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Abstract : Synovial fluid (SF) contains various factors which may be helpful for corneal stromal healing, such as
cytokines, growth factors, hyaluronic acid, and proteins. Therefore, the purpose of this study was to determine the
effect of SF on proliferation and migration in canine keratocytes. In order to evaluate the degree of proliferation and
migration, canine keratocytes were cultured in DMEM containing 1%, 3%, 5%, or 10% SF. Real-time PCR was
performed in a control group and the group treated with 5% SF, in order to measure the expression levels of factors
associated with corneal wound healing. These factors included interleukin-1 (IL-1), hepatocyte growth factor (HGF),
transforming growth factor- (TGF-), and -smooth muscle actin (SMA-). Proliferation assays demonstrated that
proliferation was significantly enhanced in groups treated with greater than 3% SF, as compared with that of the control
group. In addition, migration in all SF-treated groups was significantly increased as compared with migration in the
control group, as measured by migration assays. mRNA expression of IL-1 and HGF was significantly increased
and mRNA expression of TGF- and SMA- was significantly decreased in the cells treated with 5% SF. These findings
suggest that SF may promote corneal wound healing.
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Introduction

The cornea is the transparent structure that makes up the

front part of the eye. The cornea plays an important role in

protecting the contents of the eye and refracting light on to

the retina. Due to its anatomical location, the cornea is

exposed to external physical, chemical, and biological insults

and is constantly undergoing the healing process (17). The

stromal layer is the thickest part of the cornea and is crucial

for maintaining corneal structure and function. Keratocytes in

the stromal layer play important roles in corneal healing

which is mediated by stimulation of numerous cytokines and

growth factors (1,11,16,26).

The first step in corneal wound healing is apoptosis of the

keratocytes within the wound. Keratocytes adjacent to the

wound are activated and migrate toward the gap created by

the wound. Activated keratocytes, known as corneal fibro-

blasts, undergo proliferation in order to repopulate depleted

keratocytes and produce extracellular matrix (ECM) to close

the wound gap. For these reasons, proliferation and migra-

tion of keratocytes are essential aspects of corneal wound

healing (17).

Synovial fluid (SF) is a plasma dialysate that contains var-

ious factors and is modified by components secreted from the

joint tissue. Factors contributing the viscoelastic nature of SF

include hyaluronic acid (HA) and fibronectin (3,7). Due to

the high levels of viscosity of HA, it remains longer on the

corneal surface, enhancing the delivery of growth factors and

oxygen to corneal cells and promoting the stabilization of the

tear film (2,8). Fibronectin acts as temporary matrix during

wound healing, resulting in easier migration of cells (11).

Previous studies have found that SF contains numerous cyto-

kines and growth factors, such as fibroblast growth factor

(FGF), platelet-derived growth factor (PDGF), nerve growth

factor, insulin-like growth factor (IGF), TGF-, IL-1, and IL-

6 (4,9,12,13,15,19,22,27).

There are numerous studies that demonstrate the benefit of

these lubricating factors and cytokines of SF in various cell

types (5,14,19,27). However, there are no studies that have

investigated the effect of SF in canine keratocytes. There-

fore, we aimed to assess the effects of SF on migration, pro-

liferation, and cytokine levels in canine corneal keratocytes.

Materials and Methods

Corneal tissue collection

One healthy male Beagle dog (one-year-old, 10 kg) that

underwent humane euthanasia for a reason unrelated to this

study was used. Prior to this study, the dog was determined

to be free of ocular disease through ophthalmic examination.

Immediately after routine enucleation, under sterile condi-

tions, a full-thickness keratectomy sample was obtained using

a sterile #10 scalpel blade, taking care not to include the lim-

bus. The excised corneal sample was preserved in sterile

phosphate buffered saline (PBS). The Kyungpook National

University Experimental Animal Ethical Committee approved

the animal studies included in this work (2019-0160). All

animal procedures were performed in accordance with the
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Association for Research in Vision and Ophthalmology

Statement for the Use of Animals in Ophthalmic and Vision

Research. 

