threshold
Theheadwithdrawal threshold is negatively associated

with mechanical sensitivity of the orofacial region as re-
ported previously.55,70 The head withdrawal threshold
was measured before and after CFA injection. The rats
were trained to rear on their hind paws and recline
against the experimenter’s working glove. Although the
rats could move freely, they kept motionless during the
test session. The increasing forces from the electronic
von Frey filament (IITC Life Science, Woodland Hills, CA)
was introduced to the TMJ region until the head was
withdrawn and the applied force was recorded. The
head withdrawal threshold was calculated as mean 6

standard error of the mean (SEM) based on at least 5
times per joint and 6 rats per group.

Measurement of Food Intake
Food intake is also negatively associated with TMJ in-

flammation/pain and used as an indicator for TMJ in-
flammation/pain.30,36 Food intake was measured
before and after CFA injection for each rat. Briefly,
each rat was isolated with water only for 20 hours. The
food was weighed and given to the rat for 2 hours
without water, to exclude the effect of drinking.
Afterwards, the amount of uneaten food was weighed
and the amount eaten was calculated.

Measurement of Circulating Estradiol
The rats were sacrificed with an overdose of sodium

pentobarbital (100mg/kg bodyweight) 24 hours after in-
duction of TMJ inflammation, and blood was collected
from the inferior vena cava. Circulating estradiol was
measuredwhen each rat was in the same phase of the es-
trous cycle. All 6 groups (6 rats per group)weremeasured
by radioimmunoassay using commercially available 125I
radioimmunoassay kit (17b-estradiol double antibody,
Beijing North Institute of Biological Technology, Beijing,
China) and an Access Immunoassay System (Beckman
Coulter, Brea, CA).

Verification of CFA-Induced TMJ
Inflammation
CFA-induced TMJ inflammation was examined as de-

scribed in our previous study.70 Briefly, whole TMJs
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were dissected from the rats and fixed in 4%paraformal-
dehyde in .1M phosphate buffered saline (PBS) and
demineralized in 15% ethylenediaminetetraacetic acid
(EDTA). The specimens were processed with graded
alcohols and xylene, embedded in paraffin, sagittally
sectioned at 5 mm, and stained with hematoxylin and
eosin.

Quantitative Real-Time Polymerase
Chain Reaction
The whole hippocampus, amygdala, prefrontal cortex,

and thalamus were bilaterally harvested from 3 rats per
group (including control group, 1 sham-ovariectomized
group, and 4 groups of ovariectomized rats dosed at 0,
20, 80, or 200 mg of 17b-estradiol) and homogenized by
a homogenizer (Ultra-Turrax T10; IKA Lab Technology,
Staufen,Germany) in ice-coldTRIzol (Invitrogen,Carlsbad,
CA) for RNA extraction. Total RNA was extracted with
TRIzol in accordance with the manufacturer’s instructions
and the integrity was evaluated by electrophoresis in 1%
agarose gel. The real-time polymerase chain reaction
(RT-PCR) was conducted with the iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA) in a 20-mL reaction volume con-
taining1mgofRNAat42�C for30minutes, andterminated
by heating at 85�C for 5 minutes. The synthesized cDNA
was stored at �20�C until use.
RT-PCR was performed with Power SYBRGreen PCR

Master Mix (Applied Biosystems, Foster City, CA) using
the 7500 Real-Time PCR System (Applied Biosystems).
The reactions were run in duplicate with 1 mL of cDNA
template in a 20-mL reaction volume; the program oper-
ated at 50�C for 2 minutes, 95�C for 10 minutes, followed
by 40 cycles of 94�C for 15 seconds and 60�C for 1 minute.
The amplification specificity was confirmed by a melting
curve. The mRNA level of the target gene was acquired
from the threshold cycle value relative to that of b-actin
through the formula2–DCt (DCt=b-actinCt –geneof inter-
est Ct).26 The efficiency of the primers was confirmed by
sequencing the conventional PCR products before apply-
ing RT-PCR. The following primers were synthesized
according to sequences specified in previous reports: rat
NGF sense/antisense, 5’-TAAGAGTACCCACAAAGTTT-3’/
5’- CCTGCTTTCTGACCAGTCTT-3’72; rat b-actin sense/anti-
sense, 5’-TGACAGGATGCAGAAGGAGA-3’/5’-TAGAGCCA
CCAATCCACACA-3’.65

