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Purpose: Transient receptor potential cation channel, subfamily A, member 1 (TRPA1) is a

promiscuous chemical nociceptor involved in the perception of cold hypersensitivity,

mechanical hyperalgesia and inflammatory pain in human odontoblasts (HODs). Here, we

aimed to study the underlying mechanism in which inflammatory cytokine tumor necrosis

factor (TNF)-α regulated the expression of TRPA1 channel at both cellular and subcellular

levels.

Materials and Methods: Immunohistochemistry was used to confirm the expression of

TRPA1 channel in HODs. Dental pulp cells were induced and differentiated to HOD-like

cells and used in succedent experiments. Real-time quantitative polymerase chain reaction

assay and Western blotting were used to examine the expression changes of TRPA1 channel

with the presence and absence of TNF-α and TNF receptor (TNFR) inhibitor, R 7050.

Finally, immunoelectron microscopy (IEM) and quantitative analysis were performed to

directly display the TNF-α-regulated distribution change of TRPA1 channel in HOD-like

cells.

Results: TRPA1 channel was positively expressed in the cell bodies and processes of HODs.

The expression TRPA1 channel was significantly up-regulated by high concentration of

TNF-α, which could be suppressed by R 7050. Under IEM, TNF-α treatment could increase

the expression of TRPA1 in the ER membrane, cytoplasm and mitochondria.

Conclusion: Our study demonstrated that TRPA1 expression in HOD-like cells was evi-

dently upregulated by TNF-α, presumably via TNFR1. TNF-α induced significant increase-

ment in the intracellular distributions of TRPA1 proteins, with increases in the cytoplasm, ER

membrane, and mitochondria, to actively participate in noxious external stimuli perception

and transduction of hyperalgesia.

Keywords: human odontoblasts, transient receptor potential ankyrin 1, tumor necrosis

factor-α, immunoelectron microscopy

Introduction
Transient receptor potential cation channel, subfamily A, member 1 (TRPA1) is the

only mammalian ankyrin and is abundantly expressed in primary sensory neurons.1

As a promiscuous chemical nociceptor, TRPA1 can be activated by irritant chemi-

cals and noxious cold (<17°C) to stimulate mechanical allodynia and hyperalgesia

to produce pain and neurogenic inflammation.2–4

Human odontoblasts (HODs) form the outermost layer of dental pulp, and each

possesses a long monopolar process extending into a dentinal tubule.5 Various studies

have described similar features in HODs and sensory cells, such as the expression

levels of mechanosensitive calcium (Ca2+) and TRP channels,6–8 suggesting that HODs
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can detect external stimuli and transmit the signals. The

TRPA1 has been found in human dental pulp tissues, and

the proportion of axons expressing TRPA1 is remarkably

increased in painful pulp.9,10 Activated TRPA1 promotes

adenosine triphosphate (ATP) release to activate adjacent

sensory neurons and contribute to sensory transduction.11

In decayed teeth, bacteria can destroy hard dental tis-

sues and release inflammatory cytokines such as tumor

necrosis factor (TNF)-α.12,13 Several studies have reported

that TNF-α expression is significantly upregulated in

decayed teeth and tooth defects and is positively asso-

ciated with clinical symptom severity.13,14 Therefore,

with the development of caries, the deep layer of dentine

will be exposed to an increasing amount of TNF-α, and

TRP channels such as TRPA1, TRPV2 and TRPV4 in

dental pulp tissues, can be activated to promote and main-

tain inflammation-related pain.10,15,16

The underlying mechanism by which TNF-α induces

alters TRPA1 expression and localization in HODs

remains to be elucidated. In this study, we used immunoe-

lectron microscopy (IEM) to directly assess TRPA1 levels

in the cellular compartments of HOD-like cells with the

presence or absence of TNF-α at the subcellular level to

investigate the reason for enhanced sensitivity to external

noxious irritation in dental caries or other tooth defects.

Materials and Methods
Cell Culture and Treatments
Intact third molar teeth were extracted and collected from

patients aged between 16 and 18 years, and written informed

consent was obtained from parents or the patients’ legal

guardians. This study was approved by the Local Ethics

Committee (approval number: TMUSHh-MEC2014010,

Stomatological Hospital of Tianjin Medical University) and

performed in accordance with the committee guidelines.

