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Comparison of CGRP distributions in the maxillary sinus and trigeminal ganglion
between elderly dentulous and edentulous humans
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Thickening of the Schneiderian membrane (SM, mucosa of the maxillary sinus) appears in the paranasal sinus.
Information on SM thickening is available for patients receiving sinus lift treatments, which is a risk factor for
SM excretory dysfunction. However, more information is needed on the structure of the SM and the relation-
ship between the maxilla sinus and palatine with the alveolar bone and the SM for dental implant treatment in
the human maxilla. One hundred twenty-six sides of the maxilla from 71 cadavers were subjected to cone-beam
computed tomography analysis and macroscopic and immunohistochemical observations in this study. A thick-
ened SM was mainly observed in the middle region of the basal layer of the maxillary sinus (MS). Strong cal-
citonin gene-related peptide (CGRP)-positive reactions were observed in the alveolar bone, oral mucosa,
mucosa of the MS, and trigeminal ganglion (TG) cells in dentulous samples compared with edentulous samples.
TG cells play important roles in delivering CGRP through axons to the mucosal gland and in regulating the
maxilla-related thickening of the SM. These data could help determine CGRP functions in the mucosal gland
and bone formation between dentulous and edentulous samples and indicate that CGRP may pass from the TG
to the MS glands.

Key words: Mucosa; maxillary sinus; cone-beam computed tomography; immunohistochemistry; calcitonin
gene-related peptide; trigeminal ganglion.
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Introduction
The glandular  tissues in paranasal sinuses, such as the maxil-

lary, frontal, sphenoid and ethmoid sinuses, are mainly located in
the maxillary sinus (MS). Each sinus is lined by a ciliated pseudos-
tratified epithelium that is interspersed with mucus-secreting gob-
let cells. The mucosal surface of the MS is covered with the devel-
oped mucociliary epithelium in the airway epithelium that clears
inhaled pathogens.1 The nasal microvilli increase in surface area to
retain moisture and to prevent drying of the surface.2 Moreover,
pathological data have indicated congestion, submucosal oedema,
retention cysts, true polyps and inflammation in the mucosa of the
maxillary sinus, such as eosinophilia, basement membrane thick-
ening, goblet cell hyperplasia and dystrophic calcification.1,3

However, the structural cilia of the nasal sinus remain poorly
understood. The thickness of the nasal Schneiderian membrane
(SM) of the MS is also an important landmark for dental implant
surgery. Moreover, little is known about promoter immunohisto-
chemical markers of the SM of human maxilla samples.
Thickening of the mucosa of the MS was observed in patients
undergoing sinus lift treatments, which is a risk factor for MS
excretory dysfunction (Manji et al., 56.5%; Ritter et al., 38%).4,5

Cone-beam computed tomography (CBCT) analysis is a useful
tool for sinus lift dental treatment.6 In previous reports, the thick-
ness of the maxillary mucosa was measured using a CBCT appara-
tus or magnetic resonance imaging.4,5,7 However, a difference in
SM thickness between CBCT analysis and histological observation
was reported.8 9 Age, but not sex, is also an important factor that
influences sinus membrane thicknesses measured using CBCT
analysis,10 and periodontal bone loss may be related to MS lateral
bone wall thickness.11 Therefore, we investigated in detail the rela-
tionship between CBCT analyses and histochemical observations
of SM in the human maxilla. Calcitonin gene-related peptide
(CGRP) is involved in vasodilation and interacts with the sympa-
thetic nervous system in the periphery. Antidromic stimulation of
the rat trigeminal ganglion and subsequent neurogenic inflamma-
tion affect the expression of neurotrophin receptors in retinal cells
by stimulating the trigeminal ganglion to trigger the release of sub-
stance P and CGRP from the sensory nerve terminals of C-fibres.12

Substance P and CGRP are associated with pain and inflammation
and are located in the MS at macroscopic levels.13 Moreover,
CGRP-positive nerve fibres have been observed in the SM and are
located around large blood vessels in the lamina propria. In the
human trigeminal ganglion (TG), immunohistochemical staining
for CGRP is more commonly observed in TG neurons.14 Moreover,
blood flow is controlled by sympathetic and parasympathetic
nerves. In addition, CGRP controls smooth muscle by reducing
blood flow, which restricts the blood supply to the alveolar bone.
In contrast, Li et al. reported the presence of regenerating nerve
fibres expressing CGRP at the fracture callus in close proximity to
chondrocytes in experimental mouse tibia fractures.15 CGRP is an
important marker of bone formation. In contrast, dental treatment
at these sites has not focused on the bone dynamics on the side of
the SM of the maxilla, and the presence of the nasal floor side also
does not require special attention in sinus lift treatments. However,
pain in this area is also relevant to patient discomfort and recovery
after dental treatment. We investigated the expression of CGRP to
simultaneously evaluate pain and bone and mucosa dynamics.
Various SM cells may be controlled by the CGRP-positive gan-
glion cells of the TG. Therefore, we aimed to investigate the
detailed morphological characteristics of the maxilla by perform-
ing CBCT and observing CGRP expression in the human maxilla
and TG. These morphological features of the maxilla and SM were
evaluated using principal component analysis (PCA). CGRP distri-
butions influence the blood vessel supply system and pain in the

maxilla, and our study provides useful baseline data for the risk of
damage to the preoperative MS after surgical operations.

