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Abstract

BACKGROUND CONTEXT—Intervertebral disc (IVD) degeneration, a major cause of low 

back pain, is considered to be induced by daily mechanical loading. Mechanical stress is widely 

known to affect cell survival and extracellular matrix metabolism in many cell types. Although the 

involvement of integrin α5β1 transmembrane mechanoreceptor in IVD degeneration has been 

reported, the precise function of integrin α5β1 remains obscure.

PURPOSE—To reflect IVD tissue response to mechanical stress using a dynamic loading organ 

culture system and elucidate the functional impact of integrin α5β1 on the pathomechanism of 

IVD degeneration.

STUDY DESIGN—An ex vivo study using a dynamic loading organ culture system.
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METHODS—Ninety-six rat IVD explants were examined. Intervertebral discs were subjected to 

1.3 MPa, 1.0 Hz dynamic compressive load in the presence or absence of an Arg-Gly-Asp (RGD) 

peptide with affinity to the fibronectin binding-site of integrin α5β1. Cell viability and 

histomorphology were assessed. The localization of integrin α5β1 in the IVD was assessed by 

immunohistochemistry. Gene expression levels of IVD cells were evaluated using real-time 

reverse transcription-polymerase chain reaction.

RESULTS—In the nucleus pulposus (NP), cell density and viability were reduced by dynamic 

compressive load. Histologic degenerative alterations, mainly seen in the NP, were the 

morphologic changes of NP cells. In both NP and annulus fibrosus (AF), immunohistochemistry 

revealed localization of integrin α5β1 and that the messenger-RNA expression of integrin α5β1 

was increased by dynamic load. Dynamic load induced a catabolic effect, the stimulation of matrix 

metalloproteinase-3 and -13 gene expressions by NP and AF cells. The RGD peptide partially 

blocked the histologic alterations and the catabolic effect.

CONCLUSIONS—The dynamic loading organ culture system simulated cellular responses to 

mechanical loading of the IVD. Our results suggest that IVD cells recognize the mechanical stress 

through RGD integrins, particularly the α5β1 subtype that is highly expressed in NP and AF cells. 

Further experiments using this system will provide information about pathomechanisms of IVD 

degeneration through the mechanotransduction pathways.

Keywords

Intervertebral disc degeneration; Organ culture; Mechanical load; Compression; Mechanoreceptor; 
Integrin

Introduction

Low back pain causes severe incapacity that impacts the workforce and increases medical 

expenses, resulting in high socioeconomic costs globally [1]. Intervertebral disc (IVD) 

degeneration is considered to be a major cause of low back pain [2]. However, the precise 

pathomechanism of IVD degeneration remains unclear, especially the involvement of 

mechanical stress in IVD degeneration.

The IVD, an important load-bearing structure exposed to dynamic mechanical loads with 

daily activity [3], comprises an outer annulus fibrosus (AF) and an enwrapped nucleus 

pulposus (NP). The undegenerated IVD matrix, which contains an abundance of 

proteoglycan and collagen, allows movement and elasticity of the IVD tissue. In degenerated 

IVD tissues, phenotypic changes in NP cells and breakdown of the extracellular matrix 

(ECM) have been observed [4]. Because NP cells are responsible for tissue homeostasis, 

they are considered to play a key role in the progression of IVD degeneration [5,6].

The fact that the surrounding ECM affects cell survival, cell differentiation, and cell 

metabolic activity is widely known [7–9]. Matsumoto et al. [10] reported that lack of 

mechanical stress induced dedifferentiation of cultured NP cells and suggested that 

exogenous mechanical stress, such as the physical stress of the daily loading exerted on the 

spine, was important to maintain the phenotype of NP cells. Lotz and Chin [12] investigated 

that compressive load induced cell death using a mouse tail compression loading model with 
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1.3 MPa, which corresponded to the IVD loading produced by lifting a moderate weight in 

the human lumbar spine [11]. MacLean et al. [13] also reported a dynamic loading of rat tail 

discs and they concluded that load magnitude (1.0 MPa) and load frequencies (0.01 to 1.0 

Hz) had significant effects on the metabolic response of rat tail discs.