Western Blot Analysis
The whole hippocampus was removed from 2 rats per

group, separate from the RT-PCR group, and homoge-
nized by the homogenizer in ice-cold denaturing lysis
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 1 mM DTT, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mg/mL aprotinin, 1 mg/mL leupeptin),
then centrifuged at 13,000 g for 20 minutes at 4�C. The
supernatant was collected and protein concentrations
were determined using the bicinchoninic acid (BCA)
assay (Pierce, Rockford, IL). Protein samples were sub-
jected to 12.5% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a poly-
vinylidene difluoride membrane. The membrane was
blocked in 5% nonfat dry milk in TBS-T buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, .05% Tween-20) for 1
hour at room temperature and probed with primary
anti-NGF antibodies (SC-548, H-20; Santa Cruz Biotech-
nology, Santa Cruz, CA) at a dilution of 1:1000 overnight
at 4�C.8,9 The membrane was washed extensively with
TBS-T and incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 hour at room
temperature. After the extensive wash with TBS-T, the
membrane was visualized using the ECL kit (Applygen
Technologies Inc., Beijing, China). For internal control,
the blots were stripped and reprobed with anti-b-actin
antibodies (Santa Cruz Biotechnology) at a dilution of
1:1000.
Intrahippocampal Injection of NGF
Antibody or NGF Antagonist into CA1
Region of Hippocampus
TrKA antagonist K252a (Sigma-Aldrich) was dissolved

in dimethylsulfoxide (DMSO). The doses of K252a (5
and 25 ng in 1 mL) and NGF antibody (2 and 20 ng in 1
mL, diluted in PBS) were used based on previous stud-
ies,35,50,53 in which injection of NGF antibody or K252a
into the amygdala or red nucleus showed anti-
conditioned fear or analgesic effects. The solutions
were prepared immediately before use.
Female rats (240–260 g) were anesthetized with

sodium pentobarbital (50 mg/kg, intraperitoneal injec-
tion). Guide cannulas (5mm in length and .6mm in outer
diameter, .3 mm in inner diameter) were bilaterally in-
serted until 1 mm above the CA1 region of the hippo-
campus according to the following parameters:
anteroposterior = �3.5 mm, left to right = 6 2.4 mm
(10�angle), and dorsoventral = �2 mm relative to the
bregma and skull surface.51 The cannulas were anchored
to the skull with stainless steel screws and dental self-
curing acrylic resin. A stainless steel blocker was inserted
into the cannula to prevent obstruction and infection.
The rats were allowed to recover from surgery for at least
7 days. Estrous stages were determined by vaginal smear
(Supplemental Fig 1). Following the vaginal smear, late-
metestrus-stage rats received a first intrahippocampal in-
jection after the CFA injection as previously reported.70

Intrahippocampal injections of NGF antibody or K252a
into the bilateral CA1 regions of the hippocampi were
performed with a micromanipulator mounted with two
1-mL Hamilton microsyringes (Hamilton, Reno, NV).
Each microsyringe was connected through a PE-10 poly-
ethylene catheter to an injection cannula that was intro-
duced into the guide cannulawith its tip extending 1mm
beyond the tip of the guide cannula. The bilateral hippo-
campi were simultaneously injected with 1 mL of the NGF
antibody or K252a or vehicle over 1 minute, and the in-
jection cannula was still kept in place for an additional
1 minute to allow for diffusion.
The effect of intrahippocampal injection of NGF anti-

