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ABSTRACT 
 

The study purpose was to determine whether canine corneal cultures demonstrate 

superior growth when cultured in a fully defined epithelial selective medium, Epilife®, 

compared to Dulbecco’s modification of Eagle’s medium (DMEM) with fetal bovine 

serum (FBS), and to characterize cultured canine corneal cells. Superficial keratectomies 

were performed on three dogs. Samples were trypsinized to separate cell layers. Post-

trypsinization, immunohistochemistry confirmed that epithelial cells had been released 

from the stroma. Both cell populations (presumed epithelial cells and stromal tissues) 

were cultured in DMEM with FBS or Epilife®. First passage cells were fixed for 

immunocytochemistry and prepared for PCR. Immunocytochemical staining for 

pancytokeratin, vimentin, and E-cadherin was evaluated, and immunofluorescence for 

zonula occludens-1 was attempted. Amplification of cytokeratin 5 (CK5) mRNA was 

assessed by PCR. Primary presumed epithelial cells grew faster when cultured in DMEM 

with FBS compared to Epilife®. Stromal tissue segments in Epilife® medium failed to 

adhere to culture plates, indicating that this medium may inhibit attachment and growth 

of non-epithelial tissues. Staining of corneal tissue segments confirmed that epithelial 

layers were pancytokeratin and E-cadherin positive, while stromal cells were vimentin 

positive. Immunocytochemistry of cultured cells revealed that epithelial cells stained 

positively for pancytokeratin, vimentin, and E-cadherin, while stromal cells remained 

only vimentin positive. Greater amplification of CK5 mRNA occurred from epithelial 

cells grown in Epilife® compared to epithelial cells in DMEM with FBS or the stromal 

cells. Based on PCR results, Epilife® medium may support retention of the epithelial 

characteristic of CK5 mRNA expression better than DMEM with FBS. 
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INTRODUCTION 
 
Corneal Anatomy and Physiology 
 

The canine cornea comprises the anterior fourth of the fibrous tunic of the globe.1  It 

provides structural support, protects the intraocular contents, assists in maintenance of 

surface immunity directed against invasive pathogens, serves as the major refractive 

surface of the eye, and maintains optical clarity via various physiological functions.2-6 

The corneal layers include the outer stratified squamous epithelium, the basement 

membrane of the epithelium, the corneal stroma, the basement membrane of the 

endothelium, known as Descemet’s membrane, and the endothelium.1 The cornea is 

relatively thin, non-keratinized, non-pigmented, avascular, and deturgescent, with regular 

arrangement of collagen fibers spanning the corneal stroma.1 It is one of the most highly 

innervated structures in the body, predominantly by the ophthalmic branch of the 

trigeminal nerve and to a lesser degree by sympathetic neurons.7 The central cornea is 

thinner than the perilimbal region, with an overall thickness ranging between 500-

700µm.8  

 

The anterior epithelium comprises 25-40µm of the total corneal thickness in dogs.1 It is 

five to seven cell layers thick in the dog, arranged with a single row of columnar basal 

cells, two to three polyhedral wing cells, and two to three layers of flattened non-

keratinized superficial squamous epithelial cells on the surface.1 The corneal epithelial 

turnover rate is approximately seven days in the dog.2 The two populations of mitotically 

active cells in the corneal epithelium are stem cells, located at the limbus, and transient 

amplifying cells, located among the basal cells of the epithelium.9 While stem cells may 

proliferate and self-renew extensively, transient amplifying cells have reduced mitotic 

abilities and are incapable of self-renewal.9 With mitosis, cellular products migrate 

centripetally and form the basal epithelial layer.2,4 The basal epithelial cells undergo 

progressive differentiation into polyhedral cells and superficial squamous epithelial 

cells.2,4  
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The anatomy of the epithelium, in concert with the precorneal tear film, provides a 

formidable barrier against fluids and invasive pathogens.1,3 The outer non-keratinized 

stratified epithelium is of surface ectoderm origin, and it is a hydrophobic and lipophilic 

structure laden with hemidesmosomal and desmosomal attachments between cells.1,2,4 

These attachments prevent imbibition of fluids that would otherwise result in corneal 

edema and decreased optical clarity.1 Additionally, the epithelium is the most important 

corneal layer in determinations of ocular drug penetration.10,11 This structural and 

biochemical design also prevents invasion by most organisms, and for particularly 

virulent pathogens, the corneal epithelium is able to express various pro-inflammatory 

mediators to recruit host immune activities.3 Once the corneal epithelium is damaged, 

several events facilitate rapid recovery.12 Adjacent epithelial cells migrate into the wound 

bed and adhere to the exposed underlying stromal surface.4,5,12 Mitosis of corneal stem 

cells and transient amplifying cells, followed by differentiation of the cellular products, 

allows re-organization of the corneal epithelial morphology over the subsequent 6-8 

weeks.12 

 

Underlying the corneal epithelium is the stroma, which provides approximately 90% of 

the corneal thickness.1 It is hydrophilic, avascular, and comprised of parallel bundles of 

collagen fibers and proteoglycans arranged in lamellar sheets, which span the entire 

corneal diameter.1,13 To help maintain clarity, there are few cells present in the corneal 

stroma. Keratocytes, mesenchymal cells of neural crest origin, are the principle stromal 

cell type.13 They are responsible for collagen and proteoglycan production, and though 

keratocytes are mitotically quiescent in adults, they form a network of cells through 

extensive dendritic processes linked by gap junctions.13,14 Other cells within the corneal 

stromal include rare wandering cells, which are typically leukocytes.1  

 

During episodes of stromal injury, there is recruitment of leukocytes to the site of injury 

and altered expression of collagens, proteoglycans, and proteolytic enzymes.4,5,13,15 

Additionally, keratocytes may become fibroblastic or myofibroblastic.13,15 These 

phenotypically altered cells are better able to proliferate, migrate to the injured area, and 
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stimulate wound contraction, resulting in rapid repair of corneal integrity.13,15,16 These 

fibroblastic cells also result in decreased corneal clarity by promoting scar formation.13,15 

However, some corneal scars clear over time, indicating that a return to the quiescent 

keratocyte phenotype may occur.15  

 

Separated from the corneal stroma by Descemet’s membrane is the endothelium.1 As a 

single cell layer, the corneal endothelium contributes insignificantly to the measured 

thickness of a healthy cornea.1 However, the relative deturgescence of the cornea is 

actively maintained by Na+-K+ ATPase channels in the endothelial cells, which pump 

water out of the cornea and into the anterior chamber.1,8,17 Tight junctions between 

endothelial cells also act as barriers to the influx of fluid.1 Once destroyed, endothelial 

cells in adult mammals have virtually no regenerative abilities; however, cells may 

expand and migrate across adjacent endothelial defects.5,17 

 

In Vitro Research 
 

Given the unique anatomy and physiology of the cornea, the importance of in vitro 

research of this tissue cannot be ignored. While canine corneal in vitro research is in its 

relative infancy, human and laboratory in vitro corneal studies have continued to gain 

importance over the decades.10,18-22 Despite unquestionable limitations, in vitro cultures 

of cells provide a controlled environment with identifiable variables and potentially 

repeatable results, permit advancements in the understanding of molecular biology for 

various physiologic and pathologic events, allow for evaluation of drug metabolism, 

permeability, and toxicity, and minimize the use of live and dead animal models.10,11 

Additionally, recent sophisticated in vitro investigations are developing cultured 

transplant materials for certain organs, including the cornea.9,18,23 While in vivo 

investigations are ultimately necessary, precedent in vitro investigations may greatly 

improve the efficiency and margin of safety for in vivo work.10,11 

 

While in vitro studies are clearly beneficial, the limited ability of a laboratory setting to 

mimic a natural physiologic environment is probably the greatest shortcoming of in vitro 
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investigations.10,24 Use of the appropriate cell type, sampling and processing techniques, 

culture conditions, and substrate characteristics must be accomplished for optimal in vitro 

results.10,24 Selection of the appropriate cell type is important because cellular activities, 

interactions, and responses to drugs and injuries vary considerably, depending on the 

cellular origin.10,13,17,25-27 Within an organ system or given cell type, there is also 

considerable in vitro variation among species, indicating that a culture model of one cell 

type from one species may not be adequate for others.6,11,13,14,16,19,28-34 Additional features 

of in vitro studies that require careful scrutiny include sampling and processing 

techniques, which aim to maximize numbers of primary viable cells of interest, while 

minimizing potential contaminating cell types.13,27,34-38 Culture conditions, including 

culture medium and incubation parameters, are also of the utmost importance in 

propagation of the primary cells of interest.10,27,39-41 Determining the necessary medium 

components for optimal cell growth is a challenge for in vitro investigations. While the 

use of serum, which contains unknown components, has long been included in the 

medium for in vitro studies, more recent investigations are attempting to eliminate serum 

from the culture medium.24,40-43 Ideally, fully defined media for optimal growth of 

various cell types will be established.39,42 Substrate characteristics have also been 

recognized as important contributing factors to successful in vitro 

investigations.10,24,35,40,41 Variations in substrate qualities have resulted in changes in 

cellular growth characteristics in different media, altered cell alignment behaviors, and 

differences in cell-to-substrate adhesion properties.10,24,35,40,41  

 

OBJECTIVES 
 

In efforts to accomplish an optimal in vitro environment for corneal studies, extensive 

research has been performed in several species.6,9,13,14,16,19,23,24,29,32,44-46 However, only 

limited work has been accomplished in canine corneal culture systems.30,31,47,48 There are 

few studies in which the epithelial layers have been cultured, and there are no studies in 

which growth characteristics of corneal stromal cells have been demonstrated.30,31,47,48 

The biochemical and immunocytochemical characterization of these cells has thus been 

poorly documented.30,47 Though two in vitro studies have evaluated the morphologic and 
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migration characteristics of canine corneal epithelial cells in response to exposure to 

various antibiotics and anti-inflammatory agents,30,47 most of the information on corneal 

epithelial penetration and ocular toxicity has been extrapolated to dogs from studies in 

other species.10,14,45,49-51 Studies have been performed in vivo in canine colonies prior to 

determining safety and efficacy in vitro.52-58 By overlooking the potential benefits of 

corneal cultures, the risks and costs of in vivo studies are greatly increased.10,11  

 

Given the relatively common presentation of corneal disease in dogs and the frequency 

with which topical ophthalmic medications are administered to the canine eye,5,59,60 

gaining a better understanding of the canine corneal characteristics in vitro will lead to 

improved ophthalmic therapeutics in this species. An in vitro investigation characterizing 

canine corneal epithelial and stromal cells will provide the groundwork for future 

development of standardized culture techniques for canine corneal epithelial cells and 

stromal cells, as well as encourage studies of ocular toxicity and pharmacokinetics. The 

goals of this project were to culture canine corneal epithelial cells and stromal cells in 

two different media and to determine whether either medium was superior in promoting 

cell attachment, growth, and expression of appropriate biochemical and 

immunocytochemical cellular characteristics. Specifically, these cells were grown in 

Epilife® medium, a fully-defined serum-free medium reported to be selective for 

epithelial cell growth, and Dulbecco’s modification of Eagle’s medium (DMEM) 

supplemented with fetal bovine serum (FBS). The investigators hypothesized that corneal 

epithelial cell proliferation would be superior in the Epilife® medium, while corneal 

stromal cells would preferentially thrive in DMEM with FBS. To document variations in 

cell morphology, growth, and biochemical and immunocytochemical characteristics, 

photomicrographs were taken of live cultures, immunocytochemical staining properties 

of the cultured canine corneal epithelial and stromal cells to antibodies against 

pancytokeratin, vimentin, and E-cadherin were evaluated, immunofluorescent properties 

of these cultured cells against zonula occludens-1 (ZO-1) were assessed, and quantitative 

real time reverse transcriptase polymerase chain reaction (RT-PCR) of the cultured cells 

for amplification of cytokeratin 5 (CK5) messenger RNA (mRNA) expression with 

subsequent DNA sequencing of the amplified product was performed. 
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CHAPTER I. LITERATURE REVIEW 
 

In Vitro Research 
 

In vitro investigations of the canine corneal tissues have been reported by four groups of 

investigators.30,31,47,48 In the two studies by Huang et al., an explant technique was used, 

efforts to characterize the corneal cells grown in culture were not reported, and methods 

of ensuring minimal fibroblast contamination from the explants were not clearly 

indicated.31,48 The purposes of these two studies were to understand mechanisms of 

bradykinin-mediated calcium signaling and characterize the bradykinin receptors present 

in cultured canine corneal epithelial cells. The investigations were biochemical in nature, 

with little emphasis on the morphologic characteristics of the cells. In the two studies 

performed by Hendrix et al., an explant technique was employed in one of the studies, 

and an initial cell suspension technique by chemical digestion with dispase, followed by 

physical removal of the epithelial cells from the underlying superficial stroma, was used 

for the other study.30,47 The effects of various anti-inflammatories, antimicrobials, and 

preservatives on the morphologic characteristics of the cultured cells were documented 

using photomicrographs to assess for cell shrinkage, rounding, or death.30,47 Additionally, 

the epithelial characteristics of the cultured cells were documented by 

immunocytochemical staining with a monoclonal antibody against multi-cytokeratin.30,47 

In these latter two studies, Madin-Darby canine kidney (MDCK) cells were used as a 

positive control for canine epithelial staining characteristics, and mouse 3T3 feeder cells 

were employed as a negative control.30,47 However, no biochemical comparisons were 

made to differentiate canine corneal epithelial cells from corneal stromal cells or 

fibroblasts that may have been present in the in vitro environment. Specifically, no 

immunocytochemistry, PCR, or other analyses were performed to document the 

distinguishing characteristics of corneal epithelial cells from stromal cells. 