Materials and Methods

Sample preparation
One hundred twenty-six maxilla (71 cadavers; male, n=26;

female, n=45) that were preserved at Tokyo Medical University
and Nippon Dental University were used in this study; the cadav-
ers ranged in age from 64 to 104 years (mean: 82.3±10.1 years).
All specimens were selected for our study based on the medical
record of each deceased individual. All human cadavers used in the
study were donated for dissection. The samples were injected with
10% formalin with return perfusion via the femoral artery.

CBCT scanning
Images of the human cadavers were acquired using a CBCT

device (AZ 3000CT; Asahi Roentgen Industry, Kyoto, Japan).
Images of the MS and surrounding structures of the maxilla were
also acquired from samples of the premolar and molar regions.
CBCT images were obtained using a tube potential of 85 kV and
tube current of 4 mA, and the scans encompassed cylindrical areas
of 79φ×71 mm at high resolution (i.e., voxel size=0.155 mm).
Measurements of the maxillary elements of the SM were collected
from the three-dimensional CBCT images using NEOPREMIUM
(Asahi Roentgen Industry, Kyoto, Japan) and Micro AVS ver. 11
software (KGT Industry, Tokyo, Japan). The median sagittal plane
and Frankfort plane positioned perpendicular to the floor were
defined as the reference planes, and then the SM focus was the cen-
tre for the axial first molar teeth as the measurement position.

Measurement points and identification of each maxilla
Eight elements were measured in the human MS: the maximum

width of the MS (WMS), maximum height of the MS (HMS), thick-
ness of the anterior region of the MS floor bone (AMB) and mucosa
(AMM) at the border of the MS floor, thickness of the middle region
of the bone (MMB) and mucosa (MMM) in the MS floor, and thick-
ness of the posterior region of the bone (PMB) and mucosa (PMM)
of the MS floor at the border of the MS floor (Figure 1). For PCA,
we analysed the tooth number, age, sex and difference between the
right and left sides (LR). The median sagittal plane and Frankfort
plane were defined as reference planes (Figure 1 A–D). We defined
the infrazygomatic crest of the edentulous specimens and missing
first molar samples, and existing first molar samples were explored
at the centre of the first molars. The lower end of the anterior bony
wall and the lower end of the posterior bony wall that related to alve-
olar bone of the MS were divided into three equal parts, and mea-
surements were taken mesiodistally along the central part of each
length where bone matrices were clearly defined. Two anatomical
and surgical specialists defined and obtained all measurement data 4
times under the suggestion of a radiology specialist.

