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2

20

21 Abstract

22 Purpose

23 To investigate the changes in extracellular matrix (ECM) gene and protein expressions in 

24 human trabecular meshwork (HTM) cells in response to mechanical fluid flow 

25 stimulation.

26 Methods

27 HTM cells were cultured on a glass plate and exposed to shear stress (0, 0.2, and 1.0 

28 dyne/cm2) for 12 hours. Changes in gene expressions were evaluated using microarray 

29 analysis. The representative genes related to ECM metabolism underwent real-time 

30 reverse-transcriptase polymerase chain reaction. Fibronectin (FN) and collagen (COL) IV 

31 levels in the supernatant were evaluated using immunoassays. Rho-associated coiled-coil-

32 containing protein kinase (ROCK) activity also was investigated.

33 Results

34 After stimulation, transforming growth factor 2 mRNA levels were significantly (p < 

35 0.01) lower than that of the static control (0 dyne/cm2 for 12 hours). Matrix 

36 metalloproteinase 2 mRNA levels were significantly (p < 0.05) higher than the static 

37 control. COL type 1 alpha 2 mRNA, COL type 4 alpha 2 mRNA, and COL type 6 alpha 1 

38 mRNA levels were significantly (p < 0.05, < 0.01, and < 0.05, respectively) higher than 
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39 the static control. The mean ± standard deviation FN levels (ng/mL) in the supernatant 

40 after stimulation (0, 0.2, 1.0 dyne/cm2) were 193.7 ± 7.6, 51.5 ± 21.8, and 34.9 ± 23.6, 

41 respectively (p < 0.01). The FN and COL IV levels and ROCK activity were significantly 

42 (p < 0.01 and < 0.05, respectively) lower than the static control. 

43 Conclusions

44 Changes in gene and protein expressions related to ECM metabolism occurred in HTM 

45 cells after stimulation. Specifically, the suppression of FN and COL IV production might 

46 explain the importance of mechanical fluid flow stimulation on maintenance of the normal 

47 aqueous humor outflow.

48

49

50 Keywords: trabecular meshwork, shear stress, aqueous humor, extracellular matrix, 

51 glaucoma, intraocular pressure
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57 Introduction

58   Intraocular pressure (IOP) is maintained through a proper function of the aqueous 

59 humor, which is produced by the ciliary body [1]. About 70% to 95% of the aqueous 

60 humor drains through the conventional outflow pathway [2].Therefore, normal function of 

61 this outflow component is important to the IOP homeostasis and prevention of glaucoma 

62 [3]. Increased aqueous outflow resistance in this component is the main cause of glaucoma 

63 accompanied by elevated IOP [4, 5]. 

64 The trabecular meshwork (TM), juxtacanalicular meshwork, and Schlemm’s canal, the 

65 collector channels, and the episcleral veins comprise conventional outflow pathway. 

66 Among those, extracellular matrix (ECM) in TM tissue, which are composed of collagen 

67 (COL) or fibronectin (FN) [6], is critical for the homeostatic maintenance of the normal 

68 outflow resistance [7]. Of note, recent studies revealed that ECM turnover is regulated by 

69 mechanical stress, at least in part [8-10]. 

70 Experimentally, mechanical stretching to TM cells upregulates gelatinase A and 

71 membrane type-1 matrix metalloproteinase (MMP) and reciprocally downregulates tissue 

72 inhibitors of metalloproteinases (TIMP)-2 [11]. Additionally, mechanical stretching by 

73 pulsatile IOP decreases outflow facility of both human and porcine anterior segments [12]. 

74 Moreover, cyclic mechanical stress alters the contractility of the TM cells [13]. 
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75 Mechanistically, the mechanosensitive receptors on the TM cell surface reportedly sense 

76 the deformation of the ECM resulting from the IOP fluctuations via integrin-based cell-

77 matrix contact [14, 15]. Collectively, these findings suggest that mechanical stress applied 

78 to the TM cells is important for the ECM turnover. 