Isolation of canine corneal keratocytes

Cells were isolated from the tissue within a few hours after

enucleation, according to methods described previously, with

some modifications (23). For detachment of the endothelium,

the whole layer of corneal tissue was treated with 0.05%

Trypsin/EDTA-solution (Gibco, USA) and incubated at 37oC

with 5% CO2 for 5 minutes. The endothelial layer was scraped

using sterile forceps and rinsed off from the cornea. The

remaining tissue was cut into several small pieces and placed

in a cell culture plate with the stromal layers facing down.

The pieces were incubated for 10-15 minutes allowing them

to adhere to the plate. Low glucose Dulbecco’s modified

eagle medium (DMEM) (Gibco, USA) supplemented with

10% fetal bovine serum (FBS) (Gibco, USA) and 100 IU/ml

penicillin and 100 g/ml streptomycin was used as a culture

medium. After approximately 3-10 days, keratocytes began

migrating from the explant. The tissue pieces were carefully

removed using rat-toothed forceps and discarded. The cells

were washed with sterile PBS and a 0.05% Trypsin/EDTA-

solution was added. The plate was incubated for 5 minutes at

37oC with 5% CO2. The same volume of DMEM containing

10% FBS, 100 IU/ml penicillin, and 100 g/ml streptomycin

was added. After centrifugation for 5 minutes at 2,500 rpm at

24oC, the keratocytes were seeded at 10,000-20,000 cells/cm2

and incubated in a humidified incubator with 5% CO2 at

37oC. The culture medium was replaced every 3-5 days. Ker-

atocytes between passage 2 and 4 were used in all studies.

Preparation of canine SF

For the preparation of SF, ten healthy male Beagle dogs

(five to eight years of age, 10-15 kg) were used. All used

joints of dogs were corfirmed to clinically healthy with phys-

ical and radiographic examinations. Arthrocentesis was per-

formed aseptically from the stifle and shoulder joints. For

each, a maximum of 0.5 ml was collected using sterile nee-

dles (21 G) and syringes. Joints that were suspected of hav-

ing arthritis were not included and only the samples that

extended more than 2.5 cm before breaking were used. Sam-

ples contaminated with hemolyzed blood were discarded.

The SF samples were centrifuged for 15 minutes at 3,000

rpm and the supernatant was used. All samples were col-

lected into plane tube, stored at 4oC, and used within a week.

Proliferation assay

Proliferation was assayed in a 96-well plate. Keratocytes

were seeded at density of 5,000 cells per well and cultured in

DMEM containing 10% FBS and antibiotics (streptomycin/

penicillin) until confluent. After washing twice with PBS, the

medium was replaced with serum free medium supple-

mented with either: no supplement, 1% SF, 3% SF, 5% SF, or

10% SF. All SF samples used in this assay were collected on

the same day. After treatment for 24 hours, the proliferation

assay was performed using the Cell Counting Kit-8 (CCK-8)

(Dojindo Molecular Technologies, Inc., Gaithersburg, MD).

Two hours after treatment with CCK-8, the final density of

cells was measured using a microplate spectrophotometer

(Epoch, Biotek instruments, USA) at 450 nm. Using the

same procedure, a second assay was performed at 96 hours

after treatment.

Migration assay

Keratocytes (500,000 cells/ml) were seeded in a culture-

insert (Ibidi, GmbH, Martinsried, Germany) and grown until

confluent in DMEM containing 10% FBS and antibiotics

(streptomycin/penicillin). The migration device was removed

and a cell-free gap of approximately 500 m thickness was

left between the two separate cell monolayers. The cells were

washed with PBS and incubated for 24 hours in medium sup-

plemented with the following: no supplement, 1% SF, 3%

SF, 5% SF, or 10% SF. To quantify the area of migration,

phase contrast and fluorescent images of the cell-free gap

before treatment and after 12 hours of treatment were cap-

tured using a digital camera coupled to an inverted micro-

scope (CKX41, Olympus, Japan). The area of the gap and

the migratory cells were calculated using the ImageJ soft-

ware (National Institutes of Health, Maryland, USA).