 

Among other domestic species, in vitro corneal studies have also been reported 

infrequently. Sandmeyer et al. reported a series of investigations on cultures of feline 
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corneal epithelial cells in which epithelial cells were digested from the underlying stroma 

using dispase.32,61,62 Morphologic characteristics were documented by photomicrographs, 

and the epithelial immunocytochemical features were demonstrated using antibody AE5 

directed against cytokeratins 3 and 12, and antibody AE1/AE3 for recognition of 

cytokeratins 1, 2, 3, 4, 5, 6, 8, 10, 14, 15, 16, and 19.32,61,62 Cells scraped from fresh 

corneal samples served as positive controls, and omission of the primary antibodies of 

interest functioned as negative controls. These analyses were performed before and after 

exposure of the cultured corneal epithelial cells to feline herpesvirus-1 and to certain anti-

viral agents.32,61,62 One report of cultured equine corneal epithelial cells and keratocytes 

by Haber et al. investigated the effects of various concentrations of epidermal growth 

factor, platelet-derived growth factor, and transforming growth factor-beta on corneal 

epithelial and stromal cell proliferation.44 Epithelial cells of corneal sections were 

separated from underlying stroma using dispase and physical removal of the epithelial 

sheet, while stromal layers from other corneal sections were digested from the epithelium 

and endothelium utilizing trypsin.44 Cells were distinguished by the polygonal 

appearance of the epithelial cells and the spindle shape of the keratocyte cells, but no 

biochemical or immunocytochemical analyses were performed to characterize the cell 

types.44 The effect of latanoprost on culture porcine corneal stromal cells was 

investigated by Wu, Wang, and Hong.14 Corneal dissection samples were digested with 

trypsin to separate the stromal cells from epithelium and endothelium.14 Though 

morphologic descriptions and routine immunocytochemical staining characteristics were 

not provided, immunofluorescent staining for Type I collagen was analyzed, and various 

biochemical evaluations were performed to characterize the cells.14 Rates of cellular 

uptake of certain amino acids, mitochondrial viability, cell migration assays, western blot 

for fibronectin protein, and spectrofluorophotometry for detection of intracellular calcium 

were performed.14 Bovine keratocytes have also been cultured using collagenase 

digestion with trypsin.15 Phase contrast photomicrographs were taken to document the 

cellular morphologies in media with and without serum over time, and differential 

expression of various soluble proteins in normal dendritic keratocytes and keratocytes 

made fibroblastic by serum were compared using western blot analyses.15 Results of the 

study indicate that normal dendritic bovine keratocytes become fibroblastic by addition 
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of serum to the culture medium, and that removal of serum from the fibroblastic cell 

cultures allows for partial restoration of the more dendritic keratocyte phenotype.15 

 

In contrast to the relatively few reports of in vitro corneal research in dogs and other 

domestic species, investigations of human and laboratory animal corneal cultures are 

more extensive. Morphological and cytochemical features of primary cultured corneal 

cells from humans and laboratory animals have been characterized thoroughly using 

photomicrographs, electron microscopy, immunocytochemistry including 

immunofluorescence, protein electrophoresis, and PCR.11,16,33,63,64 Photomicrographs 

demonstrate the polygonal appearance of corneal epithelial cells in culture, as compared 

to the dendritic keratocytes, which may elongate and become more fibroblastic under 

certain culture conditions.12,16,33,64,65  Electron microscopy provides images of cell 

morphologic characteristics in greater detail, including depictions of the microvilli of 

epithelial cells and tight junctions between cells.11,34,66 Immunocytochemical and 

immunofluorescent properties of corneal cells from in vitro studies have been thoroughly 

described, including staining for cytokeratins, vimentin, cadherins, zonula occludens, 

pinin, p63, desmoplakin, and connexin, to list a few.16,21,33,34,46,63,64,66-69 Protein 

eletrophoresis has been utilized extensively to confirm the presence of and further 

characterize proteins expressed in cultured corneal cells.16,33,46,64,66 Polymerase chain 

reaction has provided a highly sensitive method of amplifying and identifying proteins 

expressed by the cultured corneal epithelial and stromal cells.16,21,46,63,66,69 Corneal 

epithelial cell lines from humans, rabbits, hamsters, and rats have been immortalized to 

facilitate research while minimizing variation among experimental cell 

populations.17,19,28,29,42,46 Functional reconstruction of cultured corneal epithelial cell 

sheets from limbal cell populations have also been accomplished.9,23,34,70 Additional 

aspects of the in vitro corneal research that have been performed in humans and 

laboratory species will be emphasized in the following sections based on investigations 

conducted during the current research project. 
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Factors Influencing Cell Cultures  
 

Numerous factors, including cell isolation techniques and culture medium qualities, may 

affect cell growth, morphology, differentiation, and ability to express various proteins. 

Cultures may be established by explantation, whereby cells migrate from the tissue of 

origin onto the culture substrate, or cell suspension, in which intercellular collagens are 

digested, and cells are suspended in the culture medium.34,37,71 Though explantation 

cultures of corneal tissues have been employed with considerable success,22,33,40,67,68 there 

is some debate as to whether cell explants or cell suspensions are more appropriate for 

corneal cultures.35,37 Koizumi et al. reported that the cell suspension culture technique for 

human corneal limbal epithelial cells was superior to explant-cultured cells.37 This 

determination was based on decreased intercellular spaces between cells in the initially 

suspended cultures as compared to the explant cultures.37 The authors theorized that the 

use of cell suspension technique allowed better clonal expansion of individual limbal 

stem cells than the explant technique. Results of a study by Zhang et al. were in 

agreement with the Koizumi et al. research, reporting that cell suspension cultures had 

greater content of stem cells and less fibroblast contamination.35 Huang et al. utilized 

cellular explantation for their in vitro canine corneal research.31,48 In two separate 

investigations, Hendrix et al. used cell suspension and explantation techniques for 

cultures of canine corneal epithelial cells; however, the products resulting from these 

techniques were not compared.30,47 

 

When cell suspension cultures are initiated, cellular digestion is required to separate and 

isolate cells.13,30,32,34,35,37,70,71 Digestion techniques that have been evaluated for corneal 

tissues include mechanical and chemical separation of tissues.13,30,32,34,35,37,70,71 A 

combination of techniques are often utilized to minimize cell damage and improve 

isolation of the cell type of interest.13,30,32,35 Collagenases such as dispase and trypsin 

digest proteins that maintain intercellular adhesions.37,38,71  Zito-Abbad et al. compared 

corneal epithelial cell growth after digestion with dispase or trypsin and found that for 

cells treated with trypsin, there was decreased cell growth after two and three weeks in 

culture.34 Cell digestion with dispase often requires longer incubation times than trypsin 
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to successfully separate corneal cells.13,35,71 In the study by Zito-Abbad et al., cells were 

incubated with either enzymatic agent for one hour, which may have been longer than 

necessary for trypsin.34 It is also possible that factors other than the digestion agents 

affected the cells, since the differences in cell growth were not observed for two weeks.34 

Additionally, since trypsin is routinely used to subculture cells as they approach 

confluence, it is unlikely to be cytotoxic when exposure time and concentration is 

limited.30,32,38,47 While Hendrix et al. used dispase for initial digestion of tissues in their 

cell suspension cultures, Huang et al. and Hendrix et al. subcultured their canine corneal 

cells using trypsin when the cultures approached confluence.30,31,47,48 

 

In addition to deciding between a cell suspension or explantation technique, and applying 

digestion agents if needed, researchers must also identify the appropriate cell culture 

medium and additives. Identification of ideal culture media for various cell types is 

gaining importance for in vitro research. Serum has historically been used as an important 

additive to basal media for support of cell growth and longevity in vitro.22,24,40,43 

However, the components of serum are not fully defined and composition may vary due 

to its biological origin.13,22,24,39,40,43 Serum also induces alterations in cellular behaviors 

and morphologies.13,24,39,40,43 Corneal epithelial cells respond differently to changes in 

substrate topography when cultured in serum-free medium as compared to serum-

containing medium.24 Keratocytes lose their dendritic morphology and become 

fibroblastic when cultured in the presence of serum.13 Additionally, some of the 

physiologic properties of the dendritic keratocytes, such as production of keratan sulfate 

proteoglycan production are diminished when serum is present.13 Corneal endothelial cell 

cultures are reportedly of higher quality when cultured in serum-free conditions, with 

improved cell survival and cell membrane integrity.39 In corneal organ culture systems, 

endothelial cell viability was superior when serum-free medium was used instead of 

serum-containing medium.43 In addition to serum, the effects of numerous other 

compounds on corneal cell cultures have been investigated. Fibronectin, substance P, and 

insulin-like growth factor are examples of compounds that promote cellular growth in 

vitro.50,51 The neurotrophic influences of trigeminal and sympathetic neurons also 

improve proliferation and possibly differentiation of corneal epithelial cells in culture.49,72 
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In contrast, calcitonin gene-related peptide, corticotrophin-releasing hormone, dilute 

alcohol, various anti-glaucoma agents, and high extracellular calcium levels inhibit 

corneal cell growth in vitro.36,45,49,69,73,74 Reduction of pinin levels and lipopolysaccharide 

challenge alter expression of junctional proteins in cultured cells,69,75 and exposure of 

cells in culture to various inflammatory agents increases expression of numerous 

cytokines.3,21 These reports demonstrate the importance of the culture medium qualities 

on cell growth, proliferation, and longevity in vitro.  

 

Though the effects of serum and other supplements on corneal cell growth in culture have 

been investigated, there is still considerable debate on which basal media and 

supplements are ideal for corneal cultures.24,39,76 Dulbecco’s modification of Eagle’s 

medium (DMEM) is a commonly used culture medium which is not selective for 

epithelial cells and is often supplemented with fetal bovine serum (FBS).38,40,77,78 Another 

commonly used  non-selective culture medium is a 1:1 mixture of DMEM with Ham’s 

F12 (DMEM/F12).24,32,47,76 In contrast, Epilife® is a fully defined serum-free culture 

medium with defined supplements, used for selective expansion of epithelial cell 

cultures.24,70,77,79,80 Epilife® and DMEM with FBS have been used sequentially in 

numerous investigations to alter the human corneal culture environment.40,77-79 Barnard et 

al. compared in vitro human corneal growth in Epilife® and DMEM/F12, and Teixeira et 

al. determined in two separate studies that these two media have differing effects on 

human corneal epithelial cellular alignment, depending on substrate characteristics.24,76,79 

However, no studies directly comparing the effects of DMEM with 10% FBS and 

Epilife® on human corneal cell cultures were identified by a literature search.  

 

In dogs, Epilife® culture medium has been used by Song et al. for development and 

characterization of a canine oral mucosa equivalent.27 In their study, no comparison was 

made to assess whether the effects of Epilife® differed from other culture media.27 No 

additional references for Epilife® use in canine in vitro research were identified. Previous 

investigators of canine corneal cultures utilized DMEM/F12 as their sole culture medium, 

and to date, there have been no publications documenting the effects of different culture 

media on canine corneal cell growth in vitro.30,31,47,48 
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Characterization Techniques for Cultured Cells 
 

Immunohistochemistry and Immunocytochemistry 
 

Immunohistochemistry and immunocytochemistry are techniques of cell characterization, 

which may be applied to tissue sections (immunohistochemistry) or individual cells 

(immunocytochemistry). Direct or indirect detection methods may be employed. With 

direct detection systems, the primary antibody directed against the antigen of interest is 

applied to the cells or tissue, and this primary antibody is labeled with an enzyme or 

fluorophore that permits visualization of cells with positive staining characteristics. With 

indirect detection techniques, the primary antibody is applied to the cells or tissue, and 

the antibody binds to the cellular antigen of interest if it is expressed. A secondary 

antibody is then applied to detect the initial antibody-antigen complex, and this secondary 

antibody is enzyme-labeled. Routine immunocytochemical stains are enzyme-mediated 

with either horseradish peroxidase or alkaline phosphatase. Immunofluorescence, on the 

other hand, utilizes a molecule that fluoresces under ultraviolet light attached to the 

antibody for detection.81 

 

Cytokeratins 

 

Keratins are a family of proteins that form tonofilaments, a class of intermediate 

filaments, which contribute to the cytoskeleton of epithelial cells in vertebrates, including 

corneal epithelial cells.6,33,82,83 The 54 known human keratins range between 40 and 67 

kilodaltons, and they can be divided into two subclasses based on their charge 

characteristics and amino acid sequences.6,82,83 Type I keratins are acidic and include K9-

K23, while type II keratins are basic and include K1-K8.6,82,83 One member of each 

family is required to form a heterodimeric double-stranded coil, and these keratin pairs 

are typically co-expressed according to tissue specificity and differentiation.6,82 Keratins 

5 and 14 are expressed in the basal cells of all stratified epithelia, and K3 and K12 are 

expressed in the differentiated superficial epithelium of the cornea in most species.6,82 
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According to research by Chaloin-Dufau et al., K3 may be present in only small amounts 

in the corneal tissue of dogs and humans, and it is not detectable in mice.82 The authors 

speculated that in these species, acidic keratin K12 may interact with basic keratin K5 to 

form the heterodimeric coiled intermediate filament structure.82 Lu et al. demonstrated 

that keratin 5 knockout mice reveal plasticity of keratin expression by up-regulating 

keratin 4 in the corneal epithelium.6 Many researchers utilize monoclonal antibodies 

AE1, AE3, and AE5 when assessing immunocytochemical staining characteristics of 

corneal epithelial cells.25,26,32,68,70,83,84 Antibody AE1 recognizes acidic keratins 10, 14, 

15, 16, and 19, AE3 binds basic keratins 1, 2, 3, 4, 5, 6, and 8, and AE5 adheres to 

keratins 3 and 12.32,84 Antibodies AE1 and AE3 are routinely combined to provide for 

broad recognition of epithelial cell types, and this combination of two monoclonal 

antibodies is referred to as multicytokeratin or pancytokeratin.26,32,68,70,84  

 

Cultured canine corneal epithelial cells stain with multicytokeratin according to Hendrix 

et al.47 Chaloin-Dufau et al. determined that monoclonal antibody AE5 stains canine 

corneal tissue sections.82 Additional canine tissues in which cytokeratin staining has been 

investigated include renal tubular epithelial cells from the MDCK cell line, epithelial and 

myoepithelial cells of mammary tumors, and normal and neoplastic prostatic 

tissues.25,26,85,86 

 

Vimentin 

 

Vimentin is another intermediate filament, but in contrast to the keratin intermediate 

filaments, vimentin is usually associated with cells of mesenchymal origin.13,33,70,84 Cells 

such as corneal stromal keratocytes, fibroblasts, and myofibroblasts are of mesenchymal 

cell origin, and thus express vimentin.13,70 Although vimentin is generally not expressed 

in epithelial cells in vivo,13,25,84 there are sporadic reports of cell types which co-express 

vimentin and cytokeratins in vivo.87-89 In contrast, vimentin expression is frequently up-

regulated by epithelial cells, including rabbit corneal epithelial cells, in vitro.33,34,67,70,84,85 

Authors have provided speculations to explain why cultured epithelial cells express 

vimentin. SundarRaj et al. discussed that vimentin expression is associated with changes 
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in cellular shape, which includes activities such as cellular proliferation, migration, and 

differentiation.33 Since vimentin expression in vitro decreases as cell density and 

desmosomal attachments increase, and since keratin filaments terminate at desmosomes, 

the authors theorized that vimentin replaces cytokeratin filaments temporarily in phases 

of rapid cellular migration where few desmosomal attachments exist.33 Zito-Abbad et al. 

demonstrated that vimentin expression in their cultured limbal cells occurred most 

frequently in poorly differentiated cells.34 Grieco et al. agreed that vimentin expression 

represented poorly differentiated cells in neoplastic prostatic tissues, and they also 

theorized that vimentin expression increased in non-neoplastic exfoliated epithelial cells 

due to their independent existence and loss of cell-to-cell contact.25  

 

Vimentin expression in canine corneal tissues has not been previously investigated. 