Immunohistochemical staining for CGRP and CD31 in
paraffin-embedded sections

The molar region of the maxilla and TG of each cadaver were
used for immunohistochemical staining. Decalcified and calcified
specimens were prepared and used for analyses. The samples were
decalcified with 10% EDTA-PBS for 21-36 days at 4°C and then
washed with PBS for 30 min. The samples were fixed with 70%
alcohol and were then dehydrated by the normal method. The TG
and maxilla containing the SM were fixed with tissue fixative
(Genostaff Co., Ltd., Tokyo, Japan), embedded in paraffin and cut
into 5-μm sections. The sections, which were cut vertically from
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Figure 1. Positions of the maxillary sinus measured in this study. Positions of the maxillary sinus (MS) and maxilla measured in the
coronal (A), sagittal (B) and axial sections (C) (voxel size=0.155 mm) and the 3D structure (D) (79φ×71 mm) that were obtained using
a CBCT apparatus (AZ 3000CT). The measurement points are shown as green crosses, and blue lines show the position of the first molar
region. (E) Eight measured positions in the maxilla are shown. The maximum width of the MS (WMS), maximum height of the MS
(HMS), thickness of the anterior region of the MS floor bone (AMB) and mucosa (AMM) at the border of the MS floor, thickness of
the middle region of the bone (MMB) and mucosa (MMM) in the MS floor, and the thickness of the posterior region of the bone (PMB)
and mucosa (PMM) of the MS floor at the border of the MS floor; PM2, premolar teeth; M1, first molar teeth; white dotted lines show
the border of the MS floor of the maxilla; and red lines show the border of Schneiderian membrane: scale bars: A-E) 20 mm. F) Matrices
of component 1 (Com. 1) and component 2 (Com. 2) from the CBCT analysis and measurement data obtained from the human maxilla.
G) PCA of the components: two large groups were classified into components 1 and 2. Eight measured data points and four elements
were used: age, sex, difference between left and right (LR) and number of teeth (teeth) in the maxilla based on CBCT images. Eight ele-
ments were analysed in the maxilla: the maximum width of the MS (WMS), maximum height of the MS (HMS), thickness of the ante-
rior region of the MS floor bone (AMB) and mucosa (AMM) at the border of the MS floor, thickness of the middle region of the bone
(MMB) and mucosa (MMM) in the MS floor, and thickness of the posterior region of the bone (PMB) and mucosa (PMM) of the MS
floor at the border of the MS floor.
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the tooth axis to the lip, were deparaffinized with xylene and dehy-
drated through treatment with a series of ethanol solutions in phos-
phate-buffered saline. Endogenous peroxidase was blocked with
0.3% H2O2 in methanol for 30 min, and the sections were then
blocked with Protein Block (G-Block, Genostaff Co., Ltd., Tokyo,
Japan) and an avidin/biotin blocking kit (Vector SP-2001, Vector
Laboratories, Inc. Burlingame, CA, USA). Samples were incubat-
ed overnight at 4°C with primary rabbit polyclonal antibodies
against CD31 (1:1,000; anti-CD31 mouse mAb M0823, Dako A/S,
Glostrup, Denmark) and calcitonin gene-related peptide (CGRP)
(1:1,000; ab47027, Abcam, Cambridge, UK) or normal goat serum
as the negative control (other serial sections). The sections were
washed with Tris-buffered saline, pH 7.5, containing 0.05% non-
ionic surfactant (Tween-20) (TBST) and Tris-buffered saline
(TBS) (0.05 M TBS, 0.05% Tween 20, pH 9.0) and were incubated
with biotin-conjugated goat anti-rabbit IgG (E0432, Dako) at room
temperature for 30 min. The sections were washed with TBST and
TBS and incubated with peroxidase-conjugated streptavidin
(Nichirei, Tokyo, Japan) at room temperature for 5 min.
Peroxidase activity was visualized using diaminobenzidine. The
sections were counterstained with Mayer’s haematoxylin (MUTO
Pure Chemicals Co., Ltd. Tokyo Japan), dehydrated, and mounted
with malinol (MUTO Pure Chemicals Co., Ltd.). Each serial sec-
tion was also stained with haematoxylin and eosin. Images were
acquired using a microscope (Leica DM 2500 16; Leica
Microsystems, Buffalo Grove, IL, USA) and Leica Application
Suite software (Leica Microsystems). For rate measurements, each
cell and blood vessel were randomly selected in the maxilla and
TG. We also analysed the reaction in each section using image
analysis software (WinROOF, MITANI Co., Tokyo, Japan), which
was based on the measurement methods reported by Mitsuoka et
al.,16 with some modifications. The average positive intensity (OD)
was defined as weak (>1,999 OD=1+), moderate (2,000-6,999
D=2+), or strong (7,000 OD<=3+) positive staining based on the
percentage (Figure 2).

Statistical analysis
The measured data were analysed using two-way analysis of

variance (ANOVA) followed by Bonferroni’s post hoc test with
one categorical independent variable and one continuous variable
(the independent variable was the group). Pearson’s correlation
coefficients were calculated to determine the correlations. The dif-
ferences in measured data between females and males and between
the dentulous and edentulous groups were analysed using the
Student’s t-test. The level of significance was set to p<0.05.
Multivariate modelling in PCA was used to estimate the interac-
tions of the measured CBCT data and the differences between the
left and right (LR) sides, age, and sex. We performed clustering
analyses using the average linkage between groups (hierarchical

clustering analysis algorithm) based on the significant components
of PCA performed on individuals.17 All statistical analyses were
performed using IBM SPSS Statistics Base version 22 (IBM
Corporation, New York, USA).

Results

Measurements of the maxillary sinus
The measurement data for the 8 elements of the MS are shown

in Table 1. For measurements of SM thickness, the posterior region
of the MS floor was the largest (total, 0.97±0.16 mm; male,
2.47±0.43 mm; dentulous, 1.12±0.18 mm). The thicknesses of
alveolar bone from the MS floor to the palatine side of the maxil-
lary region were measured, and the posterior region was thicker
than the other regions (total, average 11.41±0.48 mm; male, aver-
age 12.45±0.85 mm; female, average 10.81±0.56 mm; and edentu-
lous, average 11.05±0.66 mm). Significant differences in the WMS
(male, average 29.0±0.95; female, average 30.97±0.58, p<0.05)
and HMS (male, average 28.7±1.10; female, average 33.05±0.80,
p<0.05) were observed between samples from males and females
(Table 2).

Correlation coefficients between measured elements
from CBCT data

The twelve elements measured in the human maxilla using
CBCT revealed significant correlations between PMB and MMB
(r=0.741, p<0.01); AMB and MMB (r=0.725, p<0.01); PMM and
MMM (r=0.667, p<0.01); HMS and WMS (r=0.657, p<0.01) and
MMM and AMM (r=0.655, p<0.01). Other significant correlations
are shown in Table 2.