79 Clinically, it is generally considered that the TM function (e.g., ECM synthesis, 

80 phagocytosis, contractility) deteriorates after glaucoma filtration surgery or development 

81 of peripheral anterior synechia over a long period. In addition, the aqueous outflow to the 

82 TM after filtration surgery decreases to about 10% of the preoperative level [16], because 

83 most of the aqueous humor drains thorough trabeculectomy hole to the filtering bleb, 

84 fueling speculation that the mechanical fluid flow stimulation by aqueous outflow to the 

85 TM also has an important role in maintaining the TM function. However, to our 

86 knowledge, no previous reports have focused on the effect of mechanical fluid flow 

87 stimulation on TM cells and its effect on ECM turnover, although the effects of 

88 mechanical stimulation by stretching on TM cells have been previously investigated [8-

89 11].

90 In the current study, to elucidate the role of mechanical fluid flow stimulation on the 

91 ECM metabolism in the TM, we applied mechanical fluid flow stimulation to the human 

92 trabecular meshwork (HTM) cells and investigated the gene and protein changes related to 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 7, 2019. ; https://doi.org/10.1101/796094doi: bioRxiv preprint 

https://doi.org/10.1101/796094
http://creativecommons.org/licenses/by/4.0/


6

93 the ECM metabolism. In addition, because Rho-associated coiled-coil-containing protein 

94 kinase (ROCK) is related to the regulation of ECM component expression [17], the ROCK 

95 activity also was investigated.

96

97 Materials and methods 

98 Cell culture

99 The primary HTM cells obtained from ScienCell (Cat. No. 6590, Lot No. 3423, Carlsbad, 

100 CA, USA) were maintained in Fibroblast Medium (ScienCell) containing 5% fetal bovine 

101 serum and fibroblast growth supplements and penicillin/streptomycin (FGS, P/S solution, 

102 ScienCell), according to the manufacturer’s protocol. The HTM cells were cultured at the 

103 bottom of poly-L-lysine-coated flasks (2 g/cm2). The cultured cells were passaged with 

104 0.05% trypsin 2 mM ethylenediaminetetraacetic acid solution and seeded on glass plates 

105 (70 × 100 × 1.3 mm) (Matsunami Glass, Kishiwada, Japan) coated with 0.02% type I 

106 collagen (Angio-Proteomie, Boston, MA, USA). We used the HTM cells from between 

107 passages 5 and 7. The current study was performed in accordance with the tenets of the 

108 Declaration of Helsinki.

109 Shear stress experiments

110 Shear stress was applied to the confluent HTM cells using a parallel plate-type flow 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 7, 2019. ; https://doi.org/10.1101/796094doi: bioRxiv preprint 

https://doi.org/10.1101/796094
http://creativecommons.org/licenses/by/4.0/


7

111 chamber. We previously described the shear stress experiments [18-20]. Briefly, this flow 

112 circuit included a flow chamber, a peristaltic pump (SJ1220, ATTO, Tokyo, Japan), and a 

113 medium reservoir connected using silicone tubes. The culture medium was circulated 

114 continually with a peristaltic pump in an incubator at 37°C with 5% carbon dioxide. The 

115 shear stress inside the flow chamber was calculated by the formula,  = ·6Q/a2b, where  

116 is the shear stress (dyne/cm2),  is the viscosity of the perfused fluid (0.00796 poise), Q 

117 the volumetric flow rate (mL/s), a the flow channel height (0.04 cm), and b the flow 

118 channel width (5.5 cm) in the cross section. To generate shear stress using a perfused 

119 medium, we used Dulbecco’s Modified Eagle’s medium (Wako Pure Chemical Industries, 

120 Ltd., Osaka, Japan) supplemented with 100 U/mL penicillin and 100 g/mL streptomycin 

121 sulfate and GlutaMAX-I supplement (Life Technologies, Carlsbad, CA, USA) without 

122 serum. The medium viscosities were measured using a viscometer (ViscoLab 4000, Japan 

123 Controls, Tokyo, Japan). In the current study, the HTM cells were exposed to the 

124 following magnitudes of laminar shear stress: 0 dyne/cm2 (static control) and 0.2 and 1.0 

125 dyne/cm2. After exposure to fluid flow for 12 hours, the glass plates on which the HTM 

126 cells were cultured were removed from the flow chamber and rinsed in phosphate buffered 

127 saline (PBS), and the HTM cells were collected

128 Microarray analysis for gene expressions
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129 A DNA microarray assay was performed by Hokkaido System Science (Sapporo, Japan). 