Madin-Darby canine kidney cells have been shown to co-express cytokeratins and 

vimentin.85,86 Neoplastic canine prostatic epithelial cells also co-express these two 

intermediate filaments.25 

 

E-Cadherin 

 

E-cadherin is a member of the cadherin superfamily, comprised of calcium-dependent 

cell-cell adhesion proteins expressed by cells of epithelial origin.90,91 The adherens 

junctions formed by E-cadherin play important roles in the development of epithelial 

tissues and the polarization of apical/basal cellular orientations.90 E-cadherin also 

participates in cell signaling events that affect cell differentiation, proliferation, 

migration, and survival.90-92 Because of calcium dependence, a reversible decrease in 

cadherin expression is observed when cells are cultured in low calcium concentrations.93 

Pinin, substance P, and certain matrix metalloproteinases (matrilysin and stromelysin) 

also play regulatory roles in the expression of E-cadherin in epithelial cells.75,91,94  

Numerous studies have demonstrated the presence of E-cadherin in epithelial junctions of 

rabbit and human corneal epithelial cells.40,66,75,94 The junctional protein is expressed in 

the basal and suprabasal corneal epithelial cells in vitro and in vivo, but reports vary as to 
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whether the stain accumulation occurs diffusely throughout the cytoplasm or whether it is 

restricted to the cell membrane and junctional regions.40,66,75,94 

 

E-cadherin expression has not been determined for canine corneal epithelial cells. Madin-

Darby canine kidney cells react positively to E-cadherin staining, with variable stain 

uptake throughout the cellular cytoplasm or along cellular junctions.85,90,91,93  

 

Zonula Occludens-1 

 

Tight junctions, or zonula occludens, are expressed just below the apical surface of most 

epithelial cells and provide the main barrier to passive movement of fluids, electrolytes, 

large molecules, and cells.69 Tight junctions are especially important in the corneal 

epithelium, as they play an important role in the maintenance of the relatively dehydrated 

state of the cornea, which is essential for corneal clarity.1,2,4,69 Zonula occludens-1, ZO-2, 

and ZO-3 are members of the membrane-associated guanylate kinase homologue 

(MAGUK) family.69,95,96 In the cornea, ZO-1 is present in the superficial, wing, and basal 

cells of the epithelium of humans, rabbits, and rats.46,69,75,95,96 Cellular staining 

distribution tends to be restricted to the cell-cell borders, where tight junctions are 

located, and ZO-1 is expressed both in vitro and in vivo.69  

 

Expression of ZO-1 has not been evaluated in canine corneal tissues, though MDCK cells 

have been confirmed to express ZO-1.85 Stain uptake in the MDCK cells was restricted to 

the cell periphery, where tight junctions are established.85 

 

PCR 
 

Polymerase chain reaction is a technique of amplification of selected portions of DNA, 

performed by repeated melting of the DNA double-helix, followed by replication of 

selected regions by extension of a chosen primer. Theoretically, the amplification process 

is exponential, allowing for quantitative detection of the protein of interest. However, 

since all cells of a host contain the same DNA, amplification of a DNA-based target via 
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PCR is possible even if that particular cell type does not actually express the 

corresponding mRNA in vivo. Reverse transcriptase polymerase chain reaction provides a 

method of determining whether the gene of interest is actively expressed by the cells of 

interest. RNA is isolated from lysed cells, with subsequent complementary DNA (cDNA) 

synthesis. Polymerase chain reaction is then performed on the cDNA sample, allowing 

for indirect detection of the mRNA of interest, with the assurance that the cells sampled 

naturally express that gene.97 

 

Cytokeratin 5 

 

Cytokeratin 5 is a 58 kilodalton protein found in basal epithelial cells of various 

tissues.6,26,46,82,86,98 Lack of CK5 results in fragile epidermal structures with poor 

attachments to the dermis due to absence of the necessary keratin intermediate filaments.6 

Expression of CK5 has been confirmed in the corneal tissues of humans, mice, and dogs, 

and Lu et al. reported successful PCR amplification of CK5 from corneal epithelial 

cells.6,46,82 Additional canine tissues that express CK5 include MDCK cells and mixed 

tumors of the canine mammary gland.26,86 
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CHAPTER II. MATERIALS AND METHODS 
 

The study was conducted with approval from the Virginia Tech Animal Care and Use 

Committee. 

 

For a flowchart illustration of the methods described here, the reader is referred to 

Flowchart 1 at the end of the section. 

 

Donor Material 
 

Corneal tissue was acquired from three young male dogs (labels: 1, 2, 3) euthanized for 

reasons unrelated to the study. Within 20 minutes of euthanasia, a 2.5% methylcellulose-

containing eye lubricant (Gonak®, Akorn, Inc., Buffalo Grove, IL) was applied liberally 

to the corneal surfaces to prevent desiccation. Diffuse and slit beam biomicroscopy were 

performed to evaluate for corneal, adnexal, or anterior segment pathology. None of the 

sampled eyes had evidence of ophthalmic disease. Within 3 hours of euthanasia, corneal 

samples were obtained. The animals were positioned in dorsal recumbency under an 

operating microscope (Weck Operating Microscope, J. K. Hoppl Corporation, Long 

Island, NY), and the eyes were aseptically prepared by flushing with 1:50 dilute povidone 

iodine in eye irrigating solution to decrease microbial flora. Using aseptic technique, a 

#6400 Beaver® blade (BD Ophthalmic Systems, Waltham, MA) was used to groove the 

corneal tissue into quadrants, and superficial keratectomies were performed. All 

superficial corneal tissue inside of the limbus was removed from both eyes. One 

triangular quadrant from each dog was placed directly into 10% neutral buffered formalin 

on a sponge for subsequent histopathology, with the epithelial surface up and the stromal 

surface in contact with the sponge (1a, 2a, 3a). The remaining corneal tissue from each 

dog was placed into a refrigerated transport medium consisting of 15ml Hank’s balanced 

salt solution (HBSS; Invitrogen Corporation, Carlsbad, CA) with 0.1% bovine serum 

albumin (BSA; Mediatech, Inc., Herndon, VA), 0.025ml Hepes buffered solution 

(BioWhittaker, Inc., Walkersville, MD) per 1ml HBSS, 2.5ug 250ug/ml fungizone 

(Sigma-Aldrich Corporation, St. Louis, MO) per 1ml HBSS, and 0.05mg 10mg/ml 



 18

gentamicin (Invitrogen Corporation, Carlsbad, CA) per 1ml HBSS. Samples from each 

dog were maintained separately and refrigerated until further processing.   

 

To provide a positive control comparison for canine epithelial cells, Madin-Darby canine 

kidney cells (MDCK; American Type Culture Collection, Manassas, VA) were purchased 

and maintained in culture in minimum essential medium Eagle (MEM; Mediatech, Inc., 

Herndon, VA), with 1.0mM sodium pyruvate and 0.1mM nonessential amino acids added 

as supplements.  

 

Tissue Processing into Culture 
 

The transport medium was aspirated, and the tissues were washed twice with Dulbecco’s 

phosphate-buffered saline (DPBS; Mediatech, Inc., VA) to decrease the amount of serum 

albumin present from the transport medium. A 1:1 volume of 0.05% trypsin/0.53mM 

ethylenediaminetetraacetic acid (trypsin/EDTA; Invitrogen Corporation, Carlsbad, CA) 

was added to the tissue samples and incubated at 37º Celsius (C) for 30 minutes.  

 

To inactivate the trypsin/EDTA, 10ml of DMEM (Mediatech, Inc. Herndon, VA) with 

4.5 g/L glucose, L-glutamine, and sodium pyruvate, supplemented with 10% FBS by 

volume and 50µg/ml gentamicin were added to each sample. The supernate, presumed to 

contain a predominance of epithelial cells in suspension, was aspirated and dispensed into 

separate tubes for each dog. The remaining tissues were washed twice with DMEM, and 

the supernate was aspirated and added to the tubes containing the suspended cells. These 

trypsinized cells were centrifuged at 150 x g for 10 minutes, and the supernate was then 

aspirated and discarded. Cells were resuspended in 10ml DMEM, and samples from each 

dog were divided into two separate tubes. Both tubes from each dog were then spun again 

at 150 x g for 10 minutes. Supernates were again aspirated and discarded. One pellet was 

then resuspended in 10ml DMEM with 10% FBS and 50ug/ml gentamicin (1ED, 2ED, 

3ED), and the other was suspended in 10ml Epilife® medium (Cascade Biologics, Inc., 

Portland, OR) with human corneal growth supplement (HCGS; Cascade Biologics, Inc., 

Portland, OR) and 50µg/ml gentamicin added (1EE, 2EE, 3EE). The HCGS contains 
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undisclosed quantities of bovine pituitary extract, bovine insulin, hydrocortisone, bovine 

transferrin, and mouse epidermal growth factor. Cells in each medium were plated onto 

10cm culture dishes and incubated at 37ºC, 5% CO2.  

 

To the remaining tissue pieces from the initial trypsin/EDTA step, one tissue quadrant 

from each dog was placed into formalin on a sponge for post-trypsinization 

histopathological evaluation (1b, 2b, 3b). The remaining corneal tissues were processed 

and cultured using a cell explant technique. They were cut into small pieces using fine 

corneal scissors and forceps. With tissue from each dog processed separately, small 

pieces of presumed corneal stromal tissues were distributed evenly into 10ml DMEM 

with FBS (labels: 1SD, 2SD, 3SD) or 10ml Epilife® (1SE, 2SE, 3SE) in 10cm culture 

dishes. Cultures were incubated at 37ºC, 5% CO2. 

 

Cultures were monitored for growth and attachment every 24 hours, utilizing an inverted 

microscope (Nikon TMS, Nikon Corporation, Japan). Every 72-96 hours, cells were fed 

by changing the culture medium. Photomicrographs were intermittently taken using an 

inverted phase contrast Olympus CKX41 microscope (Olympus America, Inc., Center 

Valley, PA) with an Infinity 3 digital camera (Lumenera Scientific, Ontario, Canada). 

 

Passaging Cells 
 

The cultures from the initially suspended cells (1ED, 2ED, 3ED, 1EE, 2EE, 3EE) became 

adherent and approached confluence more quickly than the explanting cultures from the 

tissue pieces (1SD, 2SD, 3SD, 1SE, 2SE, 3SE). Once cells reached approximately 80% 

confluence, passaging was performed. After aspirating the medium and washing cells 

with DPBS, 2ml trypsin/EDTA was added to the culture dishes. Cultures with 

trypsin/EDTA were maintained at room temperature for approximately 20 minutes. Once 

cells were released from the dishes, as determined by evaluation with the inverted 

microscope, 10ml DMEM with FBS was added to inactivate the trypsin/EDTA. 

Thereafter, corneal cells were spun at 150 x g for 10 minutes, the supernate was aspirated 

and discarded, and cells were resuspended in 10ml DMEM with FBS or Epilife®.  
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First passage cells from DMEM cultures (1ED, 2ED, 3ED, 1SD, 2SD, 3SD) were 

proportionately distributed into two 6cm culture dishes, two 35mm glass bottom culture 

dishes, and five single well chamber slides (Lab-Tek Chamber Slide System, Nalge Nunc 

International, Rochester, NY), based on the surface areas of each culture container. First 

passage cells from 1EE, 2EE, and 3EE cultures were distributed proportionately among 

one 6cm dish, 2 glass bottom slides, and 5 chamber slides. One 6cm dish was omitted 

from the Epilife® (1EE, 2EE, 3EE) cultures, as the cellular density was lower than that in 

the corresponding DMEM cultures. Final volumes were 5ml medium in each 6cm dish, 

and 2.5ml medium in the chamber slides and glass bottom dishes. Cells were then 

returned to the incubator, at 37ºC, 5% CO2. Cells were monitored every 12-24 hours, and 

further processing was performed once the cells reached 75-90% confluence or earlier. 

 

For the cultures in the 6cm dishes in DMEM medium (1ED, 2ED, 3ED, 1SD, 2SD, 3SD), 

RNA crude cell lysate was performed on cells in one of the dishes, in preparation for 

PCR. To the other 6cm culture dishes in DMEM with FBS, the medium was aspirated 

and replaced with Epilife® (1ED→E, 2ED→E, 3ED→E, 1SD→E, 2SD→E, 3SD→E). 

After 92 hours, RNA crude cell lysate was performed on this altered group of cultures. 

As the 6cm presumed epithelial cultures in Epilife® approached confluence (1EE, 2EE, 

3EE), RNA crude cell lysate was performed. 