HOD-like cells were cultured as previously described by

About et al.17 The expression levels of dentin sialophospho-

protein (DSPP) and nestin were detected to confirm the HOD

phenotype.18 Cells derived from dental pulp explants were

cultured in an incubator with 5% CO2 at constant temperature

of 37°C. HOD-like cells were cultured in minimum essential

medium supplemented with 2 mmol/L L-glutamine, 100 mg/

mL streptomycin, 100 UI/mL penicillin, 0.25 mg/mL ampho-

tericin B, and 2 mmol/L β-glycerophosphate with 10% fetal

bovine serum. Cells from passages 4 to 6 were used in

experiments. For experimental groups, HOD-like cells were

incubated with 1 or 10 ng/mLTNF-α for 24 h with or without
5 μmol/mL R 7050, a TNF-α receptor (TNFR) inhibitor.

Immunohistochemistry (IHC)
Healthy and intact teeth were collected and fixed. Routine

processing was performed as previously described.19

Briefly, slices were incubated with the following primary

antibodies: mouse polyclonal antibody against human

DSPP (1:100; Santa Cruz Biotechnology, Dallas, TX,

USA), rabbit polyclonal antibody against human nestin

(1:50; Proteintech Group, Chicago, IL, USA), and rabbit

polyclonal antibody against human TRPA1 (1:1000; Santa

Cruz Biotech) overnight at 4°C. Then, the samples were

incubated with the appropriate secondary antibody for 30

min at 37°C: goat polyclonal anti-rabbit immunoglobulin

G (IgG) Alexa 594 (Thermo Fisher Scientific, Waltham,

MA, USA) or goat polyclonal antimouse IgG-fluorescein

isothiocyanate (ZSGB-BIO, Beijing, China). The localiza-

tions of DSPP, nestin, and TRPA1 were revealed with 3,3′-

diaminobenzidine and counterstained with hematoxylin.

Images were captured with an Olympus DP72 microscope

(Olympus, Tokyo, Japan).

Immunofluorescence (IF)
The cultured HOD-like cells were seeded on coverslips and

fixed in 4% paraformaldehyde at room temperature for 15

min. After permeabilization with 1% Triton X-100 in 1×

phosphate-buffered saline (PBS) for 5 min, nonspecific bind-

ing sites were blocked with 10% complete serum at 37°C for

2 h. Then, the cell coverslips were incubatedwith the primary

antibodies of DSPP, nestin, and TRPA1 overnight at 4°C and

their secondary antibodies for 30min at 37°C. After tyramide

signal amplification, the samples were microwave heat-trea-

ted. The nuclei were counterstained with 4′-6-diamidino-2-

phenylindole (Thermo Fisher Scientific). IF images were

observed through upright fluorescence microscopy.

Real-Time Quantitative Polymerase Chain

Reaction (RT-qPCR)
TRIzol reagent (Cwbio, Beijing, China) was used to extract

the total RNA of HOD-like cells in accordance with the

manufacturer’s instructions. The purified total RNA was

then reverse transcribed into first-strand complementary

DNA using Moloney murine leukemia virus reverse tran-

scriptase (Promega, Madison, WI, USA). Relative mRNAs

were evaluated through RT-qPCR with SYBR Green Master

mix (Thermo Fisher Scientific) on Applied Biosystems7500
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Fast Real-Time PCR system (Applied Biosystems, Foster

City, CA, USA). PCR amplification was performed with

the following conditions: initial denaturation of 3 min at

95°C, followed by 30 cycles of 20 s at 95°C, 20 s at 58°C,

20 s at 72°C, and a final step of 10 min at 72°C.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was

used as housekeeping gene to normalize the relative expres-

sion levels. The primer sequences were as follows: TRPA1,

forward 5′-ACAAGAAGTACCAAACATGACACA-3′ and

reverse 5′-TTAACTGCGTTTAAGACAAAATTCC-3′; GA

PDH, forward 5′-CGTGACATTAAGGAGAAGCTG-3′ and

reverse 5′-CTAGAAGCATTTGCGGTGGAC-3′.

Western Blot (WB)
HOD-like cells were washed with ice-cold PBS and lysed in

lysis buffer containing 50 mmol/L Tris-HCl (pH 7.4), 0.1%

Figure 1 TRPA1 expression in HODs and HOD-like cells. (A and B) IHC localization of DSPP and nestin in HODs. (C) The expression of TRPA1 in cell bodies and cell

processes of HODs. The positive expression of DSPP (D–F), nestin (G–I) and TRPA1 (J–L) in HOD-like cells. P dental pulp, D dentin, ODs odontoblast layer. (A–C: scale
bars=50 μm, D–I: scale bars=100 μm, J–L: scale bars=200 μm).