PCA for human maxilla at measured points, ageing,
sex, tooth number, and CBCT data

PCA was performed for 12 measured elements in the maxilla,
which were plotted in a two-dimensional space that was defined by
the two axes of component 1 (x-axis) and component 2 (y-axis)
(Figure 3A). The two principal components significantly explained
29.2% (component 1, 29.2% and component 2, 17.4%) of the
information in the maxilla dataset. Three elements (AMM, MMM,
PMM and number of teeth) positively contributed, and two ele-
ments (sex and age) negatively contributed to the variance in com-
ponent 1. The positive contributions of three elements (WMS,
HMS and difference between right and left) and negative contribu-
tions (AMB, MMB, and PMB) explained the variance in compo-
nent 2 (Figure 3A). The contributions of 4 measured elements
(PMB, 0.934; HMS, -0.834; MMB, 0.724; MMM, 0.688; and age,
0.664) explained the variance in component 1. A positive contribu-

Table 1. Sites measured in the maxillary sinus and maxilla using CBCT. Eight elements were measured in the human MS: the maximum
width of the MS (WMS), maximum height of the MS (HMS), thickness of the anterior region of the MS floor bone (AMB) and mucosa
(AMM) at the border of the MS floor, thickness of the middle region of the bone (MMB) and mucosa (MMM) in the MS floor, and
thickness of the posterior region of the bone (PMB) and mucosa (PMM) of the MS floor at the border of the MS floor (see Figure 1).
Significant differences were found in the WHS and HMS between females and males.

                                        Age                  AMM                MMM          PMM             WMS            HMS              AMB             MMB           PMB

Male (n=48)                         77.60±1.2               1.67±0.18               1.69±0.21       2.47±0.43          29.0±0.95         28.72±1.10         11.37±0.81         9.68±0.68      12.45±0.85
Female (n=78)                   86.70±1.08              1.70±0.18               1.84±0.21       1.84±0.18        30.97±0.58*     33.05±0.80*         9.31±0.66          7.74±0.52      10.81±0.56
Dentulous (n=74)              79.75±1.14              0.67±0.14               0.98±0.20       1.12±0.18         31.01±0.67         32.2±0.94          12.11±0.68         8.75±0.61      11.74±0.68
Edentulous (n=52)            86.97±1.23             0.765±0.17              0.88±0.18       0.80±0.27         26.90±1.20        30.53±0.83          7.90±0.69          8.11±0.58      11.05±0.66
Total (n=126)                       83.3±0.90               0.71±0.11               0.93±0.14       0.97±0.16          29.0±0.70          31.4±0.63          10.10±0.52         8.45±0.42      11.41±0.48

*p<0.05.
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Figure 2. Haematoxylin-eosin (HE)double staining in sagittal sections of the trigeminal ganglion and ganglion cells classified based on
CGRP-positive reactions. In the human trigeminal ganglion (TG), which is composed of numerous fibres and ganglion cells, large gan-
glion cells (GCs) around numerous connective tissue fibres accumulate at the anterior border of the TG. Edentulous samples (B, E, F)
contain smaller structures than dentulous samples (A, C, D). A) HE staining in sagittal sections of dentulous samples. B) HE staining
in the sagittal sections of edentulous samples. C) Images presented in the small squares (a) in panels A and D. D) Higher magnifications
of the images presented in panel C (square c); the large ganglion with a central nucleus is located around some satellite cells; many axon
fibres display an irregular trajectory. E) Higher magnification of the image shown in panel B (square b); large ganglion cells are located
around regularly arranged axon fibre bundles. F) Higher magnification of the image shown in panel E. G) Macroscopic view of the
trigeminal ganglion (TG) at the base of the internal cranium. The red dotted line shows the border between the V1 (ophthalmic nerve),
V2 (maxillary nerve), and V3 (mandibular nerve) zones in the TG; ant, anterior direction. H-L) The ganglion cells are classified based
on CGRP-positive reactions: images of immunohistochemical staining showing anti-CGRP-positive ganglion cells in the human trigem-
inal ganglion (TG). H) Strong anti-CGRP-positive reaction in the centre of ganglion cells. I) Moderate anti-CGRP-positive reaction in
whole ganglion cells. J) Weak anti-CGRP reaction on the lateral side of ganglion cells; these reaction levels were classified as follows:
the average positive intensity (OD) was defined based on the percentage as weak (>1,999 OD=1+, density described by Mitsuoka et al.
in 2018), moderate (2,000-6,999 D=2+), or strong (7,000 OD<=3+) positive staining. K-L) The algorithm also provided a green mark-
up image for the visualization of a positive reaction. K) The algorithm provided a green colour for the visualization of positive reactions.
L) Anti-CGRP positive reaction. Scale bars: A-F, H-L) 50 mm; G) 5mm
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tion of 2 measured elements (MMM 0.602; age, 0.597; LR, 706;
WMS, 0.651) and a negative contribution (number of teeth, -
0.727) to the variance in component 2 were noted (Figure 1G).

Histology of the trigeminal ganglion
In the macroscopic observations, the TG at the base of the

internal cranium was composed of the ophthalmic nerve, maxillary
nerve, and mandibular nerve. The TG is composed of large sensory
neurons and numerous small satellite cells that are covered by col-
lagenous fibre capsules. The TG of the edentulous samples con-
tained abundant connective tissue. Sensory ganglion cells of the
edentulous samples were observed between developed fibre bun-
dles; in contrast, the sensory ganglion cells of the dentulous sam-
ples were mainly located in the TG (Figure 2).