Real-time PCR analysis

Keratocytes were seeded and grown until confluent in

DMEM containing 10% FBS and antibiotics (streptomycin/

penicillin). Cells were then incubated in serum free medium

for 24 hours. After washing the cells with sterile PBS, one

Table 1. Sequences of PCR primers

Gene Primer Sequence (5' 3') Accession Number

GAPDH
Forward GAT GCT GGT GCT GAG TAT GT

Reverse CAG AAG GAG CAG AGA TGA TGA C

SMA-

(-smooth muscle actin)

Forward AGA CAT CAG GGA GTG ATG GT
XM_534781.2

Reverse GGT GAT GAT GCC GTG TTC TAT

IL-1

(Interleukin-1)

Forward TCT CAA AGA CAT CCC AGC TTA C
NM_001003157

Reverse ACT TAA ACT CAA CCG TCT CTT CT

HGF

(Hepatocyte growth factor)

Forward AGG AGA TGA GAA ACG CAA ACA
NM_001002964

Reverse GGC CTA GCA AGC TTC AGT AAT A

TGF-1

(Transforming growth factor 1)

Forward CAT GTG GAG CTG TAC CAG AAA TA
NM_001003309

Reverse CAC GAC TCC AGT GAC ATC AAA
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plate was maintained with serum free medium as a control

group and the other plate was treated with 5% SF. After 24

Fig 1. Proliferation of canine keratocytes. (A) The proliferation

of canine corneal keratocytes treated with the following: serum

free media, 1% SF, 3% SF, 5% SF, and 10% SF 24 hours after

treatment. (B) Phase contrast microscopic images of canine cor-

neal keratocytes treated with the following: serum free media,

1% SF, 3% SF, 5% SF, 10% SF, 96 hours after treatment (40×

magnification). (C) The proliferation of canine corneal kerato-

cytes treated with the following: serum free media, 1% SF, 3%

SF, 5% SF, and 10% SF 96 hours after treatment. All data rep-

resent the mean ± SD. *: P-value  0.05 compared with cells

cultured without SF. **: P-value < 0.001 compared with cells

cultured without SF.

Fig 2. Migration of canine keratocytes. (A) Phase contrast

microscope images of canine corneal keratocytes treated with

the following: serum free media, 1% SF, 3% SF, 5% SF, and

10% SF 96 hours after treatment (100× magnification). (B) The

area of migration of canine corneal keratocytes from the fol-

lowing groups: serum free media, 1% SF, 3% SF, 5% SF, and

10% SF 12 hours after treatment. All data represent mean ± SD.

*: P-value  0.05 as compared with cells cultured without SF.

**: P-value < 0.001 compared with cells cultured without SF.

hours of treatment, the culture media was removed, the cells

were washed with PBS, and harvested. The total RNA was

extracted from the cell layers using the Trizol Reagent (Life

technologies, USA). cDNA was synthesized from 1 g of

total RNA from each sample using M-MuLV reverse tran-

scriptase (Cosmogenetech, Seoul, Korea) and RNase inhibitor

(Cosmogenetech, Seoul, Korea), according to the manufac-

turer’s instructions. Real-time PCR was performed using the

Bio-Rad CFX96 (Bio-Rad Laboratories, Inc., USA). A 20 l

total volume mixture, included 10 mol of each primer, 5 l

RT products (1:10 diluted), and 10 l Labopass SYBR Green

Q master mix (Cosmogenetech, Seoul, Korea). After pre-

denaturation for 3 minutes at 94oC, the amplifications were

performed for 40 cycles with the following steps: denatur-

ation (10 seconds, 94oC), annealing (10 seconds, 60oC), exten-

sion (20 seconds, 62oC). The mixture including the IL-1

primer was cycled 40 times at 94oC for 10 seconds, 58oC for

10 seconds, and 62oC for 20 seconds. At the termination of
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the PCR, a melting curve generated and the samples were

heated from 65oC to 95oC at a rate of 0.05oC/sec elevation in

order to confirm a single peak of fluorescence. Each sample

was tested in triplicate. The relative expression of SMA-,

IL-1, HGF, and TGF-1 was calculated using the compara-

tive threshold cycle (Ct) with the CFX manager version 3.1.