Abbreviations: TRPA1, transient receptor potential ankyrin 1; HOD, human odontoblast; IHC, immunohistochemistry; DSPP, dentin sialophosphoprotein; IF,

immunofluorescence.
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sodium dodecyl sulfate, 1 mmol/L phenylmethanesulfonyl

fluoride, 150 mmol/L NaCl, and 1% NP-40 (Beyotime,

Shanghai, China). Total proteins were fractionated by 12%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

and electrotransferred to a polyvinylidene fluoride mem-

brane, which was blocked with 5% nonfat milk for 1 h at

room temperature, sequentially probed with rabbit polyclo-

nal antibody against human TRPA1 (1:1000; Santa Cruz

Biotech) and horseradish peroxidase-conjugated secondary

antibodies, and visualized on an electrochemiluminescence

system (Solarbio, Beijing, China).

IEM
HOD-like cells were fixed and collected with 4% parafor-

maldehyde fixation fluid with 0.1% glutaraldehyde. The

samples were treated as previously described.19 Ultrathin

sections were made and mounted on nickel grids. The grids

were incubated in Tris-buffered saline solution (TBS, pH 7.4)

Figure 2 High concentration of TNF-α enhanced the TRPA1 channel expression level via TNFR1 in HOD-like cells. (A) The mRNA expression of TRPA1 channel in HOD-

like cells treated with 1ng/mL and 10 ng/mL TNF-α by RT-qPCR. (B and C) Protein expression of TRPA1 channel in HOD-like cells treated with TNF-α by WB. (D) The

mRNA expression of TRPA1 channel after treated with 10 ng/mL TNF-α with the presence of 5 μmol/mL R 7050 by RT-qPCR. (E and F) Protein expression of TRPA1

channel in HOD-like cells treated with TNF-α with the presence of R 7050 by WB. (Data were presented as the mean ± SEM. n = 3; *P < 0.05 vs the CTRL group).

Abbreviations: TNF-α, tumor necrosis factor-α; TRPA1, transient receptor potential ankyrin 1; TNFR1, TNF-α receptor 1; HOD, human odontoblast; RT-qPCR, real-time

quantitative polymerase chain reaction; WB, Western blot; ns, no significance.
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for 5 min, sealed with TBS (pH 7.4) supplemented with 2%

bovine serum albumin for 10 min, and were incubated with

rabbit polyclonal antibody against human TRPA1 (1:1000;

Santa Cruz Biotech) at 4°C overnight. After washing, the

grids were floated on drops of goat anti-rabbit antibody (1:40,

Laboratory Aurion, Wageningen, Netherlands), and conju-

gated with 10-nm gold particles for 2 h at room temperature.

Finally, the grids were dried, stained with uranium acetate,

air-dried, and viewed under an electron microscope.

Quantitative IEM Distribution Analysis
The data were analyzed in accordance with the method

described by Mayhew et al.19–21 Four compartments

(nucleus, cytoplasm, mitochondria, and endoplasmic reti-

culum [ER] membrane) were systematically and randomly

selected to calculate the intracellular distribution of

TRPA1 with or without 10 ng/mL TNF-α treatment. The

expected distribution was generated by superimposing a

lattice of test point and count points (P) in selected com-

partments. Gold particles on all selected fields were

counted and named as observed gold particles (Go). For

each compartment, the observed Go was compared with

the expected number (Ge, derived from the observed fre-

quencies of point P). Labeling density (LD) was calculated

as the number of gold particles per test intersection (LD =

Go/P), which represents the number of particles per stereo-

logical point count (organelles). For each compartment,

the relative labeling index (RLI) = LDcomp/LDcell = Go/

Ge. RLI = 1 indicates random labeling, and RLI > 1

denotes that compartments are preferentially labeled.22

Using two-sample Chi-squared (χ2) analysis with two col-

umns (Go and Ge) and c compartments, two distributions

were compared, and the total and partial χ2 values were

calculated to determine whether to accept or reject the null

hypothesis (no difference between distributions) for c−1

degrees of freedom. Partial χ2 was calculated as (Go

−Ge)
2/Ge. Total χ

2 is the sum of partial χ2, representing

whether the gold labeling distributions are different, and

the partial χ2 values identify the main responsible compart-

ments for that difference. A convenient arbitrary cut-off is

a partial χ2 value accounting for ≥10% of total χ2.23

For between-group comparisons, counting gold parti-

cles on all randomly sampled fields is the first step accord-

ing to Mayhew.20 The Go in each group was then

statistically compared with the corresponding “expected”

distributions (Ge) using contingency table analysis. Sets of

partial χ2 values were generated for each compartment and

group. Examination of the total χ2 values revealed whether

or not the observed gold labeling distributions in the

experimental groups were different. Partial χ2 values will

identify the largely responsible compartments. A conveni-

ent arbitrary cut-off is a partial χ2 value accounting for

≥10% of the total.