130 Briefly, the total RNA from the HTM cells was amplified and transcribed into fluorescent 

131 cRNA using a Low Input Quick Amp Labeling Kit, One Color (Agilent Technologies, 

132 Santa Clara, CA, USA). The labeled cRNA was purified using an RNeasy Mini Spin Kit 

133 (QIAGEN, Germantown, MD, USA) and hybridized to the human microarray kit 

134 (SurePrint G3 Human GE 8 × 60 K version 3.0, Agilent Technologies). The raw data were 

135 normalized using a Gene Spring Software (version 13.0, Agilent Technologies). The 

136 normalized microarray data then were compared with the real-time RT-PCR analysis.

137 Real-time RT-PCR analysis for representative genes related to ECM metabolism

138 The HTM cells were collected with a scraper, and the total RNA was extracted using a 

139 NucleoSpin RNA kit (Takara, Shiga, Japan). The total RNA (25 g/mL) underwent 

140 reverse transcription using a Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, 

141 Switzerland), according to the manufacturer’s instructions, after which real-time PCR was 

142 performed using the Universal ProbeLibrary and Light Cycler 480 (Roche). The specific 

143 primer pairs are shown in Table 1. For all amplifications, the cycling conditions were as 

144 follows: an initial denaturation period for 5 minutes at 95°C, followed by 45 cycles of 10 

145 seconds at 95°C, 30 seconds at 60°C, and 1 second at 72°C. The quantification of each 

146 gene expression signal was normalized with respect to the signal for the glucose-6-

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 7, 2019. ; https://doi.org/10.1101/796094doi: bioRxiv preprint 

https://doi.org/10.1101/796094
http://creativecommons.org/licenses/by/4.0/


9

147 phosphate dehydrogenase (G6PDH) gene. The relative fold changes in the expression of 

148 each gene were determined using the 2-Ct method.

149 Table 1. Primer Sequences Used for Gene Expression Analysis by Real-Time RT-

150 PCR.

Gene Accession 
Number

Forward Primer Reverse Primer

TGF-2 NM_003238 CCAAAGGGTACAATGCCAAC CAGATGCTTCTGGATTTATGGTATT
COL1A2 NM_000089 GGTCTCGGTGGGAACTTTG CCAGGTGGGCCTCTAGGT
COL4A2 NM_001846 CAAAAGGAAGAGCAGGCTTC CGTCGCCTTCTGTACATCTG
COL6A1 NM_001848 GAAGAGAAGGCCCCGTTG CGGTAGCCTTTAGGTCCGATA
FN1 NM_212482 GACGCATCACTTGCACTTCT GCAGGTTTCCTCGATTATCCT
MMP2 NM_004530  CCCCAAAACGGACAAAGAG CTTCAGCACAAACAGGTTGC
TIMP2 NM_003255 GAAGAGCCTGAACCACAGGT CGGGGAGGAGATGTAGCAC
G6PDH NM_000402 CTGCAGATGCTGTGTCTGGT TGCATTTCAACACCTTGACC

151 TGF-2, transforming growth factor 2; COL1A2, collagen type 1 alpha 2; COL4A2, 

152 collagen type 4 alpha 2; COL6A1, collagen type 6 alpha 1; FN1, fibronectin 1.