To clarify the pathomechanism of IVD degeneration, it is necessary to understand the cell-

matrix interactions transducing the mechanical stimuli to biochemical downstream 

responses, known as “mechanotransduction,” in IVD cells [14,15]. In many cell types, 

transmembrane receptors, such as integrins and CD44, are considered to transmit 

mechanical stimuli to the cytoskeleton and lead to subsequent remodeling [16]. A recent 

study described that “mechanosensing” in NP cells derived from nondegenerated human 

discs occurs via Arg-Gly-Asp (RGD) integrins, possibly via an integrin α5β1 subtype with 

an affinity to ligands having RGD amino acid sequences, such as fibronectin [17]. It has 

been reported that fibronectin binding to integrin α5β1 resulted in elevated expression of 

Bcl-2 protein, which commonly counteracts apoptosis, and detachment of fibronectin-

integrin α5β1 interactions induced apoptosis [18]. Therefore, integrin-mediated events may 

involve histologic and biochemical alterations of IVD cells induced by dynamic mechanical 

stimuli.

Consequently, we hypothesized that the mechanoreceptor, integrin α5β1, is involved in the 

pathomechanism of IVD degeneration induced by mechanical stress. To address our 

hypothesis, the aims of this study were to develop a dynamic loading organ culture system 

and elucidate the role of integrin α5β1 in the alteration of cell viability and ECM 

metabolism in the process of IVD degeneration induced by mechanical stress.

Materials and Methods

All animal procedures were performed under the approval and guidance of the Animal Care 

and Use Committee at the authors’ institution.

Tissue preparation

After euthanasia using an intraperitoneal injection of 3 mL somnopentyl (Kyorituseiyaku, 

Tokyo, Japan), two consecutive motion segments, including IVDs and craniocaudal end 

plates, corresponding to coccygeal 6–7 and 7–8 were aseptically dissected from 48 skeletally 

mature (14-week-old) male Sprague-Dawley rats (CLEA Japan, Tokyo, Japan). Each IVD 

explant was flushed with phosphate buffered saline (PBS; Wako Pure Chemical Industries, 

Tokyo, Japan).

Preculture and experimental groups

Ninety-six IVD explants were precultured at 37°C in 5% CO2 and 95% air for an hour in 

complete tissue culture media: Dulbecco Modified Eagle Medium (DMEM; Sigma-Aldrich, 

St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 

U/mL penicillin, and 100 mg/mL streptomycin. Then, IVDs were treated for 2 hours with 

either 50 µg/mL of an RGD peptide, GRGDSP (Calbiochem, Philadelphia, PA, USA) that 

binds to integrin ligand fibronectin binding sites or 50 µg/ml of its negative control peptide 
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GRADSP (Calbiochem), or were left untreated according to the culture conditions described 

below.

Intervertebral disc explants were assigned to one of six culture groups (Table 1) as follows: 

Group C—unloaded culture with DMEM only (control group); Group T—unloaded culture 

in the presence of an RGD peptide (GRGDSP); Group N—unloaded culture in the presence 

of a negative control peptide (GRADSP); Group L—dynamic loaded culture in DMEM with 

no additive peptide; Group TL—dynamic loaded culture in the presence of GRGDSP; or 

Group NL—dynamic loaded culture in the presence of GRADSP. Each group consisted of 

16 discs. Because the anatomic level of the disc is known to affect cell metabolism and 

tissue composition [19], equal numbers of each disc level were assigned to each group.