Statistical Analysis
SPSS for Windows (version 15.0; IBM SPSS, Chicago, IL,

USA) was used to perform data analysis. Data are pre-

sented as means ± SEM. The t-test and one-way analysis

of variance were used with the non-parametric Mann–

Whitney and Kruskal–Wallis tests (where the data were

not normally distributed). The level of significance was set

at P < 0.05.

Results
Identification of HOD-Like Cells and

TRPA1 Expression
IHC staining of tooth sections showed that DSPP

(Figure 1A), nestin (Figure 1B), and TRPA1 (Figure 1C)

were more abundant in the cell bodies and processes of

HODs compared to inner pulp tissues. IF staining con-

firmed the expression of DSPP (Figure 1D–F) and nestin

(Figure 1G–I) in HOD-like cells that were used in follow-

up experiments. TRPA1 expression was evident in these

cultured cells (Figure 1J–L).

TNF-α Enhanced TRPA1 Expression via

TNFR1 in HOD-Like Cells
The RT-qPCR and WB results revealed that the gene and

protein expression of TRPA1 significantly increased after

10 ng/mL TNF-α treatment, whereas no evident change

was found in cells treated with 1 ng/mL TNF-α
(Figure 2A–C, *P < 0.05).

The TNFR inhibitor R 7050 significantly suppressed

the TNF-α-induced upregulation of TRPA1 gene and pro-

tein expression; indeed, TRPA1 mRNA levels in r 7050-

treated cells were even lower than that in the control group

(Figure 2D–F, *P < 0.05).

Increased TRPA1 in HOD-Like Cells on

IEM After TNF-α Treatment
Under the high magnification of IEM, TRPA1-labeled

colloidal gold particles were sparse in the entire cell

(Figure 3A1) and disparate organelles, including the nuclei

(Figure 3A2), cytoplasm (Figure 3A3), ER membrane

(Figure 3A4), and mitochondria (Figure 3A5). After 24-h
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TNF-α treatment, the total number of colloidal gold parti-

cles evidently increased in the cytoplasm, ER membrane,

and mitochondria (Figure 3B1–5).

The IEM quantitative analysis indicated that the intracel-

lular distribution of TRPA1-conjugated colloidal gold parti-

cles was preferentially in the cytoplasm and mitochondria

A1

A2 A3

A5A4

B1

B2

B4

B3

B5

Figure 3 Immunoelectron micrographs of TRPA1-labeled colloidal gold particles in HOD-like cells (arrows). The colloidal gold particles observed in the whole cell (A1, ER

membrane in white box and mitochondria in black box), nuclei (A2), cytoplasm (A3), ER membrane (A4) and mitochondria (A5). After treatment with TNF-α, the colloidal

gold particles observed in the whole cell (B1, ER membrane in white box and mitochondria in black box), nuclei (B2), cytoplasm (B3), ER membrane (B4) and mitochondria

(B5). (A1, B1: scale bars=1 μm, A2–A5, B2–B5: scale bars=200 nm).

Abbreviations: TRPA1, transient receptor potential ankyrin 1; HOD, human odontoblast; ER membrane, endoplasmic reticulum membrane; TNF-α, tumor necrosis factor-α.
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(Table 1). After TNF-α treatment, these gold particles

increased and were preferentially in the cytoplasm, ERmem-

brane, and mitochondria (Table 2).