153 Enzyme-linked immunosorbent assay (ELISA) for detecting FN levels

154 FN in the culture medium supernatant was measured using an ELISA kit (R&D Systems, 

155 Minneapolis, MN, USA), according to the manufacturer’s instructions. Culture medium 

156 supernatants were collected from the HTM cells with or without exposure to shear stress 

157 for 12 hours. The optical density of the samples and fibronectin standard were determined 

158 using a microplate reader.
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159 Western blot analysis for detection of FN and COL IV levels

160 The HTM cells were washed with PBS and lysed with RIPA Lysis Buffer (Merck 

161 Millipore, Darmstadt, Germany) containing protease inhibitor cocktail tablets (Roche) and 

162 phosphatase inhibitor cocktail tablets (Roche) and phenylmethylsulfonyl fluoride. The 

163 lysates then were centrifuged at 13,000 rpm for 20 min at 4°C, and the resultant 

164 supernatants were collected. The total protein concentration was measured using a 

165 NanoDrop Fluorospectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Equal 

166 amounts of protein were loaded into each well and separated by sodium dodecyl sulfate 

167 polyacrylamide gel electrophoresis and subsequently transferred to nitrocellulose 

168 membranes by electroblotting. The membranes were blocked with PVDF Blocking 

169 Reagent (Toyobo, Osaka, Japan) and incubated in Can Get Signal (Toyobo) containing the 

170 following antibodies for 1 hour: monoclonal -actin antibodies (mouse, #3700, 1:2000 

171 dilution) (Cell Signaling Technology, Danvers, MA, USA), polyclonal FN antibodies 

172 (rabbit, F3648, 1:1000 dilution), (Sigma-Aldrich, St. Louis, MO, USA), polyclonal COL 

173 IV antibodies (rabbit, SAB4500369, 1:1000 dilution) (Sigma-Aldrich), and horseradish 

174 peroxidase-conjugated anti-rabbit or anti-mouse IgG secondary antibody (#7076 and 

175 #7074, 1:10000 dilution) (Cell Signaling Technology). The membranes were exposed to 

176 ECL Prime Western Blotting Detection Reagent (GE Healthcare, Piscataway, NJ, USA) 
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177 and examined using LAS-3000 Imager (Fujifilm, Tokyo, Japan).

178 ROCK activity analysis

179 The cell lysates were collected from the HTM cells with or without exposure to shear 

180 stress for 12 hours. The total protein concentration was measured using a NanoDrop 

181 Fluorospectrometer. Equal amounts of protein then were measured by an ELISA using a 

182 96-well ROCK Activity Assay Kit (Cell Biolabs, San Diego, CA), according to the 

183 manufacturer’s instructions. Absorbance were measured on a microplate reader at 450 nm 

184 and results were compared to the static control.

185 Statistical analysis

186 The data were analyzed using GraphPad Prism version 5 (GraphPad Software, San Diego, 

187 CA). Quantitative data were analyzed using the Dunn’s nonparametric comparison for 

188 post-hoc testing after the Kruskal-Wallis test. P < 0.05 was considered significant.

189

190 Results

191 Gene expressions in HTM cells in response to shear tress

192 Our microarray analysis investigated 62,976 genes. Among those, we focused on 

193 representative genes related to ECM metabolism and compared the gene expression levels 

194 of the static control to those exposed to shear stress (0.2 dyne/cm2) for 12 hours. The gene 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted October 7, 2019. ; https://doi.org/10.1101/796094doi: bioRxiv preprint 

https://doi.org/10.1101/796094
http://creativecommons.org/licenses/by/4.0/


12

195 categories, names, and fold changes are shown in Table 2. Those genes listed then were 

196 analyzed by real-time RT-PCR to ascertain the results obtained by microarray analysis. As 

197 a result, transforming growth factor (TGF)-2 mRNA levels were significantly lower than 

198 that of the static control (0.2 dyne/cm2, 0.65-fold vs. static control, p < 0.01) (Fig. 1). The 

199 MMP2 mRNA levels were significantly higher (0.2 dyne/cm2, 2.35-fold vs. static control, 

200 p < 0.05 and 1.0 dyne/cm2, 2.96-fold vs. static control, p < 0.05) (Fig. 2A), while the 

201 differences in the TIMP2 mRNA levels were not significant (0.2 dyne/cm2, 1.49-fold vs. 