 

Passaging and sub-culturing was not possible for the tissue pieces cultured in Epilife® 

(1SE, 2SE, 3SE), as the pieces of tissue failed to adhere, and cells did not explant onto 

the surfaces of the initial 10cm culture dishes. On the same day as the corresponding 

cultures from the tissue pieces in DMEM with FBS (1SD, 2SD, 3SD) were processed, the 

medium on the Epilife® cultures (1SE, 2SE, 3SE) was changed to DMEM with FBS 

(1SE→D, 2SE→D, and 3SE→D). Cultures were monitored for several days for tissue 

attachment and cell explantation, but further investigations of these altered cultures were 

not pursued. 
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MDCK cells were maintained in a T75 flask with 10ml MDCK medium, as described 

earlier. Cells were monitored every 24-48 hours, and medium was changed every 72 

hours. Once the culture reached approximately 85-95% confluence, cells were passaged 

by trypsinization. The procedure was similar to that described previously, with the 

exception that MDCK medium, not DMEM, was used to quench the trypsin/EDTA for 

the MDCK cells. Passaging of these cells was typically performed at a 1:20 dilution, and 

cells tended to approach confluence within 72-100 hours of passaging. 

 

Cell Fixation Techniques 
 

First passage cells in the single well chamber slides were fixed using a cold methanol: 

acetone fixation technique. After aspirating the medium from the chamber wells, the 

wells were manually removed, and the gasket seals were removed using a metal spatula. 

The slides were then washed twice in DPBS, and placed into cold 1:1 methanol: acetone 

in a -20ºC freezer for 10 minutes. Slides were then washed three additional times in 

DPBS. Cells were stored in DPBS containing 0.1% BSA and 0.1% sodium azide and 

refrigerated until immunocytochemical staining 12-48 hours later. 

 

First passage cells in the 35mm glass bottom culture dishes were fixed when they reached 

75-90% confluence in the glass bottom region of the dish. After the medium was 

aspirated, cultures were washed twice with DPBS. Cold methanol fixation was performed 

by adding methanol to the cultures, then placing the dishes in the -20ºC freezer for 10 

minutes. Fixed cells were washed twice with DPBS, and then refrigerated for storage in 

DPBS with 0.1% BSA and 0.1% sodium azide.  

 

Immunohistochemistry and Immunocytochemistry 
 

Corneal tissue sections obtained before and after trypsin/EDTA (1a, 2a, 3a, 1b, 2b, 3b) 

were fixed in 10% neutral buffered formalin for 24 hours. Tissue processing and 

dehydration were performed with sequential 70%, 80%, 95%, and 100% blended alcohols 

(Richard-Allan Scientific, Kalamazoo, MI) using a Sakura-Finetek VIP V Tissue 
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Processor (Torrance, CA). Tissues were cleared in xylene (Fischer Scientific, Pittsburgh, 

PA), infiltrated with paraplast paraffin (McCormick Scientific, St. Louis, MO), and 

embedded in EM 400 embedding medium (Surgipath Medical Industries, Richmond, IL). 

Tissues were sectioned at 5µm, and five sections of each tissue block were made. Routine 

hematoxylin and eosin phloxine (H&E) staining (Richard-Allan Scientific, Kalamazoo, 

MI) was performed using a Leica Autostainer XL (Wetzlar, Germany) on one slide from 

each tissue, with subsequent application of mounting medium (Richard-Allan Scientific, 

Kalamazoo, MI) and a coverslip.  

 

For the remaining four slides for each tissue section, a Benchmark XT® automated stainer 

(Ventana Medical Systems, Tucson, AZ) was utilized for immunohistochemical staining 

with rabbit anti-cow polyclonal antibody to pancytokeratin (reference # ZO622, lot # 

0073C, Dako, Carpinteria, CA) at a dilution of 1:1000, vimentin antibody clone V9 

(reference # 790-2917, lot # 513349, Ventana Medical Systems, Tucson, AZ), and E-

cadherin antibody clone ECH-6 (reference # 760-2830, lot # 12056, Ventana Medical 

Systems, Tucson, AZ). Positive tissue controls were used to ascertain that the stain and 

technique were working properly. These positive tissue controls were canine skin for 

pancytokeratin, canine tonsil and lymph node for vimentin, and canine pancreas for E-

cadherin.  Negative controls were established by omitting primary antibodies from the 

staining protocol.  

 

The Benchmark XT® Protocol #4 was used for pancytokeratin, Protocol #26 was used for 

vimentin, and Protocol #16 was used for E-cadherin. Though specific details of 

proprietary reagents were not available from Ventana, the general staining technique for 

pancytokeratin commenced with cyclic heating of the slides to 75-76ºC, application of 

EZPrep, and incubation. The slides were then rinsed with a Reaction Buffer, followed by 

incubation with PROTEASE 1, and then the pancytokeratin antibody was applied to the 

samples. Blockers A and B were then sequentially applied and incubated. After rinsing 

again with the Reaction Buffer, ENH BIOT Ig/VR and ENH SA-AP/VR were added, 

followed by applications of ENH ENHANCER/VR and ENH NAPHTHOL, and lastly by 

incubation with ENH FAST RED A and ENH FAST RED B. The staining protocol for 
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vimentin differed in that Cell Conditioner #1 was applied instead of EZPrep and 

PROTEASE 1. For E-cadherin, EZPrep was applied initially, PROTEASE 1 was not 

utilized, and Cell Conditioner #1 was applied prior to antibody incubation. 

 

After cold methanol: acetone fixation described previously, five chamber slides from 

each dog and culture category (1ED, 2ED, 3ED, 1EE, 2EE, 3EE, 1SD, 2SD, 3SD) were 

submitted for immunocytochemistry. For the post-trypsin tissue sections from all three 

dogs cultured in Epilife® medium (1SE, 2SE, 3SE), the tissue sections did not adhere and 

no cells explanted in the primary culture, so passaging into chamber slides was not 

feasible. Routine hematoxylin and eosin staining was performed on one slide from 1ED, 

2ED, 3ED, 1EE, 2EE, 3EE, 1SD, 2SD, 3SD. Using the automated Ventana stainer, the 

remaining four slides were stained with pancytokeratin, vimentin, E-cadherin, and a 

negative control. Positive tissue controls, MDCK cells, and corneal sections were used to 

ascertain that the stains and techniques were working properly. The protocols used were 

similar to those used for the formalin fixed paraffin-embedded tissues described 

previously, however, no deparaffinizing steps were required for the culture samples. 

 

Representative photographs were taken of the stained slides using a Nikon Eclipse E600 

microscope (Nikon Corporation, Japan) with a Nikon DXM1200 digital camera (Nikon 

Corporation, Japan) using Nikon ACT-1 version 2.63 software (Nikon Corporation, 

Japan) to allow for assessments of the staining characteristics of various antibodies on the 

different cell types from Epilife® and DMEM with FBS culture conditions. 

 

Immunofluorescence 
 

Immunofluorescence was performed on the fixed cells from the 35mm glass bottom 

dishes. After aspirating the 0.1% BSA/DPBS in which the fixed cells had been stored, the 

cells were washed twice with DPBS. Fluorescein isothiocyanate (FITC)-conjugated 

mouse-anti-ZO-1 antibody (Invitrogen Corporation, Carlsbad, CA) was used for 

immunofluorescent detection. The stock solution was diluted from 500µg/ml to 10µg/ml 

in 0.5% BSA/DPBS, and cells were incubated for one hour at room temperature in 
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darkness with 80µl diluted antibody. FITC- conjugated mouse IgG1 (Product Code: 

MG101; Caltag Laboratories, Burlingame, CA) was used as a negative control, with the 

same concentration and incubation as that used for the ZO-1 antibody. After one hour of 

exposure, cells were washed twice with 0.5% BSA/DPBS, and a nuclear staining reagent 

was applied to the cells. A Zeiss Axiovert 100M confocal microscope (Cark Zeiss, Inc., 

Thornwood, NY) with argon (458, 488, 514nm) and enterprise (351, 364nm) lasers was 

used to visualize the fluorescence. Representative photographs were taken using Carl 

Zeiss Laser Scanning Systems LSM 510 imaging software (Carl Zeiss, Inc., Thornwood, 

NY). 

 

RNA crude cell lysate 
 

In preparation for PCR, RNA crude cell lysates were prepared using the 6cm dishes for 

each culture, with the exceptions of 1SE, 2SE, and 3SE. Culture medium was aspirated, 

and 600µl RNA lysis buffer (QIAGEN Inc., Valencia, CA) containing 1% β-

mercaptoethanol was added to solubilize cells. The viscous fluid was carefully scraped 

from the culture dish, aspirated, and dispensed into a QIA shredder (QIAGEN Inc., 

Valencia, CA). After centrifuging for 2 minutes to homogenize the samples, forceps were 

used to carefully replace the cap, and the samples were labeled and frozen at -20ºC.   

 

RNA isolation 
 

Total RNA isolation was performed as described in the RNeasy Minikit (QIAGEN Inc., 

Valencia, CA) and quantified using ultraviolet light at 260nm. During processing, care 

was taken to minimize exposure of the samples to other sources of RNA. RNA crude cell 

lysate samples were retrieved from -20ºC, and the caps were carefully removed with 

forceps. To each sample, 600µl 70% ethanol was added to the samples and mixed well. 

Approximately one half, or 600µl, of the mixture was then dispensed into tubes provided 

in the RNeasy kit, in which a silica gel membrane traps RNA. Samples were spun for 15 

seconds at ≥8000 x g, and flow-thru was aspirated and discarded. The remaining 600µl 

from the initial ethanol mixture was added to the tube with the filter, the sample was spun 
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again for 15 seconds at ≥8000 x g. The flow-thru was again aspirated and discarded. To 

each tube, 350µl Buffer RW 1, provided in the RNeasy kit, was added. Tubes were again 

spun for 15 seconds at ≥8000 x g, and the flow-thru was aspirated and discarded. A 

mixture containing 70µl Buffer RDD, provided in the kit, and 10µl DNase was dispensed 

directly onto the silica gel membrane and allowed to sit for 15 minutes. Another 350µl 

Buffer RW 1 was added to the samples, which were then spun for 15 seconds at ≥8000 x 

g. Flow-thru and collection tubes were then discarded. The membranous upper portions 

of the tubes were moved to additional tubes provided in the kit. To each sample, 500µl 

Buffer RPE, provided in the kit, was added, and samples were spun for 15 seconds at 

≥8000 x g. Flow-thru was aspirated and discarded, and another 500µl Buffer RPE was 

added. Samples were spun for 2 minutes at ≥8000 x g, and flow-thru was again discarded. 

The upper portions of the tubes were again moved to labeled 1.5ml vials provided in the 

kit, and samples were eluted with 40µl RNase-free water, provided in the kit, dispensed 

directly onto the white silica gel membrane. Samples were centrifuged for one minute at 

≥8000 x g. This RNA elution step was repeated, and the upper silica gel membrane was 

then discarded.  

 

To fresh labeled 1.5ml tubes, 5µl RNA elutant was added along with 500µl distilled 

water, providing a 101-fold dilution. Ultraviolet absorption for 260nm and 280nm for 

each sample were evaluated after ensuring proper analyzer function by testing with 

distilled water. The concentration of RNA in the samples was then determined using the 

following formula: 

  

[RNA] = A260 x 40µg/ml x dilution factor 

 

[RNA] is the concentration of RNA in µg/ml. 

A260 is the absorption of 260nm ultraviolet light. 

40µg/ml is the extinction coefficient constant associated with RNA. 

Dilution factor is the dilution of the RNA elutant in distilled water, or 101, for these 

samples. 
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After determining the RNA concentration in each sample, further calculations were 

performed to determine how much of each RNA elutant sample to add to distilled water 

to reach a total volume of 8µl while maintaining an RNA concentration of 1µg. This 

partially accounted for differing original concentrations of RNA, and allowed for 

comparable cDNA products and PCR results in subsequent steps. However, for the 

following samples, the RNA concentrations were less than 1µl/µg, so the maximum 

volume of RNA (8µl) was used with no distilled water: 1EE, 2EE, 3EE, 1ED, 3ED, 

1EDE, 2EDE, 3EDE.  

 

Complementary DNA Synthesis 
 

Synthesis of complementary DNA (cDNA) from the isolated total RNA was performed 

as described in the SuperScript First-Strand Synthesis System for RT-PCR User Manual, 

page 7 (Invitrogen Corporation, Carlsbad, CA). Complementary DNA was synthesized 

from 1EE, 2EE, 3EE, 1ED, 2ED, 3ED, 1SD, 2SD, 3SD, 1ED→E, 2ED→E, 3ED→E, 

1SD→E, 2SD→E, 3SD→E, and MDCK RNA isolates. Negative controls for cDNA 

synthesis were established for 3EE, 2SD, and MDCK RNA isolates by omitting the 

reverse transcriptase (no-RT). RNA/primer mixtures were prepared as follows: 

 

<1µg total RNA 

1µl 10mM dNTP mix 

1µl random hexamers (50ng/µl)  

10µl DEPC-treated water 

 

After 5 minutes of incubation at 65ºC, the samples were placed on ice for 2 minutes. A 

reaction mixture was prepared: 

 

2µl 10X RT buffer 

4µl 25mM MgCl2  

2µl 0.1M DTT 

1µl RNaseOUT Recombinant Ribonuclease Inhibitor  



 27

 

Each RNA/primer mixture was combined with 9µl of the reaction mixture and incubated 

at 25ºC for 2 minutes. One microliter (50 units) of SuperScript II RT was added to each 

tube, except for the three negative controls, 3EE, 2SD, and MDCK, for which there was 

no-RT. After mixing, the samples were incubated at 25ºC for 10 minutes, then 42ºC for 

50 minutes, followed by 70ºC for 15 minutes. Samples were then chilled on ice until 1µl 

of RNase H was added to each tube, followed by 20 minutes of incubation at 37ºC. 

Samples were then frozen at -20ºC until further processing.  

 

Canine CK5 Alignment Sequence 
 

The NCBI genetic analysis program BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) was 

used to retrieve individual canine CK5 cDNA sequences. The sequence alignment for 

canine CK5 with highlighted regions of the forward and reverse primers is shown in 

Appendix 1.  