The numbers of colloidal gold particles were counted

as follows. In the control group (no TNF-α), the total

points of TRPA1 antigen-labeled slices of HOD-like cells

(P = 463) and total number of Go (Go = 142) were used to

calculate Ge for each region. The Ge for the ER membrane

region was equal to 122 × 142/463 = 37.42. The RLI for

the ER membrane was approximately calculated as RLI =

Go/Ge = 31/37.42 = 0.83. The RLIs for the nuclei, cyto-

plasm, and mitochondria were 0.57, 1.13, and 4.77,

respectively. The corresponding partial χ2 for the ER mem-

brane region approximately equates to χ2 = (Go − Ge)
2/Ge

= (31−37.42)2/37.42 = 1.10. Using the same method, the

partial χ2 values for the nuclei, cytoplasm, and mitochon-

dria were7.17, 1.05, and 56.53, and the total χ2 was 65.84

(Table 1). With 3° of freedom (given by 2-1 group × 4-1

compartments), the total χ2 yielded a probability level of P

< 0.001. Thus, the null hypothesis of no difference from

random labeling must be rejected. That is, the observed

and expected distributions were different; the TRPA1 anti-

gen preferentially labeled the cytoplasm and mitochondria

(Table 1). With the same assumption, after TNF-α treat-

ment, the TRPA1 antigen preferentially labeled the ER

membrane, cytoplasm, and mitochondria (Table 2).

The count results of gold label particles and partial and

total χ2 values in the two groups (with and without TNF-α

treatment) are provided in Table 3. The total χ2 for 3° of

freedom (2-1 group × 4-1 compartments) amounted to

204.91 (P < 0.001). Consequently, the null hypothesis of

no difference between groups was rejected. As shown in

Table 3, the partial χ2 values revealed that the ER mem-

brane, cytoplasm, and mitochondria were mainly responsi-

ble for the group differences. After 24-h TNF-α treatment,

many TRPA1-conjugated colloidal gold particles shifted

toward the ER membrane, cytoplasm, and mitochondria.

Discussion
This study investigated the regulatory mechanism of TNF-α

on TRPA1 in HOD-like cells at the cellular and subcellular

levels. The results suggested that the high concentration

TNF-α treatment evidently upregulated TRPA1 expression

in HOD-like cells and that TNFR1, a key receptor of TNF-α,

was involved in this process. Profound differential intracel-

lular distributions and changes in TRPA1 protein levels in

TNF-α-treated HOD-like cells were revealed through IEM,

and expression increased in the ER membrane, cytoplasm

and mitochondria. In this study, cultured cells were identified

through the expression levels of odontogenic-specific mar-

kers and had similar morphology and functions to HODs.17

In decayed teeth, increases in inflammatory gene

expression primarily arises in the odontoblast layer rather

than other pulp tissues and can produce antimicrobial

peptides to increase the defensive capacity, thereby pro-

tecting teeth.12 TRPA1 plays an important role in dentin

hypersensitivity induced by mechanical stimulation and

early inflammatory sensitization.24 Although the mechan-

ism of dentin hypersensitivity remains unclear, the protein

expression levels of many TRP channels in HODs are

significantly higher than in other pulp tissues,19 suggesting

that HODs have an important sensory function and play a

vital role in dentin hypersensitivity pathogenesis. TRP

channels in HODs and HOD-like cells can be activated

by the corresponding stimuli and then participate in the

process of sensing and responding to different stimuli and

induce hyperalgesia. Once the dentin is exposed, dental

pulp tissue can be affected by bacterial toxins. As the

outermost cells of dental pulp tissue, HODs are susceptible

to external stimuli, which in turn lead to enhanced dental

pulp sensation and defensive effects. As a common inflam-

matory mediator in dental caries, a high concentration of

TNF-α significantly upregulated TRPA1 expression. The

activated HODs were sensitive to external stimuli and

released ATP to activate the surrounding nerve fibers for

Table 1 Labeling Distributions of TRPA1 Antigen in Organelle Compartments of HOD-Like Cells Under IEM

Compartments Go P Ge LD RLI χ2 values (%)

ER membrane 31 122 37.42 0.25 0.83 1.10 (1.7%)

Nuclei 22 126 38.64 0.17 0.57 7.17 (10.9%)

Cytoplasm 70 202 61.95 0.35 1.13 1.05 (1.6%)

Mitochondria 19 13 3.99 1.46 4.77 56.53 (85.8%)

Column totals 142 463 142 0.31 1 65.84 (100%)

Notes: For χ2 = 65.84 and df = 3, P< 0.001 (χ2 analysis). Go: Gold number, P: Test point number, Ge: Expected number, LD = Go/P, RLI = Go/Ge, χ
2 values=(Go−Ge)

2/Ge.