body (2 and 20 ng, n = 5) and vehicle (PBS, n = 5) or
K252a (5 and 25 ng, n = 5) and vehicle (saline/DMSO at ra-
tio of 1:1, n = 5) on the baseline of head withdrawal
threshold and food intake was first examined. The head
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withdrawal threshold was measured for a period of 65
minutes after the hippocampal injection. Then, 8 hours
later, the rats were injected with CFA into the TMJs to in-
duce TMJ inflammation. Head withdrawal thresholds
were measured 20 hours after CFA injection. The rats
were immediately injected intrahippocampally with NGF
antibody (2 and 20 ng) or K252a (5 and 25 ng), and head
withdrawal thresholds were remeasured for a period of
65 minutes. During the 20-hour period of TMJ inflamma-
tion induction, the rats were supplied with water only;
food intake was measured after the intrahippocampal in-
jections and the head withdrawal threshold was mea-
sured. Behavioral testing was conducted on a double
blind basis, in which the investigator did not know what
was intrahippocampally injected into the rats. The rats
were euthanized to examine placement of the cannulas.

Confirmation of Cannula Placement
Placement of the brain cannulas were examined as de-

scribed previously.70 Briefly, to verify cannula placement
in the CA1 region, coronal sections (30 mm) of the brain
were sliced on a cryostat, and the sections were exam-
ined under a microscope.

Statistical Analysis
Statistical analysis was performed with SPSS v.11.5 for

Windows (SPSS Inc, Chicago, IL). All data were presented
as mean 6 SEM. The gene expression differences be-
tween the 6 groups were analyzed by two-way repeated
measures ANOVA. The head withdrawal threshold and
food intake at the same time point in the different
groups were analyzed using independent-sample t test.
A value of P < .05 was considered statistically significant.
Results

Effect of Estradiol Administration on
Plasma Levels of Estradiol
To verify the effectiveness of the ovariectomy and es-

tradiol administration, the plasma levels of estradiol
were measured by radioimmunoassay, as shown in
Table 1. The ovariectomized groups receiving the in-
creasing doses of estradiol increased dose-dependently
(n = 6, P < .05), with the 0- and 200-mg groups being ex-
pectedly the lowest and highest among the groups, re-
spectively. The plasma levels of estradiol were similar in
the control group (19.07 6 3.34 pg/mL, n = 6), sham
group (27.70 6 7.60 pg/mL, n = 6), and 20-mg group
(25.88 6 8.4 pg/mL, n = 6), and they were higher than
in the 0-mg group (12.26 6 1.69 pg/mL) (n = 6, P < .05).
The estradiol plasma levels of estradiol in the replaced
Table 1. Serum 17-Beta-Estradiol Level in Differen

CONTROL SHAM

Serum estradiol (pg/mL) 19.07 6 3.34 27.70 6 7.60 12.

NOTE. Data were presented as mean 6 SEM, n = 6.
groups were within the physiological range according
to previous studies (additional information is available
from the corresponding author).38,70

Upregulation of Hippocampal NGF by
TMJ Inflammation and Further
Potentiated by Estradiol
Toexplorewhether thehippocampalNGFwas involved

in allodynia of inflamed TMJ and NGF further potenti-
ated by estradiol, the expression of NGF in the hippocam-
pus was first examined. As shown in Figs1 A and 1B, both
mRNAandprotein expressions of hippocampal NGFwere
induced in the TMJ inflammation groups compared to
the control group (P < .05). However, this was not seen
in the group dosed with 0 mg estradiol. The enhanced
NGF expression in the hippocampus was further potenti-
ated by estradiol in a dose-dependent manner in the
ovariectomized groups. The expression of NGF protein
in the hippocampus was mainly detected in the form of
precursor NGF species (75, 60, 25, and 22 kDa) (Fig 1B),
which corresponds to previous studies in which the NGF
precursors were the predominant form of NGF in the hu-
man and rat brain.13,23

To examine whether the induction of NGF expression
in the hippocampus was specific to the hippocampus,
we also investigated the expression of NGF mRNA in
the amygdala, prefrontal cortex, and thalamus. The ex-
pression of NGF mRNA in these areas was not affected
by TMJ inflammation and estradiol replacement (P <
.05) (Fig 2), suggesting that the expression of NGF
mRNA in the hippocampus by TMJ inflammation and es-
tradiol replacement was relatively specific.