The GAPDH housekeeping gene was used as an internal

control for normalization of RNA quantity. The primers are

listed in Table 1.

Statistical analysis

For statistical analysis, parametric one-way analysis of

variance followed by a Fisher test was performed using Sig-

maPlot Version 14 (Systat Software, Inc., USA). As it is dif-

ficult to assess the assumption of normality with the small

amount of data available, a non-parametric Mann-Whitney

analysis test was used to test group differences in the real-

time PCR analysis (SPSS Statistics version 23, IBM SPSS

Inc., USA). A value of p  0.05 was considered statistically

significant. A p-value < 0.001 was considered highly signifi-

cant. All data are presented as the mean ± standard deviation.

Fig 3. Relative mRNA expression of canine keratocytes. (A) Comparison of interleukin-1 (IL-1) mRNA expression levels between

the control and SF group 24 hours after treatment. (B) The relative expression of hepatocyte growth factor (HGF) between the control

and SF group 24 hours after treatment. (C) Comparison of transforming growth factor-1 (TGF-1) mRNA expression between the

control and SF group 24 hours after treatment. (D) Relative mRNA expression of alpha smooth muscle actin (SMA-) in keratocytes

cultured in serum free medium and medium with 5% SF. Data represent mean ± SD. *: P-value  0.05.

Results

Proliferation assay

In keratocyte culture, SF treatment resulted in a significant

increase in proliferation after 24 and 96 hours of treatment,

as compared to the control group. Proliferation of canine cor-

neal keratocytes was significantly increased in all of the

treated groups, including the 3%, 5%, and 10% SF groups at

24 hours, as compared to the control group, except in the 1%

SF group (Fig 1A). Levels of proliferation in the 5% and

10% SF groups were highly statistically significant in com-

parison with the control group (p < 0.001). A second assay

after 96 hours of treatment showed increased proliferation in

the groups treated with 1%, 3%, 5%, and 10% SF (Fig 1B

and 1C). All SF-treated groups in the second assay were sta-

tistically significant as compared with the control group (p <

0.001).

Migration assay

Compared with control group, migration in all SF-treated

groups was significantly increased (Fig 2A and 2B). In the
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group treated with10% SF there was an especially high rate

of migration as compared with that of the control group.

Real-time PCR analysis

mRNA expression of factors associated with corneal wound

healing, such as IL-1, HGF, TGF-1, and SMA-, were

examined. Relative expression of IL-1 and HGF were sig-

nificantly increased in the SF-treated group as compared with

the control group (Fig 3A and 3B). mRNA expression of

TGF-1 was statistically significantly decreased (Fig 3C) and

SMA- levels were statistically significantly decreased (Fig

3D), as compared with the control group.

Discussion

Keratocytes play an important role in corneal wound heal-

ing. Quiescent keratocytes adjacent to the wound edge are

activated to become corneal fibroblasts, which have migra-

tory and proliferative capacity. Corneal fibroblasts migrate

into the wound to proliferate and replace depleted kerato-

cytes, and also rapidly synthesize collagen and other compo-

nents of the ECM (1,17). This healing process is mediated by

numerous cytokines, growth factors, proteases, and ECM

components and their receptors (11,16,26).

SF consists of plasma dialysate and various factors secreted

from joint tissues and contains numerous viscoelastic constit-

uents, cytokines, and growth factors that may be involved in

the proliferation and migration of cells (2,9). There are sev-

eral studies that have evaluated the effect of SF on various

cells, including fibroblasts and osteoblasts (5,14,19,27).

Previous studies have identified viscoelastic substances in

SF, including HA and fibronectin, which promote the migra-

tion of fibroblasts (2,11). There are several studies that have

identified the mitogenic effect of SF in various cells, includ-

ing ligament fibroblasts and osteoblasts (19). In the present

study, proliferation of keratocytes was significantly increased

in the SF-treated group as compared with control group at

24 hours and 96 hours. In addition, the migration rate of ker-

atocytes was increased in the SF group as compared to con-

trol group at 12 hours. These results suggest that SF benefits

the corneal wound healing process through enhancing migra-

tion of corneal fibroblasts and promoting proliferation of ker-

atocytes.