Abbreviations: TRPA1, transient receptor potential ankyrin 1; HOD, human odontoblast; IEM, immunoelectron microscopy; ER membrane, endoplasmic reticulum

membrane.
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pain transduction. This is in accordance with the hyper-

algesia to external irritation in teeth with deep caries or

noncarious cervical defects, implying a vital role of HODs

in blocking pulp pain. TNF-α induces cytotoxicity and

pain-associated behavior by stimulating TNFR1.25 In this

study, the inhibitory effect of R 7050 suggested that

TNFR1 was involved in this regulation via association

with intracellular adaptor molecules.26

After combination with colloidal gold particles, high-

resolution immunolocalization of identified antigens in dif-

ferent subcellular and cellular compartments was clearly

defined with IEM. Image analysis revealed that TNF-α

upregulated TRPA1 expression in the cytoplasm, ER mem-

brane, and mitochondria but downregulated it in nuclei.

This might involve the production and transport of TRPA1

protein in HODs after upregulation by inflammatory cyto-

kines. On the basis of the exocytotic trafficking mechanism

of membrane receptors to the plasma membrane in response

to stimuli,27 TRPA1 protein expression can be upregulated

and aggregate in the cytoplasm, assembled in the ER mem-

brane, sorted into vesicles, and transported toward the

plasma membrane as mature proteins. During inflamma-

tion, they interact with signaling molecules and then

actively participate in the perception and transmission of

noxious stimuli. Increased TRPA1 expression in the

mitochondria might explain the TRPA1-mediated increase

in ATP release. Excessive TRPA1-mediated Ca2+ entry can

induce inflammatory cytokine production,28 mitochondrial

depolarization,29 and cell apoptosis.30 A widespread

increase in intracellular TRPA1 expression as described

here might promote and aggravate inflammatory responses

through the same mechanism, mediating the apoptosis of

HODs in teeth with deep caries and hard tissue defects.

Conclusion
This study demonstrated that TRPA1 expression in HOD-

like cells was evidently upregulated by TNF-α, presum-

ably via TNFR1. Exogenous TNF-α induced significant

alterations in the intracellular distributions of TRPA1 pro-

teins, with increases in the cytoplasm, ER membrane, and

mitochondria, to actively participate in noxious external

stimuli perception and transduction of hyperalgesia.
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Table 2 Labeling Distributions of TRPA1 Antigen in Organelle Compartments of HOD-Like Cells Treated with TNF-α Under IEM

Compartments Go P Ge LD RLI χ2 values (%)

ER membrane 58 96 40.56 0.60 1.43 7.50 (5.4%)

Nuclei 30 198 83.65 0.15 0.36 34.41 (24.7%)

Cytoplasm 103 210 88.72 0.49 1.16 2.3 (1.7%)

Mitochondria 27 12 5.07 2.25 5.33 94.86 (68.2%)

Column totals 218 516 218 0.42 1 139.07 (100%)

Notes: For χ2 = 139.07 and df = 3, P< 0.001 (χ2 analysis). Go: Gold number, P: Test point number, Ge: Expected number, LD = Go/P, RLI = Go/Ge, χ
2 values=(Go−Ge)

2/Ge.

Abbreviations: TRPA1, transient receptor potential ankyrin 1; HOD, human odontoblast; TNF-α, tumor necrosis factor-α; IEM, immunoelectron microscopy; ER

membrane, endoplasmic reticulum membrane.

Table 3 Labeling Distributions of TRPA1 Antigen in Organelle Compartments of HOD-Like Cells (Control and TNF-α-Treated
Groups) Under IEM. Values Represent Observed (Expected) Numbers of Gold Particles in Each Compartment

Compartments Control Group TNF-α-Treated Group Row Total χ2 values

ER membrane 31 (37.42) 58 (40.56) 89 (77.98) 1.10, 7.5

Nuclei 22 (38.64) 30 (83.65) 52 (122.29) 7.17, 34.41

Cytoplasm 70 (61.95) 103 (88.72) 173 (150.67) 1.05, 2.3

Mitochondria 19 (3.99) 27 (5.07) 46 (9.06) 56.53, 94.86

Column totals 142 218 360 204.91

Notes: For χ2 = 204.91 and df = 3, P< 0.001 (χ2 analysis). The data highlighted in bold writing represent the mainly responsible parts for the group differences.

Abbreviations: TRPA1, transient receptor potential ankyrin 1; HOD, human odontoblast; TNF-α, tumor necrosis factor-α; IEM, immunoelectron microscopy; ER

membrane, endoplasmic reticulum membrane.
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