Dynamic loading organ culture system

The dynamic loading organ culture system (Fig. 1, Left) comprised two sets in a culture 

chamber, a linear stepper motor (PFL35T-48Q4; Nippon Pulse Motor, Tokyo, Japan), which 

gave an axial compressive displacement to the IVD specimen, and a compression load cell 

(LUX-B-100N-ID; Kyowa Electric Instruments, Tokyo, Japan). These devices were 

monitored and controlled by the LabVIEW program (National Instrument, Austin, TX, 

USA).

Precultured and treated/untreated IVD explants were sharply cut at their proximal and distal 

vertebrae in the axial parallel plane close to adjacent end plates. Each IVD specimen was 

placed on the bottom of a sterilized culture chamber with 7 mL culture media (Fig. 1, Right) 

corresponding to the culture group and then incubated at 37°C in 5% CO2 for 6 days. 

Intervertebral disc explants assigned to dynamic loaded groups (Groups L, TL, and NL) 

were subjected to cyclic uniaxial compressive stress (1.3 MPa, 1.0 Hz at the initial state) 

throughout the culture period. The applied force for providing 1.3 MPa to the IVD was 

calculated as 16.0 ± 1.0 N, which was preliminarily adjusted based on the calculated cross-

sectional area of the cutting plane (12.2 ± 1.4 mm2 [N = 40]) using a computed tomography 

scan. Intervertebral disc explants of unloaded groups (Groups C, T, and N) were cultured 

without mechanical stimuli in the same chamber. The loading displacement was calibrated 

and culture media were replaced every 2 days.

Vital cell staining

At the end of the culture period, four IVD explants from each culture group were immersed 

in PBS with 1 µM calcein AM (Sigma-Aldrich) to stain vital cells through the formation of a 

fluorescent precipitate by active mitochondria and allowed to incubate for 2 hours. Excess 

dye was removed by placing samples in PBS for 15 minutes.

Paraffin-embedded disc tissue preparation

Ten IVD explants from each group, including the vital cell-stained IVDs, were fixed in 4% 

paraformaldehyde, decalcified in 10% ethylene-diamine-tetraacetic acid, embedded in 

paraffin, sectioned at 6 µm thickness in the midsagittal plane through the center of the cross-

sections in the pre-cut vertebrae, and a couple of consecutive slides were prepared for each 

sample for cell viability and histomorphologic and immunohistochemical analyses.
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Cell density and cell viability analysis (N = 4)

Four vital cell-stained sections from each group were counterstained with 4′, 6-diamidino-2-

phenylindole (DAPI) (Molecular Probes, Eugene, OR, USA). Images were captured under 

fluorescence spectroscopy for calcein AM (470 nm/495 nm, excitation/emission) and DAPI 

(360 nm/400 nm) using the BZ-9000 confocal laser scanning microscope (Keyence, Osaka, 

Japan). To calculate the cell density (total cell number per millimeter2), DAPI-positive 

nuclei were counted in three random high-power fields (×400) in both the NP and AF 

regions using the BZ-9000 analysis software (Keyence). Calcein AM-positive cells (vital 

cells) were counted in the same way, and the percentage of vital cells in the total cell number 

(% vital cells) was separately calculated in the NP and AF regions.

Histomorphologic analysis (N = 4)

Four sections from each group were stained with Safranin-O fast green and hematoxylin to 

demonstrate general morphologic structures with proteoglycan distribution. Images were 

captured using the BZ-9000 microscope, and three researchers, blinded to the study, graded 

the sections using previously reported histologic degeneration scale [20].

Immunohistochemical analysis (N = 2)

Immunohistochemical staining was performed to determine protein presence and 

localization of integrin α5 and β1. Sections were incubated at 4°C overnight with one of the 

following antibodies: 1:100 diluted rabbit-polyclonal anti-integrin α5 antibody (sc-10729; 

Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 1:100 diluted rabbit-monoclonal anti-

integrin β1 antibody (EP1041Y; Epitomics, Burlingame, CA, USA). Negative controls in 

which rabbit immunoglobulin G (IgG) (Dako, Glostrup, Denmark) replaced the primary 

antibody (at an equal protein concentration) were included. Subsequently, sections were 

treated at room temperature for an hour with a peroxidase-labeled anti-rabbit antibody 

(Nichirei Bioscience, Tokyo, Japan). A brown reaction product was developed using 

peroxidase substrate 3, 3′-diaminobenzide (Dako). Counterstaining was performed with 

hematoxylin. Images were immediately captured at ×400 magnification using the BZ-9000 

microscope.