Localization of the anti-CGRP-positive reaction in the
trigeminal ganglion and maxilla

In the human TG, the strong anti-CGRP-positive reaction in
the centre of the ganglion cell, moderate anti-CGRP-positive reac-
tion in the whole ganglion cell, and weak anti-CGRP reaction in
the lateral side of the ganglion cells were classified in the TG
(Figure 1). More anti-CGRP-positive cells were observed in the
dentulous samples than in the edentulous samples (Figure 3 A-D).
The TG cells in the maxillary nerve area (V2; Figure 2) of the den-
tulous samples were composed of anti-CGRP-positive cells
(strong, average 3.8±0.63%; moderate, average 4.9±0.90%; weak,
average 68.9±10.7%; and no reaction cells, average 22.4±3.13%).
In contrast, the TG cells in the edentulous samples were composed
of anti-CGRP-positive cells (strong, average 6.1±1.49%; moder-
ate, average 5.8±1.42%; weak, average 39.3±3.49%) and cells
with no reaction (average 48.8±2.62%) (n=50 cells per sample)
(Figure 3 A-D). Moreover, anti-CGRP-positive reaction cells in
dentulous samples was more appeared compared to that of edentu-
lous samples in the maxilla (Figure 3 E-H). In the macroscopic
observations, the mucosa of the MS and maxillary alveolar bone
were clearly defined in the maxilla in the sagittal sections (Figure
3I). The SM of the MS was composed of numerous ciliated and
goblet cells with an orderly arrangement in the upper region of the
maxilla. The developed sol layer also contained numerous goblet
cells in the SM (Figure 3 K-L). Mucus was also observed on the
sol layer of the SM in the region of the MS side. In the submucosal
region, the submucosal capillary bed was composed of developed

blood vessels and small nerves (Figure 3 J-N). CGRP-positive
blood vessels were observed in the connective tissue beneath the
MS in the edentulous samples, in contrast to CGRP-positive reac-
tions, which were mainly found around nerves at the alveolar bone
in dentulous samples (Figure 3 M-P). On the MS side of the max-
illa, CGRP-positive signals were detected primarily in the basal
mucosal cells along with goblet and ciliated cells, blood vessel
walls, and osteoblasts in the cortical and trabecular bones. Signals
were also identified in the epineurium, perineurium, and
endoneurium of the nerve (Figure 3 O-R).

Localization of CGRP-positive signals in the blood ves-
sels and nerves located in the mucosa and bone of the
MS 

CGRP- and CD31-positive immunohistochemical reactions
(+) were clearly detected in the sagittal sections around the blood
vessels and small nerves in the submucosal region of the human
maxilla on both the maxillary and palatine sides. A CGRP-positive
reaction was also observed in osteocytes in the small bone cavities
(Figure 4 A-T). In the SM of palatine, a CGRP-positive reaction
was observed in small epithelial cells, as shown in Figure 4A.
Scattered CGRP-positive osteocytes were observed in alveolar
bone (Figure 4D). CGRP-positive blood vessels and small nerves
were also observed in the submucosal layer (Figure 4B). CGRP-
positive blood vessels and osteocytes were also noted at the border
of the alveolar bone and submucosal layer (Figure 4C).

Comparison of the levels of anti-CGRP-positive signals
in blood vessels between the dentulous and edentulous
groups

We analysed the levels of anti-CGRP-positive signals in the
blood vessels in four regions: the MS side beneath the SM layer,
bone layer of the MS side, palatine side beneath the layer of the
SM, and bone layer of the palatine side. The long diameters of the
lumen of the anti-CGRP-positive blood vessels in the dentulous
group (bone: maxillary side, average 40.8±5.2 mm; palatine side,
average 25.9±3.2 mm; mucosa member: maxillary side, average
45.0±7.9 mm; and palatine side, average 33.68±4.6 mm) were
greater than those in the edentulous group (bone: maxillary side,
average 25.2±3.0 mm; palatine side, average 32.7±2.6 mm;
mucosa member: maxillary side, average 30.6±2.8 mm; and pala-
tine side, average 26.0±1.7 mm). The densities of the anti-CGRP-
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Table 2. Correlation coefficients among the elements that were measured from CBCT data. The eight elements that were measured for
the human maxilla using CBCT analysis exhibited significant correlations (see Table 1 for the abbreviations).

