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The neuropeptide substance P (SP) modulates bone metabolism. This study examined the

temporal appearance of the neuropeptides SP and brain-derived nerve growth factor (BDNF)

and their receptors (neurokinin-1 receptor (NK1-R) and Trk B, respectively) in the rat trigem-

inal ganglion to investigate the role of neuropeptides in healing after tooth extraction. Rats

were anesthetized and their upper right first molars were extracted; the rats were sacrificed

3 hours and 1–21 days after extraction. Their trigeminal ganglion and maxilla were removed,

and cryosections were prepared and immunostained using specific antibodies against SP,

BDNF, NK1-R, and Trk B. In the tooth sockets after extraction, new bone and a few SP-

immunoreactive nerve fibers were first seen at day 7, and bone completely filled the sockets

at day 21. In the trigeminal ganglion, the proportions of NK1-R-, BDNF-, and Trk B-immuno-

reactive neurons changed similarly, i.e., they initially decreased, increased rapidly to

maximum levels by day 3, and then decreased gradually to control levels until 21 days.

These findings suggest that the appearance of neuropeptides in the trigeminal ganglion, the

reinnervation of SP-immunoreactive nerve fibers, and bone repair in the tooth socket

during healing after extraction were correlated.
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I. Introduction

Extraction of vital teeth damages the nerve fibers inner-

vating the teeth. The pulpal nerve fibers are cut at the apical

foramen and the periodontal nerve fibers are crushed. Dur-

ing socket healing after extraction, these traumatized nerve

fibers regenerate into and through the soft tissues of the

socket. Hansen examined neural reorganization after tooth

extraction [9]: in the healing socket, initial degeneration was

followed 2 days later by progressive axon regeneration;

within the first postoperative week, the alveolus was filled

with connective tissue with many long thin axons; cancel-

lous bone then filled the tooth sockets; and the axons were

concentrated into central fascicles, directed toward the lim-

bus. Although the regeneration of nerve fibers in extracted

root sockets has been examined, the roles of these regen-

erated nerve fibers have not been evaluated in terms of

bone repair.

Peripheral nerve injury (such as an extraction) induces

profound structural, biochemical, and physiological changes

in primary sensory neurons [2, 5, 29, 30]. The production of

neuropeptides in the neurons may either decrease or increase

following peripheral axotomy [3, 7, 16, 21]. For example,

Itotagawa et al. demonstrated that NPY-immunoreactive

cells appeared in the trigeminal ganglion 14 days after

extraction [11]. Trauma to dental tissues involving nerve

injury is often encountered in clinical practice, and some of

these lesions may allow complete reinnervation of dener-

vated tissues.

Substance P (SP) is an important member of the

tachykinin family of neuropeptides, which are neurotrans-

mitters or neuromodulators [13, 19]. Recent advances in the
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analysis of SP receptors, particularly neurokinin-1 receptors

(NK1-R), which have high affinity for SP, have demon-

strated that they are distributed not only in the cells of the

neuronal or immune systems but also in peripheral cells.

Therefore, the effect of SP and its cellular receptors is not

limited to the nervous system but is more extensive than

previously appreciated. SP-immunoreactive axons have been

localized in bone, and SP receptors are widely distributed

in osteoclasts and osteoblasts [8]. Chung and George indi-

cated that SP has an osteogenic stimulating effect in vitro

[4], while Mori et al. reported SP activates osteoclastic bone

resorption activity [17]. The distribution of SP-immunoreac-

tive axons and SP receptors suggests that SP modulates

bone metabolism directly via SP receptors.

Brain-derived neurotrophic factor (BDNF) promotes

developing or regenerating sensory neurons and is transport-

ed to the sensory ganglia retrogradely, where it promotes

neuron survival [6, 10]. Recently, it has been suggested that

BDNF plays an important neuromodulatory role in the dor-

sal horn of the spinal cord in inflammation [24]. Using an

inflammatory model, it was also reported that SP and BDNF

increased in the dorsal root ganglions (DRGs) [18, 24] and

that SP and BDNF receptors (tyrosine kinase receptor (Trk

B)) increased in the dorsal horn [1, 24].