Blocking NGF in Hippocampus
Attenuated Mechanical Allodynia of
Inflamed TMJ
To confirm whether the hippocampal NGF was in-

volved in TMJ nociception, we performed an intrahippo-
campal injection of NGF antibody or NGF receptor
antagonist K252a into the CA1 region to block NGF func-
tions in the neurons of the CA1 region in vivo. The place-
ments of all the cannulas were confirmed to be within
the CA1 region between bregma �3.14 mm and �4.16
mm (Supplemental Fig 2). As shown in Fig 3, before the
induction of TMJ inflammation, the baseline of head
withdrawal threshold and food intake were not affected
during the period of measurement by intrahippocampal
injections of NGF antibody (2 and 20 ng) or K252a (5 and
25 ng) or vehicle into the CA1 region (P < .05). However,
the head withdrawal threshold significantly decreased
to about one-fifth of the baseline value after the
t Groups

17-BETA-ESTRADIOL REPLACEMENT GROUPS (mg)

0 20 80 200

26 6 1.69 25.88 6 8.43 53.93 6 8.76 102 6 20.52



Figure 1. Hippocampal NGF expression was upregulated by
TMJ inflammation and further potentiated by estradiol.
(A) RT-PCR analysis for NGF expression in the hippocampus.
The hippocampal NGF mRNAwas induced by TMJ inflammation
and further potentiated by estradiol in the ovariectomized rats.
Note: TMJ inflammation failed to induce hippocampal NGF
mRNA in the ovariectomized rats replaced with no estradiol.
#P < .05 versus control group; *P < .05 versus 0-mg group; $P <
.05 versus 20-mg group; &P < .05 versus 80-mg group (n = 3,
two-way ANOVA). (B) Representative immunoblotting for NGF
expression in the hippocampus. b-actin served as an internal
control for equal loading.

Figure 2. NGF mRNA expression in the amygdala, prefrontal
cortex, and thalamus in rats was not affected by TMJ inflamma-
tion and estradiol replacement in the ovariectomized rats (n = 6,
P < .05).
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induction of TMJ inflammation. Although it was not sta-
tistically significant, intrahippocampal injection of 2 ng
NGF antibody or 5 ng K252a partially counteracted the
TMJ inflammation-induced decrease in head withdrawal
threshold to some extent. Intrahippocampal injection of
20 ng NGF antibody or 25 ng K252a partially reversed
TMJ inflammation-induced decrease in the head with-
drawal thresholds at 2 time points (25 and 40minutes) af-
ter NGF antibody microinjection and all the time points
(5 , 15 , 25, 40, and 65 minutes) after K252a microinjec-
tion, respectively (P < .05) (Figs 3A and 3B). Intrahippo-
campal injections of NGF antibody or K252a also
partially reversed TMJ inflammation-induced decrease
in food intake (Figs 3C and 3D).
Discussion
Previous studies have explored that estradiol, which acts

at both peripheral nociceptors and central processing
pathways,5,13,22,24 is a possible modulator of TMJ pain
sensitivity.14,27,40 In this study, we showed 2 important
findings: hippocampal NGF expression was upregulated
by TMJ inflammation and further potentiated by estra-
diol in female rats, and blocking the hippocampal NGF
pathway partially reversed the allodynia of inflamed TMJ.
These results suggested that the hippocampal NGF was
involved in central pain processing and could possibly
be one of the molecular mechanisms underlying the
sexually dimorphic TMD pain mediated by estradiol in the
CNS.
Hippocampal NGF Involved in
Sensitization of TMJ Nociception
In addition to its basic function as a neurotrophin for