                 Age          LR            Sex         Teeth        AMM         MMM           PMM       WMS           HMS           BTA              BTM         BTP

Age                   1                                                                                                                                                                                                                                                             
RL                                       1                                                                                                                                                                                                                                          
Sex             0.436**                                  1                                                                                                                                                                                              
Teeth        -0.407**                                                       1                                                                                                                                                                                              
AMM                                                                                                       1                                                                                                                                                                       
MMM                                                                                                0.655**                1                                                                                                                                               
PMM                                                                                                 0.394**          0.667**                  1                                                                                                                     
WMS                                                                                                                                                                             1                                                                                                 
HMS                                                                           0.280**          0.191*                                                         0.657**                 1                                                                        
AMB                                                                                                0.371**                                                       -0.329**          -0.517**                1                                                
MMB                                                                          -0.199*                                                                              -0.402**          -0.644**          0.725**                    1                    
PMB                                                                                                                                                                       -0.417**          -0.602**          0.649**              0.741**             1

*p<0.05; **p<0.01.
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Figure 3. Locations of anti-CGRP-positive signals in the human maxilla and trigeminal ganglions between dentulous and edentulous sam-
ples and the Schneiderian membrane (SM) in the human maxillary sinus. The relatively strong positive reactions for CGRP (black arrows)
and moderate reactions for CGRP (white arrows) were observed in the ganglion cells of the dentulous samples in the maxillary nerve area
(V2, see Figure 4) (A-B) and are compared to edentulous samples (C-D). Positive signals for CGRP (white arrows) were detected mainly in
the blood vessels and around bone matrices in the lamina propria beneath the MS (E-F) and the alveolar bone of the maxilla (G-H). In
particular, a strong CGRP-positive signal was observed in blood vessels located at the border of the bone area zone and connective tissue
(dot line) of the dentulous samples (G). A relatively strong positive reaction was observed in the small blood vessels of the bone marrow of
the edentulous samples (H). B, D) Higher magnifications of the images shown in panels A and C (A, C, E, G: dentulous samples; B, D, F,
H, edentulous samples). I-R) Schneiderian membrane. I) Macroscopic observation of the maxilla and SM. J) Haematoxylin-eosin staining
of the sagittal sections of the MS floor with alveolar bone. K) Haematoxylin-eosin double staining in sections of the MS showing the thick-
ness of the mucosal layer. L), SM of the MS stained with haematoxylin-eosin in sagittal sections (see panel K-a). M) The goblet cells con-
tained abundant glandular cells located between numerous ciliated cells. N) The mucosa contained numerous goblet cells, and basal cells
were observed beneath large blood vessels in the high-magnification image of panel M (square); numerous developed goblet cells were
observed in the SM of the MS. O) Sites at which immunohistochemical staining was observed (c-d) are indicated in this HE stain figure.
P) Anti-CGRP-positive cells (white arrows) were identified between numerus goblet cells (see O-b). Q) Anti-CGRP-positive cells (white
arrows) were also observed between numerous goblet cells (see 3O-c). R) Anti-CGRP-positive basal cells (white arrows) were located at the
basal region of the numerous goblet cells (see O-d); dotted lines show the border of alveolar bone and SM; AB, alveolar bone; BM, bone
matrices zone; M, mucus; SM, submucosal layer; SL, sol layer; arrowheads, ciliated cell; *goblet cell; SM, Schneider membrane; SCB, sub-
mucosal capillary bed; BV, blood vessel. P-R, white arrows, CGRP-positive cells. Scale bars: I,J) 1 mm; A-R) 100 mm.

positive signals in the blood vessels of the dentulous group were
higher (bone: palatine side, average 8.48±0.91%; mucosal layer:
maxillary side, average 8.48±0.53%; and palatine side, average
7.28±0.87%) than those in the edentulous group (bone: palatine
side, average 2.39±0.40%; mucosal layer: maxillary side, average

2.02±0.58%; and palatine side, average 3.34±0.38%), with the
exception of the maxillary side (dentulous, average 4.30±0.87%
and edentulous, average 4.41±0.68%) (n=50 blood vessels per
group) (Figure 3 E-H).
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Figure 4. Immunohistochemical staining for CGRP and CD31 on the MS side and oral mucosa side of the maxilla. A, E, I, M, Q) MS side.
B, F, J, N, R) Oral mucosa. C, G, K, O, S, Alveolar bone of the MS side. D, H, L, P, T) Alveolar bone of the oral mucosa side. A, B, C, D,
Anti-CGRP-positive reactions; I, J, K, L) Anti-CD31-positive reactions. Q, R, S, T) Haematoxylin and eosin staining. E, F, G, H) Negative
control for the CGRP reaction; M, N, O, P) Negative control for the CD31 reaction. Scale bar: 100 mm. II) Schematic of CGRP transport
in the mucosal gland of the Schneiderian membrane. Two routes for CGRP transport in the trigeminal ganglion (TG) were identified:
CGRP was transported from the axons of sensory nerves to TG cells, and the other route was CGRP delivery to the parasympathetic gan-
glion from the CNS, in which CGRP affected parasympathetic ganglion cells (pterygopalatine ganglion, PG) and induced acetylcholine
transport to the gland. TG cells also deliver CGRP to osteoclast and osteoblast cells of the maxillary bone by tooth stress or tooth loss. 
BM, bone matrices zone; BV, blood vessels; CNS, central nervous system; GC, goblet cell; MS, maxillary sinus; SG, superior ganglion.
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Discussion
As the paranasal sinuses are continuous with the nasal cavity,