Therefore, this study examined the role of SP and

BDNF in healing after tooth extraction. We investigated the

temporal appearance of SP and BDNF, and their receptors

(NK1-R and Trk B, respectively) in the rat trigeminal gan-

glion. To confirm the damaged neurons we observed the

appearance of activating transcription factor 3 (ATF3) after

tooth extraction [25]. Furthermore, we analyzed the appear-

ance of SP, growth associated protein-43 (GAP-43: a marker

for regenerating nerve fibers), and protein gene product 9.5

(PGP-9.5: a marker for mature nerve fibers) [22, 23, 27, 28]

in nerve fibers in the healing socket after extraction.

II. Materials and Methods

Animals

The experimental protocol in rats was reviewed and

approved by the Animal Care Committee at Kyushu Dental

College, Fukuoka, Japan. Seventy male Sprague-Dawley

rats weighing 200–250 g were used. The animals were accli-

matized for at least 1 week before the experiment started.

Surgical procedures

The rats were anesthetized with an intramuscular injec-

tion of ketamine (Daiichi Pharmaceutical, Tokyo, Japan; 70

mg/kg) and xylazine (Bayer, Tokyo, Japan; 13 mg/kg). After

sweeping up around the tooth, the right maxillary first

molars were extracted. After extraction, rats were fed with

powdered food. Untreated animals were used as the control

group.

Tissue preparations

The experimental periods were set at 3 hr, 1, 3, 7, 14

and 21 days after tooth extraction. Under deep anesthesia

with diethyl ether, the operated rats (7 animals for each time

period), unoperated controls (4 animals for each time period)

and controls (on 0 day, 4 animals) were perfused transcar-

dially with 4% paraformaldehyde in 0.2 M phosphate buffer

containing 0.2% picric acid. The right trigeminal ganglion in

28 control and 42 experimental animals were then removed

and post-fixed in the same fixative overnight. The maxillae

were also removed and decalcified with 10% EDTA in

0.1 M phosphate buffer for 3 weeks.

Immunohistochemistry of trigeminal ganglion

The trigeminal ganglion was frozen rapidly and cut into

6-m-thick sections with a cryostat (Leica Instruments,

Wetzlar, Germany).

Double labeling for SP, NK1-R, BDNF, TrkB, or ATF3

and Protein-gene product 9.5 (PGP-9.5), a marker for neu-

rons, was performed as follows. The sections were pre-incu-

bated in 0.1 M phosphate-buffered saline (PBS, pH 7.4) with

1% normal goat serum (ICN Pharmaceuticals, Aurora, OH,

USA) for 30 min at room temperature. Then, the sections

were incubated with rabbit polyclonal antibodies against SP

(1:1000; Affiniti Research Products, Devon, UK), rabbit

polyclonal antibodies against NK1-R (1:1000; Calbiochem–

Novabiochem, San Diego, CA, USA), sheep polyclonal

antibodies against BDNF (1:100; Chemicon International,

Temecula, CA, USA), rabbit polyclonal antibodies against

TrkB (1:2000; Chemicon International) or rabbit polyclonal

antibodies against ATF3 (1:200; Santa Cruz Biotechnology,

Santa Cruz, CA, USA) for 2 hr at 37C. After rinsing with

0.1 M PBS, the sections were incubated with goat anti-rabbit

IgG conjugated with fluorescein isothiocyanate (FITC)

(1:100; Molecular Probes, Eugene, OR, USA) or goat anti-

sheep IgG conjugated with FITC (1:100; Chemicon Inter-

national) for 1.5 hr at 37C. After rinsing with 0.1 M PBS,

the sections were incubated with guinea pig polyclonal

antibodies against PGP-9.5 (1:500; Neuromics Antibodies,

Northfield, MN, USA) for 2 hr at 37C, washed in PBS,

and incubated with goat anti-guinea pig IgG conjugated

to tetramethylrhodamine-5-isothiocyanate (TRITC) (1:100;

Molecular Probes) for 1.5 hr at 37C. Finally, the sections

were washed in 0.1 M PBS and placed under a coverslip.