RNA extraction and reverse transcription

Six IVD explants from each group were used for gene expression analysis. Each NP and AF 

tissue were dissected from the explants, pulverized, and total RNA was isolated using the 

RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

Then, 0.1 µg of RNA were reverse-transcribed in the presence of oligo d (T) primer (Applied 

Biosystems, Foster City, CA, USA).

Quantitative real-time reverse transcription-polymerase chain reaction analysis (N = 6)

Relative messenger-RNA (mRNA) expression levels of integrin-α5, integrin-β1, aggrecan-1, 

collagen-1a1, collagen-2a1, matrix metalloproteinase (MMP)-3, and MMP-13 were 

calculated by real-time reverse transcription-polymerase chain reaction using the ABI Prism 

7500 sequence detection system (Applied Biosystems). Glyceraldehyde 3-phosphate 

dehydrogenase mRNA expression was measured as an endogenous control [21]. SYBR 
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green fluorescent dye and predesigned primers (all obtained from Takarabio, Tokyo, Japan) 

were used according to the manufacturer’s instructions. Primer sequences in the present 

study are shown in Table 2. Measurements were performed in duplicate. The mRNA 

expressions of each gene in experimental groups were converted to a relative number 

representing the amount of mRNA compared with Group C using the 2−ΔΔCt method [22].

Statistical analysis

All values were expressed as mean ± standard deviation. Analysis of variance with Tukey-

Kramer post hoc test was used to assess the changes in the effects of experimental group. 

Statistical significance was assessed with p<.05 using PASW Statistics 18 (SPSS, Chicago, 

IL, USA).

Results

Analysis of cell density and viability

In the NP, cell density significantly decreased in dynamic loaded groups (Group L: 67.4%; 

Group TL: 76.8%; and Group NL: 67.2%) compared with Group C (Fig. 2, Left). In the AF, 

cell density was not affected by mechanical loading and RGD peptide. The percentage of 

vital cells in the NP significantly decreased in the dynamic loaded groups (Group L: 69.9%; 

Group TL: 79.7%; and Group NL: 68.8%) compared with Group C (91.6%, p<.05) (Fig. 2, 

Right). However, in the NP, the mean percentage of vital cells of Group TL was significantly 

higher than Group L and Group NL (p<.05). In the AF, the mean percentage of vital cells 

was maintained at over 80% in each group, with no statistical differences. Namely in the NP, 

dynamic load reduced cell viability, and as a result, cell density decreased. The decrease of 

cell viability in the NP induced by dynamic loading was partially inhibited by the 

application of the RGD peptide, whereas the decrease of cell density in the NP was not 

significantly affected by the RGD peptide under the loading condition of this study.

Histomorphologic analysis

Sections stained with Safranin-O demonstrated that unloaded discs (Groups C, T, and N) had 

a round-shaped NP comprising half to three-quarters of the disc in midsagittal sections with 

well-defined borders between the NP and AF regions (Fig. 3, Top). Nucleus pulposus cells 

had a rounded shape with large vacuoles, like notochordal cells; the proteoglycan matrix was 

organized in slender bands among the NP cells. The AF showed a pattern of fibrocartilage 

lamella without a serpentine pattern or ruptured fibers. In dynamic loaded discs (Groups L, 

TL, and NL), the vacuoles of NP cells were reduced in density and size, the ECM was 

condensed, and the disc height was decreased. In the AF, the inward bulging of the inner 

portion (a serpentine pattern) was observed, although the outer AF demonstrated a well-

defined lamella pattern without ruptured fibers. Consequently, the histologic degeneration 

score was significantly increased in dynamic loaded groups: Group L (7.6 ± 1.2); Group TL 

(6.3 ± 0.5); and Group NL (7.8 ± 1.3), compared with Group C (4.0 ± 0.0) (Fig. 3, Bottom). 