growth,maintenance, and survival of sympathetic and sen-
sory neurons, NGF is also a pain-related gene involving in-
flammatory pain in both the CNS and PNS. In the PNS,
injection of NGF into the masseter muscle of female rat
evokes a long-lasting mechanical allodynia by increasing
the sensitivity of peripheral nociceptors, and CFA-induced
TMJ inflammation in male rats upregulates the NGF
expression in TMJ tissues and trigeminal ganglion.61,62

The administration of the TrkA receptor antagonist
(K252a) could block NGF-induced TMJ spontaneous noci-
ception in male rats, suggesting that NGF and TrkA play
a functional role in TMJ inflammatory hyperalgesia.52 In
the CNS, both NGF and its receptor TrkA are also expressed
in the hippocampus, and several types of stimuli induce
their expressions. It is evident that central NGF may play
an important role in broad-spectrum hyperalgesia. For in-
stance, the concentration of NGF in cerebrospinal fluid in-
creases in patients with fibromyalgia or chronic daily
headaches,27,57 and intracerebroventricular infusion of
NGF induces a painlike response in male rats and patients
with Alzheimer’s disease.22,29 The information about
orofacial noxious stimuli can reach the hippocampus, and
the hippocampus can trigger functional activity changes



Figure 3. Attenuation of mechanical allodynia of inflamed
TMJ by blocking NGF in the hippocampus. Head withdrawal
threshold was partially reversed by intrahippocampal injections
of NGF antibody (2 or 20 ng; n = 5) or vehicle (n = 5) (A) or K252a
(5 or 25 ng, n = 5) or vehicle (n = 5) (B) into the CA1 region of the
hippocampus. Prior to the induction of TMJ inflammation, the
baseline head withdrawal threshold was not different between
the intrahippocampal injections (P < .05). However, 20 hours
after TMJ inflammation induction, the threshold dramatically
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within the caudal trigeminal nucleus region.12,39

However, whether the hippocampal NGF is also involved
in orofacial inflammatory pain and sexual dimorphism
of pain perception still needs to be defined. Our results
showed that TMJ inflammation induced hippocampal
NGF expression, and blocking the hippocampal NGF
pathway alleviated inflamed TMJ allodynia, suggesting
that the hippocampal NGF was involved in TMJ
nociception. Therefore, the effect of TMJ inflammation
on NGF expression in the hippocampus was relatively
specific, but not due to the general effect of NGF
expression in other brain regions such as in the
amygdala, prefrontal cortex, and thalmus. Our results
provided the first direct evidence on the involvement of
hippocampal NGF in TMJ nociception. Given that
estradiol further potentiated TMJ inflammation-
induced upregulation of hippocampal NGF, and blocking
the hippocampal NGF pathway partially reduced the allo-
dynia of inflamed TMJ in rats at the proestrous stage,
when rats have the highest amount of circulating estra-
diol in the estrous cycle stages, it would be further
suggested that the hippocampal NGF was also involved
in estradiol-enhanced TMJ nociception. Considering
that NGF is an important regulator of TRPV171,73 and
our previous observation that estradiol enhances TMJ
nociception partially through induction of hippocampal
TRPV1,70 it is reasonably believed that the hippocampal
NGF-TRPV1 signaling pathway would be involved in the
estrogen-induced TMJ nociception in female rats. This
could be an important central mechanism underlying
the sexual dimorphism of TMD pain.