Double labeling for SP and NK1-R was performed as

follows. The sections were pre-incubated in 0.1 M PBS with

1% normal goat serum for 30 min at room temperature.

Then, the sections were incubated with rabbit polyclonal

antibodies against SP for 2 hr at 37C. After rinsing with

0.1 M PBS, the sections were incubated with goat anti-rabbit

IgG conjugated with FITC. After rinsing with 0.1 M PBS,

the sections were also incubated in 0.1 M PBS with 1% nor-

mal goat serum for 30 min at room temperature for blocking

the unlabeled antibodies. Sections were incubated with

rabbit polyclonal antibodies against NK1-R for 2 hr at

37C, washed in PBS, and incubated with goat anti-rabbit

IgG conjugated to TRITC (1:100; Molecular Probes) for

1.5 hr at 37C. Finally, the sections were washed in 0.1 M

PBS and placed under a coverslip.

The samples were examined under a fluorescence
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microscope (Olympus Optical, Tokyo, Japan) equipped with

a CoolSNAP CCD camera (RS Photometrics, Tucson, AZ,

USA) or a confocal laser scanning microscope (Radiance

2100, Bio-Rad, Herts, UK).

Cell counts

In each rat, three to five sections (at least 30-m inter-

vals) of the trigeminal ganglion were selected randomly

and observed under a fluorescence microscope. The total

number of immunopositive neurons in the maxillary and

mandibular nerve regions was counted on each section.

Immunohistochemistry of the maxilla

After decalcification, the maxilla was frozen and cut

into 20-m-thick sections using a cryostat (Leica Instru-

ments).

For immunostaining for SP, NK1-R, PGP-9.5, or

human growth-associated phosphoprotein 43 (GAP-43), a

marker for new nerve fibers, the sections were pre-incubated

for 5 min at room temperature in 0.1 M PBS with 0.3%

H2O2, rinsed with PBS, and pre-incubated for 30 min at

room temperature in 0.1 M PBS with 1% normal goat serum.

The sections were incubated with rabbit polyclonal antibod-

ies against SP (1:1000; Affiniti Research Products), rabbit

polyclonal antibodies against NK1-R (1:1000; Calbiochem-

Novabiochem), rabbit polyclonal antibodies against PGP-

9.5 (1:500; Neuromics Antibodies), or mouse monoclonal

antibodies against GAP-43 (1:40; Novocastra Laboratories,

Benton Lane, UK) for 2 hr at 37C. After rinsing with

PBS, the sections were incubated with goat anti-rabbit IgG

(1:1000) and then with avidin–biotin–peroxidase complex

using a VECTASTAIN Elite ABC KIT (Vector Laborato-

ries, Burlingame, CA, USA), or goat anti-mouse IgG conju-

gated with peroxidase (1:70; Amersham Biosciences, Buck-

inghamshire, UK). The peroxidase activity was developed

using 0.02% 3,3'-diaminobenzidine (Dojindo, Kumamoto,

Japan) and 0.02% 30% hydrogen peroxidase solution. Then,

the sections were observed under an optical microscope

(Olympus Optical).

Statistical analysis

One-way ANOVA was used to analyze the proportions

of neurons labeled with NK1-R, BDNF, or Trk B, followed

by individual post hoc comparisons (Scheffé).

III. Results

SP-, NK1-R-, BDNF-, TrkB-, ATF3-immunoreactive neurons 

in trigeminal ganglion after extraction

SP-, NK1-R-, BDNF-, and TrkB-immunoreactive neu-

rons in the trigeminal ganglion were observed as medium or

small neurons, which ranged from 520 to 953 m2 (Fig. 1a–

p). Double staining for PGP-9.5 and SP, NK1-R, BDNF, and

TrkB confirmed that some PGP-9.5-immunoreactive neu-

rons in the maxillary nerve region were immunopositive for

SP, NK1-R, BDNF, and TrkB. After tooth extraction, some

PGP-9.5 immunopositive neurons appeared to be immuno-

positive for ATF3 (Fig. 1q, r).

After tooth extraction, degenerative changes of neurons

were not observed in double staining for NK1-R and PGP-

9.5 and differential interference contrast images of the

maxillary nerve region (Fig. 2a–d).