upper respiratory tract infections can spread to the sinuses. Sinus
infections (sinusitis) cause inflammation (particularly pain and
swelling) of the mucosa. If more than one sinus is affected, the
infection is called pansinusitis. Various reports have documented
the thickness of the SM by measuring the thickening of the mucos-
al lining of the sinus in the region adjacent to the involved tooth
root.18-20 Carmeli et al. indicated that the thickness of the SM
ranged from 5 mm to 10 mm and that this structure most frequently
displayed a circumferential (55.2%) form.20 Mucosal thickening of
more than 2 mm was directly correlated with the presence of MS
lesions (opacification, discontinuity of the sinus floor, polypoid
lesions, or air-liquid levels).21 The thickness of the SM is an impor-
tant marker of sinusitis. In general, the ability to adsorb dust in the
air and expel it as sputum is also impaired, and MS may become
more susceptible to inflammation. Mucosal thickening is an impor-
tant indicator of inflammation, excretory dysfunction, and bone
resorption in the maxilla. In our results, the greatest mucosal thick-
ness was mainly observed in the posterior region of the MS floor
compared to other regions in both the dentulous and edentulous
samples. The posterior region of our measurement site for the alve-
olar bone contains the roots of the second and third molar teeth.
During remodelling of bone matrices, the SM thickness may be
affected by the maxilla and palatine bone structures due to the
presence of teeth. The mucosal thickness at the floor site of the
alveolar bone affects the modelling pressure and balance between
the second and third molars or apical lesions near these teeth.
According to our PCA data, the SM thickness was also correlated
with tooth number; in contrast, a negative correlation was observed
between ageing and sex. In contrast, no relationship was observed
between the SM thickness and thickness of the alveolar bone in our
PCA. Namely, the thickness of the mucous membrane is related to
the missing molar teeth. In our measurements of alveolar bone
thickness in the sagittal sections using CBCT, the greatest thick-
ness of alveolar bone was observed at the posterior region of the
MS floor. The anterior site of the maxillary alveolar bone was
thicker in the dentulous samples than in the edentulous samples.
Moreover, the dentulous samples of the AMB were thicker than the
edentulous samples. Based on these results, components of the
alveolar bone at this site were resorbed due to the missing teeth in
edentulous samples, despite the lack of a relationship to SM thick-
ness. The alveolar bone structure affected the MS structure in our
PCA. These elements of the alveolar bone thickness were nega-
tively correlated with the MS volume. Few histological evaluations
of ganglion cells in the trigeminal nerve that control these struc-
tures have been performed. CGRP is related to vasodilation and
interacts with the sympathetic nervous system to modulate pain
and inflammation; CGRP-positive reactions are mainly observed
in the blood vessels of human MS.13 CGRP is carried from TG neu-
rons through the trigeminal root.22 Therefore, we investigated the
characteristic features of ganglion cells in the trigeminal nerve. In
our results, the compositions of the anti-CGRP-positive signals
differed between the dentulous and edentulous samples, and the
ratios of positive cells in the dentulous group were higher than
those in the edentulous group. For the missing teeth, the mechani-
cal stress of occlusal conditions decreased the amount of alveolar
bone due to the lack of tooth root movements, which continued to
be controlled by factors that were secreted from the TG cells, such
as the CGRP neuropeptide between the terminal sensory nerve sys-
tem and central nerve system. CGRP is transported through axons
from the sensory nerves to TG cells. CGRP of the TG is also deliv-
ered to the maxillary bone and affects remodelling in bone matri-
ces, such as positive action on osteoblasts or negative action on

osteoclasts. CGRP distribution in the MS can be characterized
morphologically, such as by the presence of numerous CGRP-pos-
itive goblet cells. CGRP is also mainly released to the bone and
goblet cells from the TG by balancing the signal from mastication
by the occlusion differences between dentulous and edentulous
stress. In addition, CGRP has a positive effect on osteoblasts.23

That is, bone thickness levels reflect the condition of teeth in our
PCA between alveolar bone measurement data and the presence of
teeth. CGRP was also delivered to the sympathetic ganglion, and
CGRP affected ganglion cells and goblet cells in the MS.
Moreover, SM contains many goblet cells in MS. In general, SM
is a mucous secretory unicellular gland that is scattered among
multiple rows of ciliated epithelia in the airway mucosa. A triangu-
lar core is present at the base. Goblet cells in the conjunctival
epithelium secrete mucin. The secreted mucin is a hydrophilic sub-
stance. Functionally, airway remodelling is characterized by
epithelial thickening, goblet cell hyperplasia, subepithelial base-
ment membrane fibrosis, airway smooth muscle thickening/hyper-
plasia and narrowing of the lumen due to airway wall thickening.24

Therefore, the airway epithelium is mainly composed of ciliated
epithelial cells, basal cells, and goblet cells, and the mucus pro-
duced by the goblet cells and submucosal glands and the move-
ment of the mucous membranes clear the airway surface.
Researchers have speculated that the mucous membrane of the MS
also performs the same function, but unlike the general airway,
mucus flow occurs from the crescent fissure in the upper part of the
MS in a very enclosed space. The mucus of the mucosal membrane
is also an extremely important factor in terms of airway surface
clearance. In our observations, these goblet cells were regularly
arranged between ciliated epithelia, and numerous goblet cells
were also observed in parts of the SM of the MS. CGRP has been
shown to be involved in glandular secretions, especially goblet cell
secretions, in addition to its functions in vascular smooth muscle
dilation, bone remodelling, and intrinsic pain. These results show
the diverse functions of CGRP. In the nasal mucosa, CGRP affects
the blood vessels and sensory nerves in the nasal mucosa.25