 

The primer sequences designed for the study were derived from the region of greatest 

homology among the known canine CK5 sequences (100% identical in 18 of 20 reported 

sequences, including transcript variants 1-4 and 7-20). The identifications of the 18 

matching sequences are as follows: 

 

XM_844906   XM_855259   XM_855231 

XM_855192   XM_855152   XM_563648 

XM_855095   XM_855053   XM_855013 

XM_854983   XM_854944   XM_854908 

XM_854866   XM_854833   XM_854800 

XM_854761   XM_854659   XM_854630 

 

Two additional 100% matches, identified as XM_855364 and XM_844915, were 

reported to encode for variants of CK6a instead of CK5. The predicted amplified CK5 

product of 189 bp bridged an exon-exon boundary, with matched forward and reverse 



 28

primer melting temperatures of 59ºC. Melting temperature for the entire CK5 sequence 

was 83ºC. The primer sequences for CK5 were as follows: 

 

Canine CK5-79F 

5´-GAGCGCGAGCAGATCAAGA (sense) 

  

Canine CK5-267R 

5´-CAGCTGTCTCCTGAGGTTGTTG (anti-sense) 

 
PCR Gel Electrophoresis 
 

To verify that the CK5 primers amplify the desired target sequence, conventional PCR 

using a Hybaid PCR Sprint Thermal Cycler (Mandel Scientific Company, Inc., Guelph, 

Ontario, Canada) was run with both the forward and reverse primers on 3EE, 2SD, and 

MDCK cDNA. The following components for each sample were mixed for conventional 

PCR: 

   

9µl  H2O 

  0.5µl CK5 forward primer 

  0.5µl CK5 reverse primer 

  10µl  2X Taq Master mix 

  2µl  cDNA template or negative control 

 

The forward and reverse primers were diluted from 10µM to 0.25µM, and the Taq Master 

mix was diluted from 2X to 1X. For each sample, 22µl was the total volume for PCR.  
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The following 30 temperature cycles were used for the analysis: 

   

1 cycle  94ºC 2 minutes 

    55ºC 1 minute 

    72ºC 2 minutes 

  28 cycles 94ºC 1 minute 

    55ºC 1 minute 

    72ºC 2 minutes 

  1 cycle  94ºC 1 minute 

    55ºC 1 minute 

    72ºC 10 minutes 

 

A 2% agarose PCR gel containing 1X TBE (0.89M Tris base, 0.89M boric acid, 20mM 

EDTA) buffer was formulated. Molecular size markers were a combination of 

bacteriophage restriction enzyme digests LAMDA DNA Hind III Digest (New England 

Biolabs, Inc., Ipswich MA) and ΦX174 DNA Hae III Digest (New England Biolabs, Inc., 

Ipswich, MA). After separation of DNA fragments by electrophoresis at 100V on a 

Horizon 58 Life Technologies Electrophoresis Apparatus (Invitrogen Corporation, 

Carlsbad, CA), the gel was stained with 1µg/ml ethidium bromide for 40 minutes. An 

ultraviolet light was used to visualize the stained bands, and the gel was photographed 

using a Polaroid Electrophoresis Photo-documentation camera (FB-PDC-34; Fisher 

Scientific, Pittsburgh, PA). After comparing the migration of PCR-amplified products to 

that of the reference markers, the bands of interest were cut from the gel to allow direct 

DNA sequencing of the products for 3EE, 2SD, and MDCK.  

 

DNA Sequencing Preparation 
 

The Qiaex Gel Extraction Protocol on pages 12-13 of the Qiaex II Handbook, February 

1999 (Qiagen, Inc., Valencia, CA) was followed to extract DNA from the gels. The bands 

were weighed and a 3x volume of dissolving buffer was added to each gel. After 

vortexing, 10µl Qiaex II was added to each sample, and they were incubated for 10 
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minutes at 50ºC to solubilize the agarose and bind DNA. After centrifuging for 30 

seconds, the supernate was aspirated and discarded. The pellets were washed with 500µl 

Buffer QX1 to remove agarose contaminants, vortexed, and centrifuged. The supernate 

was aspirated and discarded. The pellets were then washed with 500µl Buffer PE to 

remove salt contaminants, vortexed, and centrifuged. The supernate was aspirated and 

discarded. Samples were air dried for approximately 20 minutes, and 20µl water was 

added. The samples were vortexed and incubated at room temperature for 5 minutes to 

elute DNA. After centrifuging, the supernates, containing eluted DNA, were aspirated 

and placed into clean tubes.  

 

Forward and reverse CK5 primers were also prepared for sequencing by diluting them 

from 10µM to 5µM in water. DNA sequencing was performed on 3EE, 2SD, and MDCK 

cDNA, and the forward and reverse CK5 primers at the VBI Core Laboratory Services 

DNA Sequencing Lab at the Virginia Polytechnic Institute and State University in 

Blacksburg, VA. 

 

CK5 mRNA Amplification Efficiency 
  

Amplification efficiency of PCR for CK5 mRNA was evaluated using serial dilutions 

(105-fold range) of cDNA from 3EE cells. One additional sample contained no template 

as a negative control. Three replicates were made for each sample, and for each replicate 

set of 3, the following mixture was created: 

 

42µl  2X  SybrGreen Taq Master mix 

  42µl  2X  Primer mix 

    3µl   3EE cDNA dilution (or no template control) 

 

SybrGreen Taq Master mix (Applied Biosystems, Foster City, CA) is a commercially 

available mixture that contains SybrGreen, which fluoresces when it attaches to double-

stranded PCR product. Sense and anti-sense primer stock solutions were 10µM, and these 

were diluted to 0.3µM for the final concentrations. No probe was included in the primer 
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mix, and adequate water was added to the primer mixture to obtain the final volume of 

42µl. For each replicate, the final volume for PCR was 25µl.  

 

The efficiency of amplification using the designed CK5 forward and reverse primers for 

the serial dilutions of 3EE cDNA was determined by calculating the slope of the line 

created by plotting the threshold cycle against the cDNA dilution. The resultant value 

was compared to the known ideal standard slope of -3.2, which serves as an indicator of 

efficiency of amplification.  

 

Quantitative Real Time PCR for Amplification of CK5 mRNA  
 

The preparatory mixture for PCR of the canine corneal samples for CK5 mRNA 

consisted following combinations: 

   

42µl 2X Taq Master Mix 

  42µl  2X Primer mix 

    3µl    cDNA template, no-RT, no cDNA 

 

SybrGreen Taq Master mix was used to provide a detection method, and CK5 primer and 

final stock solutions were the same as those for the PCR performed on the serial dilutions 

of 3EE cDNA, as previously described. Each replicate contained 25µl as the final volume 

for PCR. 

 

PCR was also performed on the cDNA samples to amplify the endogenous positive 

control, 18S ribosomal RNA (rRNA). For each replicate set, the following mixture was 

created: 

 

42µl  2X  Taq Master mix  

42µl  2X  Primer/Probe mix  

  1µl   cDNA template, no-RT, no cDNA 
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The Taq Master mix for this amplification process did not contain SybrGreen. The sense 

and anti-sense primer stock solutions were 10µM, and they were diluted to 0.05µM for 

the final concentrations. The TaqMan® Ribosomal RNA Control Reagents (VIC Probe; 

Applied Biosystems, Foster City, CA) original stock solution was 40µM, diluted to 

0.2µm for the final concentration. The remainder of the 42µl of primer/probe mix was 

water. In contrast to the fluorescent detection method of SybrGreen, the fluorescing agent 

for 18S rRNA is attached to the probe in an inactive state. During the cycles of PCR, the 

fluorescing agent is detected once it becomes liberated from the probe during the 

amplification process. Each replicate contained 25µl as the final volume for PCR. 

 

PCR amplification of CK5 mRNA and 18S rRNA were performed on the following 

cDNA samples: 

 

1EE   1ED  1SD  1ED→E  1SD→E 

2EE  2ED  2SD  2ED→E  2SD→E 

3EE  3ED  3SD  3ED→E  3SD→E 

MDCK 3EE no-RT 2SD no-RT MDCK no-RT  no cDNA  

 

An ABI Prism 7700 Sequence Detector (Applied Biosystems, Foster City, CA) 

performed the quantitative real time PCR amplification. The following temperature cycle 

was applied:  

 

1 cycle  50ºC   2 minutes  

1 cycle  95ºC   10 minutes  

40 cycles  95ºC   15 seconds  

40 cycles 60ºC   1 minute 

 

Sequence Detection System (SDS 1.9.1) software (Applied Biosystems, Foster City, CA), 

using the QPCR protocol for SybrGreen was used for CK5 analyses. Analysis of data 

included retrieval of raw data, adjustment of the threshold cycle (CT) line above the noise 

level, post-run dissociation curve assessment, and comparative CT analysis. The CT line 
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was set at a level above noise, in the region of early exponential amplification of the 

products. Post-run dissociation curves were analyzed on the products of the serial 

dilutions for amplification efficiency, the corneal samples, and MDCK cells. The melting 

temperature of the amplified product was determined by maintaining the samples at 50ºC 

for 15 seconds, then increasing the temperature over 10 minutes to 90ºC, and then 

maintaining the 90ºC heat for fifteen seconds. The resultant dissociation curves were 

compared to the known melting temperatures of CK5, reported to be 83ºC. 

 

Statistical Methods 
 

A comparative CT analysis method was used to allow calculation of relative ratios of 

CK5 mRNA expression, using the following formula:   

 

∆CT (target) = CT (target) – CT (18S rRNA endogenous control) 

 

The CT of the endogenous control, 18S rRNA, was subtracted from the CT of each of the 

target corneal samples, yielding a value for ∆CT. The mean ∆CT of corneal samples 1EE, 

2EE, and 3EE were compared to the mean ∆CT for 1ED, 2ED, and 3ED, and the mean 

∆CT for 1SD, 2SD, and 3SD. Data were analyzed using the Relative Expression Software 

Tool (REST).99,100 REST generates the relative gene expression ratios according to the 

Pfaffl method, and provides a 95% bootstrap confidence interval for the ratios, as well as 

a P-value.99,100 The level of significance was set at α=0.05. 
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CHAPTER III. RESULTS 
 

All figures, tables, and charts are provided at the end of the section. 

 

Immunohistochemistry of Primary Corneal Tissue Samples 
 

Routine H&E staining was performed on one slide from each corneal tissue section to 

assess general tissue architecture features. The positive tissue control for pancytokeratin 

was canine skin, for vimentin was canine tonsil, and for E-cadherin was canine pancreas 

(Figure 1); these tissues were used to ascertain proper staining technique. Staining 

characteristics of the primary canine corneal tissue specimens from the three dogs were 

similar, and representative images from dog 2, including a negative control, are shown in 

Figure 2. Pancytokeratin staining of all primary canine corneal tissue sections was 

densely positive throughout the stratified epithelial cell layers and negative in the stromal 

cell layers. Vimentin staining was negative in the corneal epithelial cells and positive in 

the stromal cell layers of all tissue samples. E-cadherin staining was positive in the 

epithelial cell layers, with increased stain accumulation near the periphery of the cells, 

and negative in the stromal cells.  

 

Immunohistochemistry of Trypsinized Corneal Tissues 
 

In preliminary studies of enzymatic digestion to separate the epithelial and stromal cells 

from the initial corneal tissue sections, use of trypsin appeared superior to 

dispase/collagenase (Roche Molecular Biochemicals, Mannheim, Germany), based on the 

larger size of the cell pellet that was observed after trypsinization. After trypsinization of 

the primary corneal tissue sections, H&E staining of tissue sections from each dog 

demonstrated that the epithelial cells had been released and stromal tissue remained 

(Figure 3). Staining was negative throughout the stromal tissue layers for pancytokeratin, 

positive for vimentin, and negative for E-cadherin (Figure 3). The only cells which 

stained positively for pancytokeratin and E-cadherin in the post-trypsinized samples were 
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rare residual epithelial cells that were detached from the underlying stroma. 

Immunohistochemical staining demonstrated the trypsinization was successful in 

releasing the majority of epithelial cells from the underlying stromal tissues. 

 

Cell Culture and Passaging 
 

Table 1 depicts the dog number (1, 2, 3), treatment group (presumed epithelial or explant, 

Epilife or DMEM), days to attachment, days to passage, and days in culture prior to 

fixation for each analysis. 

 

Within 24 hours of tissue acquisition and commencement of cell cultures, the initially 

suspended cells, presumed to be predominantly epithelial cell types, from all three dogs 

demonstrated large numbers of round suspended cells, and moderate numbers of adherent 

round and fusiform individual or clumped cells in both culture media. The explant 

cultures, established using the pieces of corneal tissue post-trypsinization, represented 

mostly stromal cells. After 24 hours in culture, no tissue pieces were adherent to the 

culture plates, there were rare suspended round cells and rare attached round and fusiform 

cells. After 48 and 72 hours, there were increasing numbers of attached cells recognized 

in the presumed epithelial cultures, regardless of the medium type or dog. In addition to 

the round and fusiform cell shapes, adherent polyhedral cells were recognized in these 

cultures from all three dogs. Little change was observed in the explant cultures, as the 

tissue pieces were not adherent to the culture plates in either culture medium. During the 

active phases of culturing, pictures were intermittently taken to demonstrate the 

appearances of the two cell types growing in the two different media. Cells from the 

presumed epithelial and explant cultures in both media for dog 3 were photographed after 

72 hours in culture (Figure 4). 

 

After 6 days in culture, discrepancies in cell growth were noted among the cultures from 

the different dogs. For dog 3, there was moderate cellular attachment of round, 

polyhedral, and fusiform cells in the presumed epithelial cultures, and the cell numbers 

subjectively appeared equal in Epilife and DMEM. For dogs 1 and 2, there was better 
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individual cellular attachment in the presumed epithelial culture in Epilife, as compared 

to dog 3, and cell morphology was a mixture of round, fusiform, and polyhedral. 

Presumed epithelial cultures in DMEM for dogs 1 and 2 demonstrated a more extensive 

meshwork of interconnected fusiform to stellate cells mixed with round and polyhedral 

cells. In the explant culture in DMEM for dog 3, there was one tissue piece adherent to 

the plate. There were two adherent tissue pieces in the DMEM medium for both dogs 1 

and 2. There were no adherent tissue pieces in any of the Epilife cultures. 