Double staining for SP and NK1-R confirmed that some

neurons were immunopositive for both NK1-R and SP

(Fig. 2e–h).

In the control, the proportion of PGP-9.5-immunoreac-

tive neurons containing NK1-R (NK1-R/PGP-9.5 neurons)

in the maxillary and mandibular nerve regions was 18.1

and 16.8%, respectively. Three hours after extraction, the

respective proportion of NK1-R/PGP-9.5 neurons in the

maxillary and mandibular nerve region decreased to 9.9 and

9.0%. Then, the ratio increased 1 day after extraction, and

reached the maximum respective values of 29.3 and 26.5%

after 3 days in the maxillary and mandibular nerve regions.

At days 7, 14, and 21 post-extraction, the proportion of NK1-

R/PGP-9.5 neurons in both the maxillary and mandibular

nerve regions had decreased to control levels (Fig. 3a, b).

Like NK1-R-immunoreactive neurons, after extracting

the upper first molar, the number of BDNF-immunoreactive

neurons decreased initially and then increased to a maxi-

mum after 3 days. In contrast, on day 1, the proportion of

BDNF/PGP-9.5 neurons was already greater than that in the

control. These changes in the ratio of BDNF-immunoreac-

tive neurons were observed for both the maxillary and

mandibular nerve regions. The proportion of BDNF/PGP-

9.5 was 12.1 and 11.7% in the control, 6.9 and 8.6% after

3 hours, 17.4 and 14.9% on day 1, and 22.4 and 19.7% on

day 3 post-extraction, respectively. At 7, 14, and 21 days, the

proportions of BDNF/PGP-9.5 neurons in both the maxillary

and mandibular nerve regions had decreased to control

levels in a similar manner (Fig. 3c, d).

The changes in the proportion of TrkB/PGP-9.5 neu-

rons followed a similar tendency to that for BDNF/PGP-9.5

neurons after extraction. The proportion decreased initially,

and then increased until 3 days after extraction. These

changes in the number of Trk B-immunoreactive neurons

were observed in both the maxillary and mandibular nerve

regions. The proportion of Trk B/PGP-9.5 was 15.8 and

15.2% in the control, 12.5 and 11.2% after 3 hours, 16.6 and

15.7% on day 1, and 21.4 and 20.3% on day 3 post-extrac-

tion, respectively. At 7, 14, and 21 days, the proportions of

Trk B/PGP-9.5 neurons in both the maxillary and mandibu-

lar nerve regions had decreased to the control levels (Fig. 3e,

f).

Bone formation in tooth sockets

To examine the expression of SP-immunoreactive

nerve fibers, we performed immunostaining using SP anti-

bodies. Furthermore, to confirm the expression of new and

old nerve fibers, we conducted immunostaining using GAP-

43 and PGP-9.5.

In the tooth sockets at 3 days after extraction, inflam-

matory cells were present (Fig. 4a, f, k) and there were no

PGP-9.5-immunoreactive nerve fibers (Fig. 4a). Seven days
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Fig. 1. SP-, NK1-R-, BDNF-, TrkB-, and ATF3-immunoreactive neurons in the trigeminal ganglion. (a, c) SP-, (e, g) NK1-R-, (i, k) BDNF-,

(m, o) TrkB- and (q) ATF3-immunoreactive neurons in the maxillary nerve regions in the non-operated rat trigeminal ganglion (a, e, i, m) and

at 3 days after extracted rat trigeminal ganglion (c, g, k, o, q). (b, d, f, h, j, l, n, p, r) Immunohistochemical images for PGP-9.5 in the same

region as a, c, e, g, i, k, m, o, q. Bar50 m.
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after extraction, new bone had appeared (Fig. 4b, g, l) with

GAP-43-immunoreactive nerves (new nerve fibers) (Fig. 4g,

h) and a few SP-immunoreactive nerve fibers (Fig. 4l, m).

The number of PGP-9.5- and SP-immunoreactive nerve

fibers had increased by day 14 (Fig. 4d, e, n, o). Bone com-

pletely filled the sockets on day 21 (data not shown).