202 static control, and 1.0 dyne/cm2, 2.03-fold vs. static control, p = 0.055) (Fig. 2B) The COL 

203 type 1 alpha 2 (COL1A2) mRNA (1.0 dyne/cm2, 1.79-fold vs. static control, p < 0.05), 

204 COL type 4 alpha 2 (COL4A2) mRNA (1.0 dyne/cm2, 3.11-fold vs. static control, p< 

205 0.01), and COL type 6 alpha 1 (COL6A1) mRNA (1.0 dyne/cm2, 1.91-fold vs. static 

206 control, p<0.05) levels were significantly higher than the static control. Although the FN1 

207 mRNA levels were higher than the static control (1.0 dyne/cm2, 1.87-fold vs. static 

208 control), the differences were not significant (p = 0.085) (Fig. 3). 

209

210

211 Table 2. Comparison of Gene Expression Levels of the Static Control with Those 

212 Exposed to Shear Stress (0.2 dyne/cm2) for 12 Hours.  
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Gene Category Gene Name (symbol)
Accession 
Number

Fold Change
(vs. static control)

TGF-1 NM_000660 1.71

TGF-2 NM_003238 0.52

TGF beta receptor 2 (TGFR2) NM_001024847 0.60

Bone morphogenetic protein 5 
(BMP5)

NM_021073 0.29

TGF- family

BMP6 NM_001718 3.49

COL1A2 NM_000089 0.92

COL2A1 NM_001844 1.05

COL3A1 NM_000090 0.62

COL4A2 NM_001846 1.47

COL5A2 NM_000093 0.74

COL6A1 NM_001848 1.00

FN1 NM_054034 1.41

Elastin NM_001278939 2.07

ECM

Laminin 3 NM_001017402 2.27

MMP1 NM_002421 3.01

MMP2 NM_004530 2.24

MMP3 NM_002422 3.26

MMP9 NM_004994 1.23

TIMP1 NM_003254 1.04

TIMP2 NM_003255 0.99

Plasminogen activator inhibitor 
type 1 

NM_000602 11.91

ECM 
remodeling

Connective tissue growth factor NM_001901 1.99

213
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214 Fig. 1. Real-time RT-PCR analysis of TGF-2 mRNA expression in HTM cells. TGF-

215 2 mRNA levels in the HTM cells exposed to shear stress (0.2 dyne/cm2) for 12 hours are 

216 significantly lower than the static control. The data are expressed as the means ± standard 

217 deviation (n = 5). *p < 0.01.

218

219 Fig. 2. Real-time RT-PCR analysis of MMP2 mRNA and TIMP2 mRNA expression 

220 in HTM cells. (A) MMP2 mRNA levels in the HTM cells exposed to shear stress (0.2 and 

221 1 dyne/cm2) for 12 hours are significantly higher than the static control. (B) Although 

222 TIMP2 mRNA levels are higher than the static control after stimulation, the differences 

223 are not significant. The data are expressed as the means ± standard deviation (n = 5). *p < 

224 0.05.

225

226 Fig. 3. Real-time RT-PCR analysis of COL1A2, COL4A2, COL6A1, and FN1 mRNA 

227 expression in HTM cells. COL1A2, COL4A2, and COL6A1 mRNA levels in the HTM 

228 cells exposed to shear stress (1 dyne /cm2) for 12 hours are significantly higher than the 

229 static control. Although the FN1 mRNA levels are higher than the static control after 

230 stimulation, the differences are not significant. The data are expressed as the means ± 

231 standard deviation (n = 4). *p < 0.05 and **p < 0.01.
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232

233 FN and COL IV levels in the supernatant after exposure to shear stress

234 The mean (± standard deviation) FN levels (ng/mL) in the medium exposed to shear stress 

235 (dyne/cm2) of 0, 0.2, and 1.0 for 1 hour were 31.6 ± 19.6, 30.0 ± 18.7, and 29.5 ± 13.6, 

236 respectively. The values for 12 hours were 193.7 ± 7.6, 51.5 ± 21.8, and 34.9 ± 23.6, 

237 respectively. After 12 hours, the FN levels were significantly (p < 0.01) lower at 1.0 

238 dyne/cm2 than the static control (Fig. 4). Representative images of each band obtained by 

239 Western blot analysis are shown in Fig. 5A. The FN levels were significantly lower at 0.2 

240 dyne/cm2 (p < 0.05) and 1.0 dyne/cm2 (p < 0.01) than the static control. The COL IV 

241 levels at 1.0 dyne/cm2 also were significantly (p < 0.01) lower than the static control (Fig. 