 

One week after culture commencement, primary cells cultured from dog 2 approached 

confluence faster than cells cultured from dogs 1 and 3, regardless of medium or cell 

type. For dog 2, 20-25% of the cells were attached in the presumed epithelial cultures in 

Epilife. Adherent round, polyhedral, and fusiform cells covered approximately 15-20% of 

the plates for the presumed epithelial cultures in Epilife from dogs 1 and 3. The presumed 

epithelial culture in DMEM medium for dog 2 approached confluence with webs of 

interconnecting cells, as well as fusiform and polyhedral cells observed, and these cells 

were passaged (P1). For dogs 1 and 3, there were more attached, interconnected, and 

branching cells in the presumed epithelial cultures in DMEM than in Epilife. The explant 

cultures in DMEM for all three dogs demonstrated 2-3 well attached tissue pieces with 

tightly packed, narrow, fusiform cells explanting onto the plates. The explant cultures in 

Epilife for all three dogs failed to show any well attached tissue pieces, and only rare 

stellate cells were observed to adhere to the plates. Photographs were taken of dog 2 to 

demonstrate the varied cell growth and morphologies in Epilife and DMEM (Figure 5). 

 

For the subsequent two days, progressive cell growth was observed in all cultures except 

the explant cultures in Epilife for all three dogs. On day 10, confluence of the presumed 

epithelial cultures in Epilife for all three dogs was 50-60%, demonstrating a combination 

of polyhedral, spindle, and round cells (Figure 6). Primary presumed epithelial cultures in 

DMEM for dogs 1 and 3 demonstrated 70% plate coverage with polyhedral, fusiform, 

and round cells, and these cultures were passaged. First passage presumed epithelial 

cultures from dog 2 in DMEM approached confluence (Figure 7) and were fixed for 

immunocytochemistry and immunofluorescence and processed for RNA crude cell lysate. 
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For one 60mm culture of P1 cells from dog 2 in DMEM, the medium was changed from 

DMEM to Epilife. Tissue pieces in DMEM for all three dogs were attached and cells 

were explanting well, with tightly packed narrow fusiform cells mixed with regions of 

polyhedral cells. No tissue pieces were adherent in the Epilife cultures. 

 

On day 11, the primary presumed epithelial cells in Epilife for all three dogs were 

approximately 70% confluent, and they were passaged. The recently passaged cells from 

dogs 1 and 3 in DMEM were becoming adherent to the culture plates and chamber slides. 

The 60mm culture dish from dog 2, in which the medium had been changed from DMEM 

to Epilife on day 10, remained at approximately 80% confluence. Explant cultures of the 

tissue pieces were left undisturbed.  

 

After 14 days in culture, P1 cells in chamber slides from the presumed epithelial cultures 

in Epilife from all 3 dogs approached confluence and were fixed for 

immunocytochemistry. These P1 presumed epithelial Epilife cultures in the glass bottom 

dishes were approximately 30% confluent. Based on preliminary studies in which 

epithelial cell growth was limited beyond 2 weeks, the decision was made to fix the cells 

for immunofluorescence. This same group of Epilife cultures of P1 presumed epithelial 

cells from all three dogs in the 60mm dishes were approximately 50% confluent (Figure 

8), and RNA crude cell lysate was performed. First passage cultures of the presumed 

epithelial cultures in chamber slides from dogs 1 and 3 in DMEM were approximately 

30% confluent, and the cells were fixed for immunocytochemistry. First passage cultures 

in glass bottom dishes for dogs 1 and 3 in DMEM were 50-60% confluent, and cells were 

fixed for immunofluorescence. The P1 presumed epithelial cultures from dogs 1 and 3 in 

DMEM in 60mm dishes were 70-80% confluent (Figure 9), and RNA lysis was 

performed on one of the dishes from each dog. The medium in the second 60mm dish 

from dogs 1 and 3 was changed from DMEM to Epilife. RNA lysis was performed on the 

P1 60mm culture from dog 2, in which the medium had been changed from DMEM to 

Epilife four days previously. At the time of this RNA crude cell lysate, approximately 

30% cellular confluence of predominantly polyhedral cells were observed. The explant 

culture for dog 2 in DMEM demonstrated 40% plate coverage (Figure 10), while the 
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explant cultures for dogs 1 and 3 in DMEM demonstrated 20% plate coverage. No tissue 

pieces in Epilife were adherent for any of the dogs (Figure 11).  

 

On culture day 15, P1 presumed epithelial cells from dogs 1 and 3, in which the medium 

was changed from DMEM to Epilife on day 14, demonstrated 70% confluence for dog 1 

and 85% confluence for dog 3. On day 17, these percentages decreased to 50% and 75 %, 

respectively. RNA lysis was performed on these cells on day 18, four days after the 

medium was changed, which was similar to the procedure followed for dog 2. By day 18, 

the culture for dog 1 was only 30% confluent, and for dog 3 was 50% confluent. During 

this time, the tissue cultures in DMEM continued to explant. For dog 2, approximately 

65% confluence was observed by day 18, and 25% confluence was seen in the cultures 

for dogs 1 and 3. Explant cultures in Epilife failed to adhere to the plates. 

 

After 19 days in culture, the primary explant culture in DMEM for dog 2 was 75% 

confluent, and the cells were passaged after removing the tissue pieces and submitting 

them for immunohistochemistry. The explant culture in Epilife for dog 2 showed no 

adherent tissues or explanting cells. Two tissue pieces from the Epilife culture were 

submitted for immunohistochemistry, and the culture medium was changed from Epilife 

to DMEM. 

 

By day 21, primary explant cultures in DMEM from dogs 1 and 3 were approximately 

25-30% confluent (Figure 12), and the decision was made to passage the cells. Prior to 

passaging the explanting cells from each of these cultures, the tissue pieces were 

extracted and submitted for immunohistochemistry. No improvement was seen in the 

explant cultures in Epilife for dogs 1 and 3, and the medium was changed to DMEM after 

submitting two pieces of tissue from each dog for immunohistochemistry. First passage 

cells of the explant cultures in DMEM from dog 2 were nearly confluent in the chamber 

slides, 60mm dishes (Figure 13), and glass bottom dishes, and these cells were fixed for 

further processing. In one of the 60mm dishes, the medium was changed from DMEM to 

Epilife, and the culture was maintained. Figures 12 and 13 demonstrated the variety of 

cell morphologies observed in the explant cultures. 
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On day 22, first passage explant cultures from dogs 1 and 3 were nearly confluent in the 

chamber slides, 60mm dishes, and glass bottom dishes, and the cells were fixed for 

further processing. For one 60mm dish from each dog, the medium was changed from 

DMEM to Epilife, similar to the procedure followed for dog 2. No tissues were adherent 

for the primary explant cultures in which Epilife medium was replaced with DMEM. 

 

On day 25, RNA crude cell lysate was performed on the 60mm dish from dog 2, in which 

the DMEM medium had been replaced with Epilife four days previously. At the time of 

lysis, cells were 80% confluent. On day 26, RNA crude cell lysate was performed on the 

remaining 60mm dishes from dogs 1 and 3, in which the medium had been changed from 

DMEM to Epilife on day 22. At the time of lysis, cultures from both dogs were 

approximately 80% confluent. No tissues in the explant cultures in which the medium 

had been changed from Epilife to DMEM became adherent to the plates. 

 

On day 27, for the culture in which Epilife had been replaced with DMEM on day 19 for 

dog 2, one piece of corneal tissue was adherent, and fusiform and stellate cells were 

explanting onto the surface of the culture plate (Figure 14). No adherent tissue pieces 

were observed in the similar cultures from dogs 1 and 3. These final three cultures were 

not evaluated further. 

 

Immunohistochemistry and Immunocytochemistry 
 

To provide a control for culture, fixation, and staining techniques, MDCK cells were 

cultured and processed for H&E, pancytokeratin, vimentin, and E-cadherin staining 

characteristics, and a negative control (Figure 15). This cell line stains positively for 

pancytokeratin, vimentin, and E-cadherin. The negative control for these cells was 

provided by omitting the primary antibody from the staining protocol. 

 

Images of the immunocytochemical staining characteristics for P1 presumed epithelial 

cells and explant cultures from each dog in both Epilife and DMEM were photographed. 
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For the presumed epithelial cells in Epilife, cell densities appeared greatest from dog 2. 

Figure 16 depicts H&E staining, positive pancytokeratin, vimentin, and E-cadherin 

staining, and a negative control for dog 2. For the presumed epithelial cells in Epilife 

from dogs 1 and 3, cell densities were lower than for dog 2, but immunocytochemical 

staining qualities were similar.    

 

Cellular density also appeared higher from dog 2 for first passage presumed epithelial 

cells in DMEM. At the time these cells from dog 2 were fixed and processed, they 

approached confluence. Figure 17 shows the H&E staining, as well as positive 

pancytokeratin, vimentin, and E-cadherin staining, and a negative control. The chamber 

slides for P1 presumed epithelial cultures in DMEM from dogs 1 and 3 were fixed and 

processed at the same time, and they were approximately 30% confluent. 

Immunocytochemical staining of the slides from dogs 1 and 3 demonstrated very few 

cells, indicating a potential flaw in the fixation or processing steps for these slides. 

Regardless, cells stained as expected, and Figure 18 shows staining with H&E, 

pancytokeratin, vimentin, E-cadherin, and a negative control for dog 1. 

 

Prior to passaging primary explant cultures in DMEM, the pieces of tissue were removed, 

fixed, and stained immunohistochemically. Staining characteristics were similar for all 

three dogs. Figure 19 demonstrates H&E, negative pancytokeratin, positive vimentin, and 

negative E-cadherin staining, as well as a negative control from dog 3. 

 

First passage explant cells from DMEM revealed similar staining characteristics for all 

three dogs (Figure 20). Staining for pancytokeratin and E-cadherin was negative, except 

for rare cells which were presumed to be epithelial cell contaminants of the stromal 

cultures. Vimentin staining was consistently positive among the explanted cells.  

 

Primary explant tissue pieces in Epilife failed to adhere to the culture plates. Tissues were 

fixed and stained immunohistochemically, with all three dogs demonstrating similar 

staining characteristics. Figure 21 shows the appearances of H&E, pancytokeratin, 

vimentin, and E-cadherin staining for dog 1. 
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Immunofluorescence 
 

Immunofluorescence using FITC-conjugated mouse-anti-ZO-1 antibody failed to result in 

fluorescence near the cell junctions. Figure 22 demonstrates the (a) nuclear staining and 

(b) similar nuclear fluorescence with a lack of cytoplasmic fluorescence for FITC-ZO-1 

for MDCK cells. The lack of fluorescence in the cell cytoplasm, particularly near the cell 

junctions indicates that the immunofluorescence did not support the expected presence of 

ZO-1 in these cells. A similar lack of cytochemical immunofluorescence was observed in 

the canine corneal cells. 

 

RNA Concentrations and cDNA Synthesis 
 

RNA crude cell lysate was performed on the following cell cultures:  

 

1EE   1ED  1SD  1ED→E  1SD→E 

2EE  2ED  2SD  2ED→E  2SD→E 

3EE  3ED  3SD  3ED→E  3SD→E 

MDCK 

 

After isolating total RNA, the concentration of RNA in each sample was calculated, and 

the result was used to determine the volume of RNA used for cDNA synthesis in each 

sample. The results of these calculations are provided in Table 2. Total RNA recovery 

ranged from 1.36 to 38.48µg, and cDNA synthesis was performed using 0.13-1µg total 

RNA. The maximum volume (8µl) of RNA was added to the following samples: 1EE, 

2EE, 3EE, 1ED, 3ED, 1EDE, 2EDE, 3EDE. 

 
PCR Gel Electrophoresis 
 

To analyze the PCR products, conventional PCR followed by gel electrophoresis was 

performed on cDNA from 3EE, 2SD, and MDCK samples. The bands from 3EE and 2SD 
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were similar, and their molecular weights were near 189 kilodaltons, as expected. The 

band produced by the MDCK product appeared to be slightly smaller. Results of DNA 

sequencing are reported in subsequent sections. 

 
DNA Sequencing of PCR Product from Corneal Samples 
 

Sequencing of DNA extracted from the bands produced by corneal samples 3EE and 2SD 

revealed that the amplified product sequences were 189 base pairs and matched 100% to 

the predicted canine CK5 sequence (see Appendix 2). 

 

CK5 mRNA Amplification Efficiency 
 

Using serial dilutions of cDNA from corneal sample 3EE, PCR amplification efficiency 

of canine CK5 mRNA was evaluated, and the plot of cycle and amplification is 

demonstrated in Chart 1. As expected, the negative control sample in which there was no 

cDNA did not demonstrate amplification of product. Approximately three cycles of 

amplification were required to permit detection of each sequential dilution above a 

designated noise threshold. Three replicates were amplified for each dilution, and the 

mean CT and standard deviation (SD) are listed below: 

  

Dilution Mean CT SD 

 100  16.16  0.02 

 10-1  19.47  0.08 

 10-2  22.99  0.15 

 10-3  26.75  0.14 

 10-4  30.46  0.05 

 10-5  34.11  0.02 

 

By plotting the threshold cycle against the serial 3EE cDNA dilution concentration, or 

nanogram (ng) RNA equivalents per reaction, the slope of the line for PCR amplification 

efficiency of canine CK5 mRNA was calculated to be -3.61. This yielded an 
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amplification efficiency of 94.6%. Chart 2 demonstrates the PCR amplification efficiency 

of CK5 mRNA for the serial dilutions of 3EE cDNA. 