Immunostaining for NK1-R confirmed that the presence

of NK1-R-immunoreactive osteoblasts on bone surface (Fig.

5).

IV. Discussion

This study demonstrated that extraction of an upper

molar induced an increase in ratio of NK1-R-immunoreac-

tive neurons in both the maxillary and mandibular nerve

regions of the trigeminal ganglion, and this synchronized

change in the maxillary and mandibular nerve regions

was also observed for the appearance of BDNF and TrkB.

Marked degeneration of neurons was not observed, whereas

there were injured ATF3 positive neurons after extraction.

These results indicate that the number of NK1-R-, BDNF-,

TrkB-immunoreactive neurons were increased in both the

maxillary and mandibular nerve regions of the trigeminal

ganglion at 3 days after extraction of upper molar. Shortly

after the peak expression of NK1-R-, BDNF-, and TrkB-

immunoreactive neurons in the trigeminal ganglion, SP-,

and GAP-43-immunoreactive new nerve fibers were

observed in the root cavity. The bone healing was complete

when the number of SP-immunoreactive neurons returned to

the control level. These findings strongly suggest that

neuropeptides in the trigeminal ganglion are associated

with bone healing after extraction.

In this study, we found temporal changes in the tri-

geminal ganglion neuropeptides in both the maxillary and

mandibular nerve regions, which is similar to our earlier

observation for SP-immunoreactive neurons in the trigemi-

nal ganglion following tooth extraction [12]. Previously, we

observed that after maxillary first molar extraction, the ratio

of PGP-9.5-immunoreactive neurons containing SP (SP/

PGP-9.5 neurons) in the maxillary and mandibular nerve

regions decreased initially and then increased to a maximum

3 days after extraction. The proportion of SP/PGP-9.5 neu-

rons in both the maxillary and mandibular nerve regions

decreased to control levels. In this study, we observed simi-

lar changes in the NK1-R/PGP-9.5, BDNF/PGP-9.5, and

TrkB/PGP-9.5 ratios of neurons in the trigeminal ganglion

after tooth extraction, which suggests that peripheral nerve

injury not only induces the up-regulation of neuropeptides,

but also that of their receptors. Additionally there were both

SP- and NK1-R-immunoreactive neurons in maxillary nerve

region of trigeminal ganglion. These findings suggest that

peripheral nerve injury up-regulates neuropeptide expres-

sion and causes autocrine-like reactions in the trigeminal

ganglion.

The NK1-R/PGP-9.5, BDGF/PGP-9.5, and TrkB/PGP-

9.5 ratios of neurons increased not only in the maxillary

nerve region, but also in the mandibular nerve region of

the trigeminal ganglion. As primary afferent neurons in the

mammalian ganglion are anatomically isolated from one

another and not interconnected synaptically, our findings

suggest that the same interactions exist between the maxil-

lary and mandibular nerve regions in the trigeminal gangli-

Fig. 2. SP- and NK1-R immunoreactive neurons in the rat trigeminal ganglion after 3 days following extraction. (a) NK1-R- and (b) PGP-9.5-

immunoreactive neurons in the maxillary nerve region. (e) SP- and (f) NK1-R-immunoreactive neurons in the maxillary nerve region. (c, g) Dif-

ferential interference contrast image in the same region as a, b and e, f respectively. (d, h) are merged image of (a, b, c) and (e, f, g). The cells

indicated by orange color represent immunopositive for both SP and NK1-R. Bar100 m.
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Fig. 3. The ratio of NK1-R- (a), BDNF- (b), and TrkB-immunoreactive neurons per PGP-9.5-immunoreactive neuron in the maxillary (a, c, e)

and mandibular (b, d, f) nerve regions between 3 hr and 21 days after extraction. Cont., control; Ext, extracted groups; Max, maxillary nerve

region; Md, mandibular nerve region. Data are expressed as the meanSD. Control group n4. Experimental group n7. ** p0.01, * p0.05.
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Fig. 4. Reinnervation during the healing of extracted sockets. Immunohistochemical images for PGP-9.5 (a–e), GAP-43 (f–g) and SP (k–o) at

the tooth extracted socket. (a, f, k) Three days after extraction, the extracted root sockets are filled with inflammatory cells (arrow) and (a) no

PGP-9.5-immunoreactive nerve fibers are seen. (b, c, g, h, l, m) Seven days after extraction. (b, g, l) The root socket is filled with fibrous tissues.