242 5B). 

243

244 Fig. 4. The concentration of FN in the culture supernatant after exposure to shear 

245 stress. After exposure to shear stress (1 dyne /cm2) for 12 hours, the levels of FN are 

246 significantly lower than the static control. The data are expressed as the means ± standard 

247 deviation (n = 5). **p < 0.01. hr, hours.

248

249 Fig. 5. FN and COL IV levels in HTM cells after exposure to shear stress. (A) 
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250 Representative images of Western blot analysis of FN and COL IV expression. (B) 

251 Quantitative assessment of the intensity of each band determined by densitometry. The FN 

252 and COL IV levels are significantly lower compared to the static control after stimulation. 

253 The data are expressed as the means ± standard deviation (FN, n = 6; COL IV, n = 5). *p < 

254 0.05 and **p < 0.01.

255

256 ROCK activity in HTM cells after exposure to shear stress

257 To examine the ROCK activity, we carried out the ELISA technique. Our experiment 

258 showed that the ROCK activity was significantly lower than the static control after 

259 exposure to shear stress (0.2 dyne/cm2, 0.78-fold vs. static control, p < 0.05) (Fig. 6).

260

261 Fig. 6. ROCK activity in HTM cells after exposure to shear stress. The ROCK activity 

262 is significantly lower than the static control after exposure to shear stress (0.2 dynes/cm2) 

263 for 12 hours. The data are expressed as means ± standard deviation (n = 4). *p < 0.05.

264

265 Discussion

266 In the current study, we applied shear stress to HTM cells and investigated the changes in 

267 gene or protein expressions related to ECM metabolism. Because FN, laminin, and COL 
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268 IV are the main ECM components of the JCT [6], we focused on those components in our 

269 experiments. As a result, FN and COL IV levels in the supernatant, in which HTM cells 

270 were exposed to shear stress for sufficient time, were significantly lower than the static 

271 control. This implies that FN and COL IV production by HTM cells are suppressed in the 

272 presence of shear stress. Our microarray analysis and subsequent real-time RT-PCR also 

273 showed lower levels of TGF-2 mRNA and elevated levels of MMP2 mRNA expression 

274 with increased shear stress. Because down-regulation of TGF-2 and the increased MMP2 

275 promote ECM degradation, HTM cells may promote degradation of the ECM in the 

276 presence of shear stress. Regarding the increases in COL mRNA and FN1 mRNA, we 

277 considered these as compensatory responses (i.e., negative feedback mechanism). Our 

278 results agreed with previous reports that examined the effects of mechanical stimulation 

279 by stretching [21, 22] or IOP pulsation on TM cells in that the mechanical stimulation 

280 might have an important role in ECM turnover in the TM [12].

281 Previously, fluid flow stress was reported to affect the pathological condition or 

282 homeostasis in some ocular tissues, e.g., flow stress on cultured human corneal epithelial 

283 cells affected TGF- signaling, which may be associated with a delayed wound-healing 

284 mechanism during blinking [20]. Flow stress also can cause corneal endothelial cell 

285 damage or loss after laser iridotomy [23] or gene expression of endovascular cells, which 
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286 may contribute to the vasoregulatory and antithrombotic properties of the retinal vessels 

287 [18]. Although the current study focused on mechanical stimulation of the fluid flow on 

288 the HTM cells, a previous report also investigated the responses of HTM cells exposed to 

289 shear stress. Ashpole et al. [24] reported that when shear stress (10 dyne/cm2) was applied 

290 to human SC endothelial (SCE) cells, they responded similarly to vascular endothelial 

291 cells, i.e., shear stress also triggered nitric oxide (NO) production on human SCE cells. 