Group TL showed a lower score than Groups L and NL with a significant difference (p<.05). 

This histologic alteration, which was mainly observed in the NP, was inhibited using the 

RGD peptide.
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Immunohistochemical staining and mRNA expressions of integrin α5β1

In immunohistochemical staining, IgG controls were all negative and immunoreactivity for 

integrin α5 and β1 was observed in the NP and AF of all groups. For both integrin α5 and 

β1, perinuclear patterned staining was particularly prominent in large vacuolated cells in the 

NP of unloaded groups (Groups C, T, and N), and immunopositivity was observed in 

flattened NP cells of dynamic loaded groups (Groups L, TL, and NL) (Fig. 4, Top). Among 

these dynamic loaded groups, immunopositivity and staining patterns were not different in 

NP cells. Annulus fibrosus cells of all groups showed immunopositivity for integrin α5 and 

β1, whereas staining patterns did not differ among the six groups.

The mRNA quantification analysis indicated that integrin α5 and β1 expressions of Group L 

were both 1.6 ± 0.3-fold upregulated in NP cells (p<.05) and were upregulated 2.2 ± 0.4- 

and 2.0 ± 0.3-fold, respectively, in AF cells (p<.05), compared with Group C (Fig. 4, 

Bottom). Upregulation of integrin α5 and β1 by dynamic load was completely inhibited in 

Group TL using the RGD peptide. These findings suggested that the exogenous RGD 

peptide blocked an integrin α5β1 upregulation pathway triggered by mechanical load.

mRNA expressions of extracellular matrix genes

In NP cells, anabolic gene expressions of aggrecan-1 and collagen-2a1 were not affected in 

Groups L and NL; however, these mRNA expressions were significantly upregulated in 

Group TL (1.6 ± 0.3- and 1.9 ± 0.3-fold, respectively, p<.05). Messenger-RNA expressions 

of MMP-3 and -13 in NP cells were 2.2 ± 0.7- and 1.7 ± 0.4-fold, respectively, upregulated 

in Group L (p<.05) and 2.1 ± 0.5- and 1.8 ± 0.5-fold, respectively, upregulated in Group NL 

(p<.05) with significant differences, but no upregulation of MMP-3 nor MMP-13 was 

observed in Group TL (Fig. 5). However, mRNA expression of ADAMTS-5 was not affected 

by mechanical stress and the RGD peptide in NP cells.

In AF cells, mRNA expressions of aggrecan-1, collagen-1a1, and collagen-2a1 were 

significantly upregulated in Groups L and NL (range 1.8–2.4-fold), each compared with 

Group C (p<.05). The application of an RGD peptide did not affect the upregulation of 

aggrecan-1 and collagen-2a1 in AF cells, whereas, it inhibited the upregulation of 

collagen-1a1. The upregulation of collagen-1a1 was only seen in AF cells, not in NP cells. 

The mRNA expressions of MMP-3 and -13 in AF cells showed similar upregulation pattern 

of NP cells in Groups L and NL (range 1.7–2.0-fold, p<.05), but not in Group TL. In 

addition, mRNA expression of ADAMTS-5 was not affected by mechanical stress and the 

RGD peptide in AF cells.

Discussion

The present study has demonstrated that an ex vivo dynamic culture system using sustained 

mechanical stimulation with 1.3 MPa, 1.0 Hz cyclic axial compressive displacement induced 

histologic and genetic alterations in rat IVD tissues.