 

Quantitative Real Time PCR for Amplification of CK5 mRNA  
 

Amplification of CK5 mRNA was performed on each of the canine corneal samples, and 

Chart 3 demonstrates the plot of the cycle and amplification. Three negative controls 

from 3EE, 2SD, and MDCK were produced by omitting the reverse transcriptase when 

synthesizing cDNA. For an additional negative control, template was omitted from the 

sample. For the negative controls, no amplification was detected throughout the 40 

cycles, except for minimal amplification from 2SD, verifying the absence of detectable 

CK5 signal attributable to genomic DNA carry-over.  
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Three replicates were amplified for each sample, and the mean CT and SD are listed 

below: 

 Sample Mean CT SD 

 1EE  16.43  0.06 

 2EE  16.18  0.03 

 3EE  16.19  0.02 

 1ED  18.29  0.07 

 2ED  17.13  0.05 

 3ED  16.87  0.06 

 1EDE  21.30  0.07 

 2EDE  17.67  0.03 

 3EDE  19.38  0.11 

1SD  28.15  0.02 

 2SD  19.47  0.04 

 3SD  19.70  0.03 

 1SDE  29.31  0.14 

 2SDE  21.22  0.03 

 3SDE  23.13  0.05 

 MDCK 21.81  0.11 

3EE no RT 40.00  0.00 

 2SD no RT 39.06  1.62 

 MDCK no RT 40.00  0.00 

 No Template 40.00  0.00 

 

Chart 4 provides a graphical representation of the data shown above. These mean CT 

values were used subsequently in the comparative CT analysis. 

 

The post-run dissociation curve for the PCR amplification products of CK5 mRNA for 

the 3EE efficiency sample and the routine corneal samples yielded a melting temperature 

of 85ºC with a single symmetric peak, shown in Chart 5. However, the melting 

temperatures of the MDCK samples were 80-83ºC, suggesting a qualitative difference in 
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the product from these samples and the corneal samples. The dissociation curve for PCR 

amplification product from the MDCK cells is shown in Chart 6. 

 

PCR amplification of 18S rRNA provided an endogenous positive control for the cultured 

canine corneal and MDCK cells. Three negative controls from 3EE, 2SD, and MDCK 

were produced by omitting the reverse transcriptase when synthesizing cDNA. For an 

additional negative control, template was omitted from the sample. For all negative 

controls, no amplification was detected throughout the 40 cycles. Three replicates were 

amplified for each corneal sample, and the mean and SD are listed below: 

  

Sample Mean CT SD 

 1EE  19.24  0.10 

 2EE  19.08  0.07 

 3EE  19.50  0.14 

 1ED  18.50  0.07 

 2ED  18.39  0.04 

 3ED  18.45  0.05 

 1EDE  21.00  0.03 

 2EDE  18.51  0.05 

 3EDE  20.11  0.13 

1SD  18.81  0.09 

 2SD  18.53  0.05 

 3SD  18.36  0.07 

 1SDE  18.62  0.06 

 2SDE  18.29  0.41 

 3SDE  18.99  0.13 

 MDCK 19.11  0.04 

3EE no RT 40.00  0.00 

 2SD no RT 40.00  0.00 

 MDCK no RT 40.00  0.00 

 No Template 40.00  0.00 
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The mean CT values from PCR amplification of 18S rRNA for each corneal sample were 

then subtracted from the mean CT values from PCR amplification of CK5 mRNA, 

yielding the ∆CT of the corneal samples with reference to CK5. Table 3 shows the 

calculations, and a graphical representation of the ∆CT values from the corneal samples is 

shown in Chart 7. 

 

Statistical Analysis 
 

Table 3 shows the calculations for the comparative CT analysis, including the mean CT 

values from CK5 mRNA and 18S rRNA amplification, the ∆CT values for each sample, 

and the mean ∆CT values for selected samples. The 1EE, 2EE, and 3EE samples 

represented the initially suspended cells, presumed to contain predominantly epithelial 

cells, cultured in the Epilife medium. The 1ED, 2ED, and 3ED group represents initially 

suspended cells, presumed to contain predominantly epithelial cells, cultured in DMEM 

with FBS. The 1SD, 2SD, and 3SD samples are predominantly stromal cells cultured in 

DMEM with FBS. The relative ratios of CK5 mRNA expression in the target corneal 

samples 1EE, 2EE, and 3EE, normalized to 18S rRNA, were compared to CK5 mRNA 

expression in the 1ED, 2ED, 3ED group and to CK5 mRNA expression in the 1SD, 2SD, 

3SD group, shown in Table 4. Chart 8 graphically demonstrates that when the mean ∆CT 

of 1EE, 2EE, and 3EE was compared to the mean ∆CT of 1ED, 2ED, and 3ED, the 

relative expression of CK5 mRNA in the EE group was up-regulated by a factor of 3.97. 

However, when the mean ∆CT from 1EE, 2EE, and 3EE was compared to the mean ∆CT 

of 1SD, 2SD, and 3SD, the results were not reliable due to a large confidence interval for 

the relative expression ratio.  

 

DNA Sequencing of PCR Product from MDCK Cells 
 
Figure 23 shows the bands produced from PCR gel electrophoresis from corneal samples 

2SD and 3EE, as well as the MDCK cells. The DNA extracted from the band produced 

by the MDCK sample demonstrated approximately 35 mismatches when the sequence 

was compared to the predicted canine CK5 sequence. The sequenced product from the 



 48

MDCK sample matched 100% with the predicted canine CK8 sequence between primers. 

Appendix 2 shows the sequences of the products from PCR amplification of the corneal 

cells, matching the sequence for CK5, and the MDCK cells, matching the sequence for 

CK8. 
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Figure 1. Positive tissue controls. The positive tissue control for (a) 

pancytokeratin was canine skin, (b) vimentin was canine tonsil, and (c) E-cadherin was 

canine pancreas, demonstrating proper staining techniques. Original magnification of 

20x. 

a. 

 
b. 

 
c. 
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Figure 2. Primary corneal tissue sections. Representative images from 

dog 2 of the staining characteristics of primary canine corneal tissue sections for (a) 

H&E, (b) pancytokeratin, (c) vimentin, (d) E-cadherin, and (e) negative control. Original 

magnification of 40x. 

a.      b. 

  
c.      d. 

  
e. 
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Figure 3. Post-trypsin corneal tissue sections. Representative images 

from dog 3 of post-trypsin canine corneal tissue samples, including (a) H&E, (b) 

pancytokeratin, (c) vimentin, and (d) E-cadherin. Original magnification of 40x. 

a.      b. 

  
c.      d. 
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Figure 4. Seventy-two hours in culture. Appearances of cells from dog 3 

after 72 hours in culture, showing (a) cultures of presumed epithelial cells in Epilife, (b) 

cultures of presumed epithelial cells in DMEM, (c) rare adherent cells in explant tissue 

cultures in Epilife, and (d) non-adherent tissue pieces in explant cultures in DMEM. All 

images were taken at 10x objective magnification. 

a.      b. 

  
c.      d. 
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Figure 5. Seven days in culture. Cultures from dog 2 after 7 days 

demonstrated improving cell attachments for the presumed epithelial cultures in (a) 

Epilife and (b) DMEM. The explant cultures show (c) explanting cells in DMEM, and (d) 

rare adherent cells in Epilife. Original magnification for 5a-d was 10x. 

a.      b. 

  
c.      d. 
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Figure 6. Presumed epithelial cells in Epilife on day 10. On day 10, 

primary cultures from the presumed epithelial cells of dog 3 in Epilife. The original 

magnification of (a) is 10x, and the original magnification of (b) is 20x. 

a. 

 
b. 
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Figure 7. Presumed epithelial cells in DMEM on day 10. On day 10, 

passage 1 cultures from the presumed epithelial cells in DMEM from dog 2. The original 

magnification for (a) is 10x, and the original magnification for (b) is 20x. 

a.  

 
b. 
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Figure 8. First passage presumed epithelial cells in Epilife on 
day 14. On day 14, first passage cultures from the presumed epithelial cells in Epilife 

from dog 3. The original magnification of (a) was 10x, and (b) was 20x. 

a. 

 
b. 
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Figure 9. First passage presumed epithelial cells in DMEM on 
day 14. On day 14, first passage culture of the presumed epithelial cells from dog 3 in 

DMEM. Original magnification for (a) was 10x, and for (b) was 20x. 

a. 

  
b. 
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Figure 10. Explant culture in DMEM on day 14. On day 14, explant 

culture from dog 2 in DMEM. Original magnification of (a) was 10x, and (b) was 20x. 

a. 

 
b. 
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Figure 11. Explant culture in Epilife on day 14. On day 14, explant 

culture from dog 2 in Epilife. The edge of a floating piece of corneal tissue is imaged, 

and cells are not explanting from the tissue onto the culture plate.  
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Figure 12. Explant culture in DMEM on day 21, dog 1. Day 21, 

primary explant cultures in DMEM from dog 1, with original magnification for (a) at 

10x, and (b) at 20x.  

a.      b. 
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Figure 13. First passage explant culture in DMEM on day 21, dog 
2. Day 21, first passage explant cultures in DMEM from dog 2, with original 

magnification for (a) at 10x, and (b) at 20x. 

a.      b. 
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Figure 14. Explant culture on day 27 after medium change, dog 
2. Day 27, explant culture dog 2, in which Epilife was replaced with DMEM 8 days 

previously, demonstrating an adherent piece of tissue and cells explanting onto the 

culture plate. Original magnification of 10x. 
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Figure 15. MDCK immunocytochemistry. MDCK cells staining 

characteristics for (a) H&E, (b) pancytokeratin, (c) vimentin, (d) E-cadherin, and (e) 

negative control. Original magnification of 40x. 

a.      b. 

   
c.      d. 

  
e. 
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Figure 16. Presumed epithelial cells in Epilife. First passage presumed 

epithelial cells in Epilife from dog 2 showing staining characteristics for (a) H&E, (b) 

pancytokeratin, (c) vimentin, (d) E-cadherin, and (e) negative control. Original 

magnification of 40x. 

a.      b. 

  
c.      d. 

  
e. 
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Figure 17. Presumed epithelial cells in DMEM, dog 2. First passage 

presumed epithelial cells in DMEM from dog 2, showing staining characteristics for (a) 

H&E, (b) pancytokeratin, (c) vimentin, (d) E-cadherin, and (e) negative control. Original 

magnification of 40x. 

a.      b. 

  
c.      d. 

  
e. 
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Figure 18. Presumed epithelial cells in DMEM, dog 1. First passage 

presumed epithelial cells in DMEM from dog 1, showing few cells on the slide, and 

staining characteristics for (a) H&E, (b) pancytokeratin, (c) vimentin, (d) E-cadherin, and 

(e) negative control. Original magnification of 40x. 

a.      b. 

  
c.      d. 

  
e. 

 



 67

Figure 19. Primary explant tissue in DMEM. Primary explant tissue from 

DMEM from dog 3, showing staining characteristics for (a) H&E, (b) pancytokeratin, (c) 

vimentin, (d) E-cadherin, and (e) negative control. Original magnification of 40x. 

a.       b. 

  
c.      d. 

  
e. 
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Figure 20. First passage explant cells in DMEM. First passage explant 

cells from DMEM for dog 3, showing staining for (a) H&E, (b) pancytokeratin, (c) 

vimentin, (d) E-cadherin, and (e) negative control. Original magnification of 40x. 

a.      b. 

  
c.      d. 

  
e. 
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Figure 21. Primary explant tissue in Epilife. Primary explant tissue pieces 

in Epilife from dog 1, showing staining characteristics for (a) H&E, (b) pancytokeratin, 

(c) vimentin, (d) E-cadherin, and (e) negative control. Original magnification of 40x. 

a.      b. 

  
c.      d. 

  
e. 
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Figure 22. MDCK immunofluorescence. MDCK cells after staining with 

FITC-conjugated anti-ZO-1. (A) demonstrates the nuclear stain, and (b) shows a similar 

nuclear fluorescence and lack of cytoplasmic fluorescence with FITC illumination. The 

immunofluorescent staining technique was unsuccessful in identifying ZO-1 at the cell 

junctions. The bottom image merges the colors in (a) and (b). 

a.      b. 
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Figure 23. PCR gel electrophoresis from CK5 mRNA 
amplification. Bands produced from eletrophoresis of PCR amplification products of 

CK5 mRNA from cDNA of 3EE, 2SD, and MDCK samples. The lanes are labeled, the 

molecular weights of some of the markers are provided for reference, and the arrow 

indicates the bands of interest. The migration of the bands from 3EE and 2SD is similar, 

while that of the band from MDCK appears more rapid, suggestive of a smaller DNA 

fragment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(-
) C

O
N

TR
O

L 
M

A
R

K
ER

S 

M
D

C
K

 
3E

E 
2S

D
 

1353  

603 

310 
194 



 72

Table 1. Culture timeline. 
Dog # Treatment 

group 
Label Days to 

attachment 
Days to 
passage 

Days in 
culture until 
RNA lysis 

Days in culture  until 
Immunocytochemistry 

1 Presumed 
epithelial in 

Epilife 

1EE 1 11 14 14 

1 Presumed 
epithelial in 

DMEM 

1ED 1 10 14 14 

1 Presumed 
epithelial in 
DMEM → 

Epilife 

1ED→E 
(Day 14 

start) 

N/A N/A 4 N/A 

1 Explant in 
Epilife 

1SE No attachment N/A N/A 21 

1 Explant in 
Epilife → 
DMEM 

1SE→D 
(Day 21 

start) 

No attachment N/A N/A N/A 

1 Explant in 
DMEM 

1SD 6 21 22 22 

1 Explant in 
DMEM → 

Epilife 

1SD→E 
(Day 22 

start) 

N/A N/A 4 N/A 

2 Presumed 
epithelial in 

Epilife 

2EE 1 11 14 14 

2 Presumed 
epithelial in 

DMEM 

2ED 1 7 10 10 

2 Presumed 
epithelial in 
DMEM → 

Epilife 

2ED→E 
(Day 10 

start) 

N/A N/A 4 N/A 

2 Explant in 
Epilife 

2SE No attachment N/A N/A 19 

2 Explant in 
Epilife → 
DMEM 

2SE→D 
(Day 19 

start) 

8 N/A N/A N/A 

2 Explant in 
DMEM 

2SD 6 19 21 21 

2 Explant in 
DMEM → 

Epilife 

2SD→E 
(Day 21 

start) 

N/A N/A 4 N/A 

3 Presumed 
epithelial in 

Epilife 

3EE 1 11 14 14 

3 Presumed 
epithelial in 

DMEM 

3ED 1 10 14 14 

3 Presumed 
epithelial in 
DMEM → 

Epilife 

3ED→E 
(Day 14 

start) 