(h) High-power images of the square area in (g). GAP-43-immunoreactive nerve fibers (arrowheads) appeared in the extracted socket. (m) Some

SP-immunoreactive nerve fibers (arrowheads) is seen. (d, e, i, j, n, o) Fourteen days after extraction. (d, i, n) The extracted sockets are partly

filled with new bone. (o) SP-immunoreactive nerve fibers (arrowheads) was often observed in the extracted root sockets. AB, alveolar bones;

*, new bone. Bars200 m (a, b, d, f, g, i, k, l, n) and 20 m (c, e, h, j, m, o).

Fig. 5. NK1-R immunoreactive osteoblasts (arrowheads) on the

bone surface at the root socket. AB, alveolar bones; PDL, periodon-

tal ligaments. Bar20 m.
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on. The most plausible explanation for the synchronized

occurrence of neuropeptides and their receptors in both the

maxillary and mandibular nerve regions after extraction of

the upper molar is cross-excitation between injured and

neighboring neurons. Cross-excitation occurs via non-syn-

aptic neurotransmitters, such as ATP, which binds the P2X3

receptor, an ATP-gated cation channel receptor associated

with primary nociceptive sensory neurons. In sensory gan-

glia, the differential regulation of P2X3 receptor expression

in peripheral nerve injury in intact and injured neurons sug-

gests the existence of cross-excitation [26]. Another study

demonstrated that SP is synthesized by neurons after the

interaction of ATP with P2X3 receptors [15]. Although we

found no direct evidence of cross-excitation in the trigemi-

nal ganglion, the synchronized appearance of neuropeptides

in the maxillary and mandibular nerve regions of the tri-

geminal ganglion strongly suggests the existence of cross-

excitation via a non-synaptic neurotransmission system.

In this study, 1 day after tooth extraction, the BDNF/

PGP-9.5 ratio of neurons was already greater than in the

control, whereas those of NK1-R/GAP-9.5 and TrkB/PGP-

9.5 were still close to control levels. Another study has

reported that BDNF- and TrkB-immunoreactive neurons

increase following peripheral injury [31]. Since GAP-43-

immunoreactive nerves appeared initially and then SP-

immunoreactive nerve fibers increased in the healing root

socket after extraction, after nerve injury, BDNF is produced

earlier than other neuropeptides for the regeneration of nerve

fibers.

The association between reinnervation in the root

socket and alveolar bone repair is still unclear. Sandhu

et al. [20] reported that sympathectomy greatly increases the

number of osteoclasts in the root socket after extraction;

i.e., neuropeptides from sympathetic neurons may inhibit

osteoclastic activity. We observed the appearance of SP-

immunoreactive neurons in the root socket a few days

after the SP-production increase in the trigeminal ganglion

and NK1-R-immunoreactive osteoblasts on bone surface of

sockets. Mason and Holland [14] reported that the amount

of innervation in the healing socket after extraction grew

until 1 month after the extraction, and then decreased gradu-

ally. These findings suggest that after the nerve injury

caused by extraction, the neuropeptides produced in the sen-

sory ganglion are transported to the damaged site retro-

gradely, where the released neuropeptides stimulate bone

remodeling during healing of the root socket.

In conclusion, the nerve injury caused by extracting the

maxillary first molar induces increases in SP, BDNF, and

their receptors in the trigeminal ganglion. The proportions of

NK1-R-, BDNF-, and TrkB-immunoreactive neurons grew

not only in the maxillary nerve region, but also in the man-

dibular nerve region of the trigeminal ganglion. The reinner-

vation in the extracted socket occurred before the new bone

repaired the root socket. These findings demonstrate the

relationships among the appearance of neuropeptides in the

trigeminal ganglion, the reinnervation of SP-immunoreac-

tive nerve fibers, and bone repair in the tooth socket during

the healing process after extraction.
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