Elliott and Sarver [23] reported that the compressive mechanical properties of rodent caudal 

discs were similar to those of the human lumbar spine. Recently, we reported a rat tail 

temporary static compression model at 1.3 MPa that reproduced different stages of disc 
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degeneration according to loading duration [24]. Although the 1.3 MPa loading 

corresponded to the human lumbar spinal loading induced by lifting a moderate weight, it 

seemed to be of higher magnitude for the application of dynamic loading to animal 

constructs, in comparison with several studies [25,26]. In the present study, the authors 

preliminarily examined lower magnitude of loading (data not shown). However, the decrease 

of cell viability induced by the loading was too small to detect the partial block effect of the 

RGD peptide. Consequently, we decided to use the loading regimen of 1.3 MPa and 1.0 Hz 

in the present study.

In 1978, Folkman and Moscona [27] reported that most types of normal cells required an 

attachment to the ECM to be able to proliferate and differentiate. Monolayer culture and 

three-dimensional matrix culture do not reflect in vivo ECM condition [10,28–30]; therefore, 

IVD organ culture with native ECM is essential to reveal mechanical stress induced IVD 

degeneration [31,32]. Because the retention of vertebra and end plates may cause concern 

about the limitation of culture duration through reduced diffusion, media flow devices were 

added in some recent studies [26,33]. However, Lim et al. [34] reported a high degree of cell 

viability (>95%) for up to 14 days in their organ culture system in which a media flow 

device was not provided. In the present study, cell viability over 90% was maintained in both 

NP and AF regions of unloaded IVDs on Day 6. From the result of the present study, we 

consider that our organ culture system does not lose reliability because of decreased cell 

survival in the IVD tissue through the 6-day culture.

Le Maitre et al. [17] described that human NP and AF cells expressed integrin α5β1 and that 

this expression was not altered with degree of degeneration; they also referred to the 

involvement of integrin α5β1 in IVD degeneration. In the present study, rat NP and AF cells 

highly expressed integrin α5 and β1 subunits compared with the expression level of other 

subunits (data not shown), and furthermore, high localization of integrin α5 and β1 was 

confirmed in both unloaded and dynamic loaded IVDs. The integrin family belonged to cell 

surface receptors that link cells to their surrounding ECM. The signal from integrin family 

responding to the environmental stimuli regulates cellular homeostasis, including cell 

survival, differentiation, proliferation, and biosynthetic activity [35,36]. Furthermore, the 

fact that mechanical stress induced integrin α5β1 mRNA expression and that the RGD 

peptide inhibited this upregulation suggested that integrin α5β1 was involved in the cellular 

response of IVDs to mechanical stress.

The authors considered the importance of investigating IVD maturation, specifically the 

change in NP cell phenotype from notochordal to chondrocyte-like, for a better 

understanding of IVD degeneration. Notochordal cells maintain nucleus hydration by 

stimulating surrounding chondrocyte-like NP cells to increase ECM production [37]. In 

humans, the disappearance of notochordal cells is believed to be among the first signs of 

disc degeneration [38]. Guehring et al. [39] revealed that notochordal cells are less resistant 

to mechanical stress than chondrocyte-like cells and that mechanical stress instigates the 

disappearance of notochordal cells. However, whether this disappearance was caused by the 

apoptosis or the phenotypic change of notochordal cells remains obscure. In the present 

study, a major finding of histologic analysis was observed in the morphology of NP cells, in 

which application of dynamic load affected the morphologic alteration of NP cells from 
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notochordal-like round-shaped large cells to chondrocyte-like mature NP cells. Our results 

are in accordance with the previous study using a static compression model [39]. Because 

the present study used an ex vivo organ culture system, other cells were never recruited from 

different tissues. In addition, the inner layer of the AF did not undergo degenerative changes; 

therefore, it is reasonable to understand that the disappearance of notochordal cells was 

mainly caused by phenotypic changes, not by cell death.