Central Mechanism Underlying
Modulation of Gender-Based Difference
in Inflammatory TMJ Perception by
Estradiol
Several painful clinical conditions are more prominent

in women and have been associated with the circulating
serum level or fluctuation of the estradiol, such as clinical
TMD pain,40,41,43,67 migraines,11,45 arthritis,14,19,60 and
fibromyalgia.49 Many studies have been done to under-
stand how estrogen affects peripheral and central
nociceptive processes related to TMJ inflammatory
pain.5,15,24,25,47,48,64,70 However, whether estrogen
enhances or decreases TMJ nociception remains contro-
versial among these studies. Evidence shows that
estrogen can sensitize TMJ nociception through central
trigeminal ganglion.5,48,64 Consistently, both our
decreased, and the decrease was partially reversed by intrahip-
pocampal injection of NGF antibody (20 ng, n = 5) and K252a
(25 ng, n = 5), but not by vehicle (n = 5), respectively. *P < .05 ver-
sus vehicle group at the same time point (independent-sample t
test). Food intake improved after intrahippocampal injection of
NGF antibody (2 or 20 ng, n = 5) (C) and NGF antagonist K252a (5
or 25 ng, n = 5) or vehicle (n = 5) (D) into the CA1 region. Prior to
TMJ inflammation induction, food intake was not different
between intrahippocampal injection of NGF antibody, or
K252a. After TMJ inflammation induction, intrahippocampal
injections of NGF antibody or K252a partially reversed the TMJ
inflammation-induced decrease in food intake. *P < .05 versus
the groups before induction of TMJ inflammation.

:
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present and previous results support this estrogen
central sensitization of nociceptive processes and
further reveal that estrogen could also enhance TMJ
nociception through the hippocampal NGF-TRPV1 sig-
naling pathway in rats.
Possible Downstream Targets of
Hippocampal NGF That Are Involved in
TMJ Nociception
TRPV1 is upregulated by NGF both in vitro and

in vivo,34,71,73 demonstrating that TRPV1 is one of the
downstream targets for NGF. In addition, NGF-induced
thermal hyperalgesia is not present in TRPV1 null mice,
suggesting that TRPV1 is principally required for NGF-
mediated thermal hyperalgesia.18 The involvement of
the hippocampal NGF in the allodynia of the inflamed
TMJ may be through the induction of hippocampal
TRPV1. However, the involvement of NGF in hyperalge-
sia may be also through the induction of peptide neuro-
transmitters, such as calcitonin gene-related peptide
and substance P, as they are also downstream targets
of NGF involved in hyperalgesia.21,44
Different Efficiencies of
Intrahippocampal Injection of NGF
Antibody or NGF Antagonist in Reducing
Allodynia of Inflamed TMJ
The NGF receptor TrkA is more involved than p75 in in-

flammatory pain6 and has demonstrated its functionality
in the hippocampus.1 Consistent with these observa-
tions, we observed that intrahippocampal injection of
NGF antagonist K252a could partially reduce TMJ noci-
ception. However, we also noticed that intrahippocam-
pal injection of NGF antagonist K252awasmore potent
than NGF antibody in reducing the mechanical allody-
nia of the inflamed TMJ. This could be due to the fact
that K252a was dissolved in DMSO, which has a strong
ability to diffuse through the cytoplasmic membrane,
whereas the NGF antibody diluted in PBS may have
a lower ability to diffuse through the cytoplasmic
membrane. Therefore, the solvents of the 2 substances
may contribute, to some extent, to their different ef-
fects on reducing the TMJ nociception, despite the ef-
ficiency of the NGF antibody or antagonist used. In
addition, K252a is a relatively potent NGF receptor
blocker of the tyrosine protein kinase and is the most
widely used TrkA receptor antagonist.54,63 K252a
inhibits not only NGF receptors but also other
receptor tyrosine kinases42,58 that may also play a role
in the difference.
In conclusion, we have demonstrated that estra-

diol potentiated hippocampal NGF expression and
that blocking the hippocampal NGF reduced the me-
chanical allodynia of inflamed TMJ. This suggests
that the hippocampal NGF was involved in TMJ noci-
ception and that estradiol could modulate TMJ pain
through the NGF signaling pathway in the hippo-
campus.
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