In the present study, the mRNA expression of IL-1 in the

SF-treated group was significantly increased as compared

with the control group at 24 hours. IL-1 is primarily secreted

from injured epithelium and plays various roles in corneal

wound healing. As a pro-inflammatory cytokine, IL-1 medi-

ates apoptosis of keratocytes within the wound in the early

wound healing response. Apoptosis of keratocytes is an

important process that occurs at the beginning of the healing

process (26). IL-1 plays important roles in corneal remodel-

ing in wound healing through activation of keratocytes and

promoting the production of matrix metalloproteinases (MMPs)

(21,24). Previous studies have demonstrated that IL-1 has a

mitogenic effect on keratocytes and promotes the migration

of epithelial cells (12). This suggests that SF may help induce

the wound healing process, through remodeling the wound

by triggering apoptosis of injured cells and proliferation of

new cells. However, because IL-1 mediates numerous inflam-

matory responses and pathological changes in various organs,

further in vivo work is needed to further evaluate the effects

of IL-1 induction by SF.

HGF is predominantly produced by stromal fibroblasts in

response to corneal wounds and mediates epithelial cell func-

tion in a paracrine manner (16). In the cornea, HGF contrib-

utes to epithelization by accelerating proliferation and migration

and inhibiting apoptosis of epithelial cells (18). In the pres-

ent study, mRNA expression of HGF in corneal fibroblasts in

the SF-treated group was significantly increased as com-

pared to the control group at 24 hours. This result suggests

that SF may contribute to corneal wound healing by enhanc-

ing proliferation of epithelial cells through HGF. However, as

epithelial wound healing is mediated by numerous cyto-

kines, additional work is needed to further identify the effects

of SF in epithelial cells of the cornea.

Along with FGF-2 and PDGF, TGF- is a key cytokine

involved in myofibroblast development and maintenance

(10,25). TGF- delays proliferation of keratocytes and pro-

motes transformation into fibroblasts or myofibroblasts (6).

For these reasons, TGF- plays important roles in corneal

wound healing by increasing the migration and ECM produc-

tion in cells. However, TGF- may cause fibrosis due to

excessive maintenance of myofibroblasts after the wound

healing process. Many studies have shown that attenuation of

TGF- reduces fibrotic changes (20). In the present study, the

mRNA expression of TGF- was not significantly different

between the two groups. However, the TGF- that has an

effect on keratocytes is predominantly secreted from epithe-

lial cells. Further studies are needed to observe the effects of

SF on corneal wound healing in vivo.

SMA- is expressed by completely transformed myofibro-

blasts, and is considered a fibrotic marker. As myofibro-

blasts are highly contractile and have strong migration

capacity, they play important roles in closing the wound gap.

However, the haze associated with excessive and persistent

myofibroblast activation after wound healing is considered a

pathological response (10,17,25). In the present study, despite

the increased migration of keratocytes, the mRNA expres-

sion of SMA- was not significantly increased in the SF

group as compared to the control group at 24 hours. This

result suggests that SF accelerates migration of keratocytes

but does not increase numbers of myofibroblasts. However,

as corneal haze is generally considered a long-term compli-

cation of a deep corneal wound, further long-term studies are

needed to better assess this phenotype.

Conclusion

This study is the first , to our knowledge, that has assessed

the response of canine keratocytes to SF treatment. Normal

SF increased proliferation and migration without increases in

mRNA expression of SMA-. SF increased mRNA expres-

sion of IL-1 and HGF in canine corneal fibroblasts. These

results suggest that normal SF may be helpful in corneal

wound healing without affecting the generation of myofibro-

blasts. As this study was performed in simplified keratocytes

culture for only a short time, long-term in vivo studies are
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necessary to further evaluate the effects of SF in corneal

wound healing.
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