Previous studies revealed that the decrease of NP cell density and viability correlated with 

the onset of IVD degeneration, especially in the early stage [40,41]. In the present study, the 

application of dynamic load decreased cell density and viability in the NP region. In addition 

to these histologic appearances, the results of the mRNA analysis showed that dynamic 

compressive load enhanced gene expressions of MMP-3 and -13 in NP cells. Matrix 

metalloproteinase-3 is a major aggrecan-degrading MMP that activates many other MMPs, 

including MMP-13 [42]. Matrix metalloproteinase-13, one of the collagenases, has a 

particular affinity for collagen Type II, an ECM substrate that is abundant within the NP 

region of IVDs [43]. The involvement of MMP-3 and -13 in IVD degeneration has been 

elucidated by several studies [13,44,45]. Consequently, in the present study, the cellular 

response of NP tissue to dynamic load may be considered the first signs of disc degeneration 

(Fig. 6, Top). Furthermore, the RGD peptide suppressed phenotypic changes, decreased cell 

viability, and upregulated catabolic gene mRNA expressions (Fig. 6, Bottom). Therefore, 

integrin α5β1 is considered to play an important role in cellular responses to mechanical 

stress.

In the AF, the present study found that cell morphology and ECM structure were not 

significantly changed by dynamic mechanical load. Alterations in cell density and viability 

were also not observed. In contrast, we found that NP cells were sensitive to mechanical 

stress. Therefore, it was considered that spindle-shaped AF cells have stronger resistance to 

mechanical stress than NP cells. Messenger-RNA expressions of ECM substrates were 

increased by dynamic load in the AF, although the upregulation of these genes was not 

observed in the NP. In addition, catabolic genes, MMP-3 and -13, were also upregulated in 

the AF. However, histologic analysis of the AF did not reveal apparent degenerative findings 

compared with the NP. The results suggested that both anabolic and catabolic gene 

upregulations in the AF reflect mechanically induced stimulation of ECM remodeling to 

adapt to the mechanical perturbations in this study. These metabolic alterations, except for 

collagen Type I, were inhibited by the RGD peptide; therefore, integrin α5β1 might be 

involved in these alterations of metabolic activity, leading to ECM remodeling.

From the results of the present study, especially in the early stage of IVD degeneration, 

mechanical stress transmitted through integrin α5β1 is considered to have caused IVD 

degeneration. Therefore, at the clinical setting, it would be expected that the preventive 

application of the integrin α5β1 functional inhibition to the progressing disc degenerative 

disease will have a greater feasibility than therapeutic treatment of developed IVD 

degeneration. In concrete terms, a great concern of the authors is the prevention of adjacent 

IVD disorder after lumbar fusion surgery and the restraint of disc degeneration after removal 

of disc herniation.
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Although the organ culture system of the present study offers improvements by applying a 

precise mechanical load to IVD explants and maintaining the native ECM components and 

cell-ECM interactions, it faces some limitations. First, the mechanical load was fixed at 1.3 

MPa and 1.0 Hz. Various mechanical loads, especially lower loads, and fewer cycles should 

be attempted, in which case the key mechanoreceptor may shift from integrin α5β1 to 

others, CD44 or other integrin subunits. Second, the alteration after mechanical loading was 

mainly observed in NP cells and the cell phenotype of those NP cells has not been 

investigated. Namely, the fate of notochordal cells, which are considered to play a major role 

in IVD degeneration, must be revealed in further studies.

In conclusion, we have demonstrated a novel dynamic organ culture system to investigate 

IVD cellular responses to mechanical stress under physiologic and pathophysiologic 

conditions. The mechanotransduction pathway mediated by integrin α5β1 may be involved 

in IVD maturation, leading to IVD degeneration. Further experiments are now underway to 

elucidate the pathomechanisms of IVD degeneration through these mechanotransduction 

pathways.
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Fig. 1. 
The dynamic loading organ culture system. (Left) The dynamic loading organ culture system 

and (Right) the close-up view of a culture chamber. IVD explants were cultured with or 

without dynamic compressive load. IVD, intervertebral disc.
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Fig. 2. 
Cell density and viability in the NP and AF. (Left) Cell density and (Right) the percentage of 

vital cells. The data were obtained by N = 4 and expressed as mean+SD. Group C = control. 