292 Those authors concluded that increased shear stress to SCE cells during SC collapse in the 

293 presence of elevated IOP may partly mediate IOP homeostasis by NO production. 

294 Although, in that study, they also investigated the responses of HTM cells exposed to a 

295 shear stress (10 dyne/cm2), they only focused on NO production. In the current study, we 

296 applied shear stress to HTM cells, but the strength was very weak (0.2 or 1.0 dyne/cm2). 

297 Therefore, the current study differed from their research in that we focused on the gene or 

298 protein changes related to ECM metabolism in response to very weak shear stress.

299 In our microarray analysis, we focused on the gene changes related to the TGF-β 

300 superfamily and ECM components and remodeling. As a result, the expression of TGF-1 

301 mRNA was observed, although it could not be confirmed by subsequent real-time RT-

302 PCR in our experiments. A previous study reported increased production of TGF-1 after 

303 cyclic mechanical stress in the TM [9]. Further, the increased expression of connective 
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304 tissue growth factor (CTGF) mRNA and plasminogen activator inhibitor-1 mRNA also 

305 were observed, suggesting changes in many genes involved in ECM metabolism when 

306 share stress was applied to HTM cells. The simultaneous increase of TGF-1 mRNA and 

307 CTGF mRNA may be reasonable, because CTGF is also up-regulated by TGF-1 [25]. 

308 Regarding bone morphogenetic protein (BMP) 5, which was down-regulated in the current 

309 study, it is expressed in the TM and is involved in the normal formation and function of 

310 the TM [26]. Although the role of BMP6 in the TM has not been yet elucidated, altered 

311 expression of members of the BMP family may cause functional changes in the TM [27].

312 In the current study, the ROCK activity in the HTM cells after stimulation was lower 

313 than the static control. Because the fibrogenic effect caused by TGF-2 is mediated by 

314 activating ROCK, the decreased ROCK activity may contribute partly to decreased 

315 production of FN and COL IV. The recently launched anti-glaucoma drug ROCK inhibitor 

316 (ripasudil) acts on the conventional outflow pathway and decreases IOP by increasing 

317 aqueous humor outflow through diverse mechanisms [28, 29]. Among the actions of 

318 ripasudil on the TM-SC pathway, the inhibition of ECM production [30] and the 

319 suppression of TM cell contraction were considered as the functions targeting the JCT 

320 [31]. Given the current results, improvement of the aqueous humor outflow through the 

321 TM by ripasudil may further promote the ECM metabolism, contributing to further 
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322 decreases in IOP when the drug is used over the long term.

323 Although, in the current study, the HTM cells were stimulated by steady fluid flow 

324 using our shear stress experimental system, it is presumed that the fluid flow in the TM is 

325 probably not a laminar or steady flow in normal eyes. A previous report that simulated the 

326 wall shear stress in each component of the conventional outflow pathway reported that the 

327 shear stress on the inner wall of the SC was about 0.01 dyne/cm2 [32]. Therefore, in the 

328 JCT, which is the principal tissue of the ECM metabolism in the TM, the shear stress 

329 might be equal to or less than that in the inner wall of the SC (i.e., much weaker 

330 stimulation than the current experiment). Further, it also has been reported that the TM 

331 tissue pulsates in conjunction with the heart rate [33, 34]. Taken together, considering this 

332 histologic feature of the meshwork, the aqueous outflow in the TM may be turbulent. 

333 Further investigation is needed to determine if the results of the current shear stress 

334 experiment also occur in vivo.

335 In conclusion, gene and protein changes related to ECM metabolism were observed 

336 as a result of culturing of the HTM cells in the presence of shear stress. The current results 

337 suggested that the mechanical stimulation of aqueous fluid flow to the TM promotes ECM 

338 turnover, contributing to maintenance of IOP homeostasis in normal eyes.

339
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