Substance P, CGRP and vasoactive intestinal peptide display con-
centration-dependent, but partly separate, vasodilatory profiles in
the nasal mucosa. CGRP controls vasodilatation.26,27 In general,
two pathways for nasal gland secretion have been identified:
CGRP-related sensory fibre (C fibre) and the parasympathetic
function of vasoactive intestinal polypeptide or acetylcholine.28-30

In the nasal mucosa, the transmission pathway of CGRP is the
same as that in the maxillary sinus, but upon mucosal thickening,
such as nasal congestion due to vasodilation, CGRP distribution in
the mucosa is induced by afferent stimulation. Although it can be
induced, it is suggested that the MS is a unique site that is also
involved in the physical modelling of the bone by a controlled
CGRP pathway system. The CGRP distribution and location are
related to its secretion by goblet cells in the MS. In particular, an
anti-CGRP-positive reaction was observed in some goblet cells
and basal cells of the MS. These results suggest that CGRP modu-
lates the production or secretion of these cells. Irie et al. indicated
that microvessels expressing CGRP were positively regulated by
bone remodelling.31 These microvessels are located directly above
the root of the first molar, and their adjacent parts are in an impor-
tant location where the root of the second molar is closer to the MS
floor.32 The first molars are the most frequently treated implants at
the site we observed, and we thought that an analysis of this site
was important. Koppe et al. reported a relationship between MS
volume and midfacial width in cranial measurements.33 Moreover,
MS-related elements, such as the WMS and HMS, were larger in
female samples than in male samples. Our samples are related to
ageing in females with loss of teeth in our samples compared to
males. Therefore, when teeth are lost, the alveolar bone structure
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and other structures that are composed of frame-worked maxilla
may change or affect the resorption of bone matrices and then
enlarge the space of the MS. The percentage of anti-CGRP-posi-
tive cells in the dentulous group was higher than that in the eden-
tulous group in our results. Heffner et al. indicated that sensory
nerves in the bone adapt to the mechanical environment.34 In our
study, occlusion changed in response to mechanical stress and
resulted in loss of the tooth, which led to bone resorption and final-
ly reduced the sensory nerve response to the reduction in mechan-
ical occlusion due to tooth loss. In the TG, the CGRP-IR neurons
that innervated the joint were significantly increased compared to
those in normal animals in the acute and chronic phases of arthritis,
respectively.35 That is, tooth stress may reflect the release of CGRP
from the sensory nerve terminals of the MS by the human TG in
the same manner.12 Therefore, the anti-CGRP reaction was
decreased in the alveolar bone of the edentulous group compared
to the dentulous group. Moreover, in this study, occlusion was
maintained even in the middle defect in the evaluation based on the
presence or absence of teeth, so the stimulus was transmitted to the
centre, and CGRP was released to the bones and mucous mem-
branes. CGRP controls smooth muscle by reducing blood flow,
which restricts the blood supply to the alveolar bone. In general,
the blood vessel supply to the alveolar bone and periosteum lamina
propria in the MS and palatine have been reported by macroscopic
observations.13,36,37 Complex blood vessels supply the MS floor of
the maxilla, and numerous anti-CGRP-positive vessels have been
detected at macroscopic levels.13,38 In our results, a strong anti-
CGRP-positive reaction was observed mainly in the endothelial
cell layer, and different reaction levels were detected in the dentu-
lous and edentulous groups at the microscopic level. In particular,
a strong anti-CGRP reaction was observed mainly in the large
blood vessels of dentulous samples compared to the small blood
vessels in the edentulous group. The edentulous maxillae demon-
strated decreasing vascularity during bone resorption, and these
vascular conditions were related to bone remodelling. In the rat
mandible, the percentage of anti-CGRP-positive nerves increased
from the surface to the inner region of the alveolar bone.38

Therefore, with tooth loss, resorption occurred from the surface
region of the alveolar bone and decreased the number of small ves-
sels at this site. Based on the results, vessel size is also an impor-
tant contributor to the differences between the dentulous and eden-
tulous samples in our study. Finally, our results are important to
oral surgeons, especially in cases that require examination of the
site of implant placement during dental implant treatment and in
the sinus lift procedures that are performed to promote bone for-
mation. These treatments are performed by examining diagnostic
images to evaluate the condition of the bone and often do not
examine the thickening of soft tissues. Therefore, this research
showed that in addition to bone conditions, the presence of neu-
ropeptides such as CGRP, which are markers of pain, and macro-
dynamics may lead to mucosal thickening and provide clinical
information that is related to the prognosis for recovery. The com-
plications in surgical treatments of the SM and the sinus wall were
related to the sinus anatomy.39,40 Therefore, our information about
the SM gives a useful information to the reduce in the occurrence
of the complications. 
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