NP, nucleus pulposus; AF, annulus fibrosus; SD, standard deviation.
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Fig. 3. 
Histomorphologic findings and the degeneration score. (Top) Sections stained with Safranin-

O. Bars = 300 µm in whole disc photographs and 100 µm in AF and NP photographs. 

(Bottom) Histologic degeneration scores. The data were obtained by N = 4 and expressed as 

mean+SD. Group C = control. NP, nucleus pulposus; AF, annulus fibrosus; SD, standard 

deviation.
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Fig. 4. 
Immunohistochemical staining and messenger-RNA (mRNA) expression of integrin α5β1. 

(Top) Photomicrographs demonstrating immunohistochemical localization of integrin α5 

and β1. Bars = 100 µm. (Bottom) Integrin α5 and β1 mRNA expressions. The data were 

obtained by N = 6 and expressed as mean+SD. Group C = control. IgG, immunoglobulin G; 

NP, nucleus pulposus; AF, annulus fibrosus; SD, standard deviation.
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Fig. 5. 
Extracellular matrix gene expressions. Anabolic and catabolic gene expressions in NP and 

AF cells. The data were obtained by N = 6 and expressed as mean+SD. Group C = control. 

NP, nucleus pulposus; AF, annulus fibrosus; SD, standard deviation; MMP, matrix 

metalloproteinase.
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Fig. 6. 
A functional model of integrin α5β1. (Top Left) Fibronectin-cell interaction via integrin 

α5β1, (Top Right) fibronectin detachment, and (Bottom) binding of an RGD peptide. FAK, 

focal adhesion kinase; P, phosphoric acid; RGD, Arg-Gly-Asp.

Kurakawa et al. Page 18

Spine J. Author manuscript; available in PMC 2017 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kurakawa et al. Page 19

Table 1

Culture groups

Medium conditions

Loading status
DMEM
only

DMEM+RGD
peptide

DMEM+negative
control peptide

Unloaded (without stimulation) Group C Group T Group N

Dynamic loaded (1.3 MPa, 1.0 Hz) Group L Group TL Group NL

DMEM, Dulbecco modified Eagle medium; RGD, Arg-Gly-Asp.

Spine J. Author manuscript; available in PMC 2017 November 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kurakawa et al. Page 20

Table 2

Primer sequences for real-time RT-PCR

Primer sequences

Gene Sense (5′ → 3′) Antisense (5′ → 3′) Accession number

GAPDH GGCACAGTCAAGGCTGAGAATG TGGTGGTGAAGACGCCAGTA NM_017008.3

Integrin α5 ATGAAGCCCTGAAGATGCCCTAC TAGATGAGCAGACCTAGGAGCAGGA NM_001108118.1

Integrin β1 CCTGTGACCCACTGCAAGGA ACGCCTGCTACAATTGGGATG NM_017022.2

Aggrecan-1 TCCGCTGGTCTGATGGACAC CCAGATCATCACTACGCAGTCCTC NM_022190.1

Collagen-1a1 CCAGCAAAGGCAATGCTGAA TTGTTGCAGAGGCCATGGAG NM_053304.1

Collagen-2a1 GAGGGCAACAGCAGGTTCAC TGTGATCGGTACTCGATGATGG NM_012929.1

Fibronectin ACTCATTTATCACGGGCCAGACA TGGCAGTGGACGAGCTCACTA NM_001191704.1

MMP-3 TGGACCAGGGACCAATGGA GGCCAAGTTCATGAGCAGCA NM_133523.2

MMP-13 CCCTGGAATTGGCGACAAAG GCATGACTCTCACAATGCGATTAC NM_133530.1

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metalloproteinase.
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