N/A N/A 4 N/A 

3 Explant in 
Epilife 

3SE No attachment N/A N/A 21 

3 Explant in 
Epilife → 
DMEM 

3SE→D 
(Day 21 

start) 

No attachment N/A N/A N/A 

3 Explant in 
DMEM 

3SD 6 21 22 22 

3 Explant in 
DMEM → 

Epilife 

3SD→E 
(Day 22 

start) 

N/A N/A 4 N/A 
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Table 2. RNA concentrations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID A260/
A280 
ratio 

[RNA] 
ug/ul 

Total µg 
RNA 
recovered 

ug 
RNA 
to 
cDNA 

1EE 1.4502 0.045 3.6 0.36 
2EE 1.6453 0.043 3.44 0.34 
3EE 1.8102 0.053 4.24 0.43 
1ED 1.4852 0.080 6.4 0.64 
2ED 1.8788 0.177 14.16 1.00 
3ED 1.7755 0.096 7.68 0.77 
1SD 1.5354 0.324 25.92 1.00 
2SD 1.5778 0.481 38.48 1.00 
3SD 1.6022 0.453 36.24 1.00 
1EDE 1.3792 0.017 1.36 0.13 
2EDE 1.4660 0.084 6.72 0.68 
3EDE 1.5652 0.033 2.64 0.27 
1SDE 1.7354 0.158 12.64 1.00 
2SDE 1.5356 0.419 33.52 1.00 
3SDE 1.5569 0.414 33.12 1.00 
MDCK 1.5913 0.660 52.8 1.00 
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Table 3. Comparative CT analysis concentrations. 
Canine 
corneal 
sample 

Mean 
CT CK5 
mRNA 

Mean 
CT 18S 
rRNA 

∆Ct Mean 
∆Ct 

1EE 16.43 19.24 -2.81  
2EE 16.18 19.08 -2.90 -3.01 
3EE 16.19 19.50 -3.31  
1ED 18.29 18.50 -0.21  
2ED 17.13 18.39 -1.26 -1.02 
3ED 16.87 18.45 -1.58  
1EDE 21.30 21.00 0.30  
2EDE 17.67 18.51 -0.84  
3EDE 19.38 20.11 -0.73  
1SD 28.15 18.81 9.34  
2SD 19.47 18.53 0.95 3.87 
3SD 19.70 18.36 1.33  
1SDE 29.31 18.62 10.68  
2SDE 21.22 18.29 2.92  
3SDE 23.13 18.99 4.14  
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Table 4. Associations between cell type with growth media and 
CK5 mRNA expression. 
CK5 mRNA was up regulated by a factor of 3.97 when EE was compared with ED. 

However, when EE was compared with SD, the results were not reliable due to a very 

wide CI for the Relative Expression Ratio. 

 

Growth 
Media 
Compared 

Target Gene House 
Keeping Gene 

Relative expression 
Ratio (95% CI) 

P-Value 

EE vs ED CK5 mRNA 18S rRNA 3.97 (2.85 to 7.29) 0.033 
EE vs SD CK5 mRNA 18S rRNA 118 (16 to 6538) 0.064 
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Chart 1. CK5 mRNA PCR amplification of serial dilutions cDNA 
from canine corneal sample 3EE. The x-axis represents the cycle, and the y-

axis provides the amplification values. The threshold cycle is represented by the bold 

horizontal line.  
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Chart 2. Amplification efficiency of CK5 mRNA from canine 
cornea. 
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Chart 3. CK5 mRNA PCR amplification from canine corneal 
samples. The x-axis represents the cycle, and the y-axis provides the amplification 

values. The threshold cycle is represented by the bold horizontal line. 
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Chart 4. Mean CT values for CK5 mRNA amplification from 
canine cornea. The mean CT values for CK5 mRNA amplification from the three 

replicates of each of the corneal samples are shown here. 
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Chart 5. Dissociation curves of PCR products from canine 
corneal samples. Dissociation curves from PCR amplification products from (a) 

the 3EE amplification efficiency sample, and (b) the routine corneal samples. 

Temperature is on the x-axis and the slope of the dissociation curve is on the y-axis. The 

melting temperature is 85ºC.  
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Chart 6. Dissociation curve of PCR product from MDCK cells. 
Dissociation curve from the products of PCR amplification of the MDCK cells. 

Temperature is on the x-axis and the slope of the dissociation curve is on the y-axis. The 

melting temperature is 83ºC. 
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Chart 7. ∆CT values from canine cornea. The chart shows the ∆CT values 

for the corneal samples, demonstrating the differences between amplification of CK5 

mRNA and 18S rRNA. 
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Chart 8. Relative expression of CK5 mRNA from canine corneal 
samples. The chart demonstrates that the relative expression of CK5 mRNA in EE 

group is up-regulated by a factor of 3.97 over the ED group.  
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CHAPTER IV. DISCUSSION 
 

Routine H&E of primary corneal samples obtained by superficial keratectomies revealed 

the expected appearance of stratified squamous epithelium overlying corneal stroma. 

Pancytokeratin and E-cadherin staining occurred in the stratified squamous epithelial 

layers, but not in the stromal cells, while vimentin stain uptake only occurred in stromal 

cells. Post-trypsinization, immunohistochemistry of the corneal tissues revealed that most 

of the epithelial cells had been released from the underlying stroma. The stromal cells 

stained positively for vimentin, and rare detached epithelial cells stained positively for 

pancytokeratin and E-cadherin. The observed staining characteristics were expected, 

based on previous reports of the staining characteristics of these antibodies in corneal 

tissues.13,26,66,68,70 

 

Starting one week after culture commencement, primary corneal samples cultured from 

dog 2 consistently demonstrated a more rapid rate of growth when compared to cultures 

from dogs 1 and 3. There was no obvious explanation for this since ophthalmic 

examinations were normal in all three dogs, the eyes were treated the same at the time of 

sampling, and the culture environments were similar. Post-mortem physical examination 

on all three dogs revealed no evidence of systemic disease, and all three dogs were young 

adult male intact pit bull terrier mixes. However, it is possible that dog 2 was healthier 

than the other two animals, which may have influenced initial cell growth rates in culture. 

 

Initially suspended cells, presumed and determined to be predominantly epithelial, began 

adhering to the culture plates within 24 hours of culture commencement, regardless of the 

medium. Cell morphologies in both media included polyhedral, fusiform, stellate, and 

round cells. These primary presumed epithelial cells approached confluence and were 

therefore passaged a mean of 2 days earlier when cultured in DMEM with FBS as 

compared to Epilife®. Additionally, while first passage cells in DMEM with FBS 

approached confluence within a few days, first passage cells in Epilife® failed to reach 

confluence prior to processing. There were no distinctive differences among cell 

morphologies observed for the presumed epithelial cells during primary or first passage 
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cultures in either medium (Figures 5-11). The decision to process the first passage cells in 

Epilife®, despite marked subconfluence, was made based on preliminary studies in which 

canine corneal epithelial cells did not thrive beyond two weeks in culture. For the 

cultures in which DMEM with FBS was changed to Epilife®, cell numbers progressively 

declined during the four days after the medium change was made. Since the cells were 

nearly two weeks of age and approaching confluence when the medium change was 

made, it is likely that the cells were undergoing apoptotic cell death despite the medium 

change, rather than in response to it. Another possibility is that Epilife® does not provide 

adequate nutrients and growth factors to support an aging cell culture population.  

 

In contrast to the rapid attachment of the presumed epithelial cells, the tissue pieces that 

contained predominantly stromal cells required at least 6 days to successfully adhere to 

the plates when cultured in DMEM with FBS. Thereafter, densely packed fusiform cells, 

with occasional polyhedral and stellate morphologies, were observed progressively 

explanting from the tissues (Figure 10). After passaging, cells remained fusiform to 

stellate, consistent with the morphologies of keratocytes and fibroblasts.  

 

Throughout the time in culture, the tissue pieces containing predominantly stromal cells 

cultured in Epilife® medium failed to adhere to the plates. As demonstrated in Figure 21, 

viable cells were still present in the tissues, with positive vimentin staining and 

predominantly negative pancytokeratin and E-cadherin staining. The 

immunocytochemical staining properties support the prediction that these post-

trypsinized tissues contained predominantly stromal cells. Epilife® medium may have 

inhibited initial attachment of the corneal tissues to the culture plates, or the medium may 

have inhibited migration, growth, and proliferation of the stromal cells. In the explant 

culture from dog 2, in which the Epilife® medium was changed to DMEM with FBS, the 

tissue eventually attached to the culture plate, and cells were observed explanting from 

the tissue. This supports the idea that Epilife® medium may not provide adequate 

nutrients or growth factors to facilitate attachment of non-epithelial tissues and/or 

proliferation of non-epithelial cells.  
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Madin-Darby canine kidney cells were used as a reference for the immunocytochemical 

staining characteristics of the culture cells. These cells were weakly pancytokeratin and 

E-cadherin positive, and they were strongly vimentin positive. Though vimentin staining 

typically occurs in cells of mesenchymal cell origin in vivo, several in vitro investigations 

have documented the presence of positive vimentin staining in cells of epithelial 

origin.25,33,86,90 MDCK cells and rabbit corneal epithelial cells have been recognized as 

cells of epithelial origin that express vimentin in vitro.25,33,86,90 Investigators speculate 

that the transition from an epithelial to a myoepithelial phenotype in vitro results in 

altered expression of proteins.15 Due to the prolonged existence of MDCK cells in vitro, 

it is also possible that these cells have undergone mutations that resulted in the staining 

qualities observed in this study.86,90 For example, certain phenotypes of dedifferentiated 

MDCK cells have been recognized to demonstrate decreased cytokeratin and E-cadherin 

expression with increased vimentin expression in vitro.86,90 

 

The immunocytochemical staining characteristics were similar for the first passage 

presumed epithelial cells, regardless of medium. Cells stained positively for 

pancytokeratin, vimentin, and E-cadherin, as shown in Figures 16-17. Figure 18 shows 

that few cells (<5% confluence) were present on the immunocytochemical slides of the 

epithelial cells in DMEM with FBS from dogs 1 and 3 (1ED and 3ED). This likely 

resulted from improper fixation or processing, as 30% confluence of cells was observed 

prior to fixation for both dogs, and cultures were fixed simultaneously. For all three dogs, 

the positive staining for pancytokeratin and E-cadherin indicated that these initially 

suspended cells in DMEM with FBS and Epilife® were predominantly epithelial, as 

expected. Since epithelial cells from the tissue sections were negative for vimentin 

staining and the stromal cells were positive, it is possible that a presence of stromal cells 

in these predominantly epithelial cultures was the cause of positive vimentin staining in 

these cultures. However, since nearly all cells stained positively for all three antibodies, a 

more likely conclusion is that canine corneal epithelial cells in culture express certain 

mesenchymal proteins, including vimentin, which is similar to the observations in 

MDCK cells and rabbit corneal epithelial cells previously described.25,33,86,90  
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Immunohistochemistry of the tissue pieces containing predominantly stromal cells from 

DMEM with FBS and Epilife® revealed the expected staining characteristics. Vimentin 

staining was positive, and pancytokeratin and E-cadherin staining were negative. Rare 

epithelial cells in these tissues demonstrated positive pancytokeratin staining. 

Immunocytochemistry of the first passage explanted cells from DMEM cultures showed 

positive vimentin staining and negative pancytokeratin and E-cadherin staining. Since 

tissues in Epilife® did not adhere to the culture plates and no cells explanted, 

immunocytochemistry was not performed on these cultures. 

 

Immunofluorescence for ZO-1 was unsuccessful. Fluorescence near epithelial cell 

junctions was the expected result, but this was not observed in either MDCK or canine 

corneal cells. For the cultured canine corneal epithelial cells, it is also possible that cells 

failed to develop the appropriate intercellular desmosomal junctions for stimulation of 

expression of ZO-1.69 Additionally, corneal research in rats has identified that ZO-1 

expression is concentrated in the superficial corneal layers.69 If the corneal epithelial cells 

cultured from dogs in this study were predominantly basal or wing cells, then ZO-1 

expression may not have been recognized with immunofluorescence.69 However, based 

on the lack of observation of fluorescence in both the MDCK cells and the corneal cells, 

it is more likely that there was a flaw in technique rather than an actual lack of expression 

of ZO-1. The fixation technique may have masked expression of ZO-1, the length of time 

between fixation and immunofluorescence may have altered the results, the FITC-

conjugated ZO-1 antibody may have been defective, or the equipment may not have been 

operating properly.101 The study design allowed only one attempt for detection of 

immunofluorescence to ZO-1, so the failure of fluorescence was not further investigated. 

 

To further characterize the biochemical qualities of the cells cultured, quantitative real 

time RT-PCR was performed to amplify expression of CK5 mRNA. Cytokeratin 5 is 

known to be expressed in basal corneal epithelial cells of other species as well as other 

non-corneal tissues in dogs.6,26 Results of PCR of the predominantly epithelial cultures 

revealed that cells grown in Epilife® expressed more CK5 mRNA than similar cells 

grown in DMEM with FBS. Expression of CK5 mRNA in epithelial cells cultured in 
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Epilife® medium was up-regulated by a factor of 3.97 when compared to epithelial cells 

cultured in DMEM with FBS. Epilife® medium may promote cells to retain the epithelial 

characteristic of CK5 mRNA expression better than DMEM with FBS. Alternatively, 

there may have been less selection for epithelial cells in the DMEM cultures, allowing for 

increased growth of stromal cells and fibroblasts. Since stromal cells and fibroblasts are 

not of epithelial origin, they should not express CK5, which could explain the relative 

decreased expression of CK5 mRNA in the DMEM cultures. However, some expression 

of CK5 mRNA was observed in the predominantly stromal cultures from DMEM with 

FBS. Either epithelial contamination of these cultures was sufficient to allow for 

detection and amplification of CK5 mRNA, or cultured canine corneal stromal cells 

express CK5 mRNA. When the expression of CK5 mRNA in epithelial cells in Epilife® 

was compared to stromal cells in DMEM with FBS, the results were not reliable due to a 

very large confidence interval for the relative expression ratio. It is likely that the 

relatively large variation in ∆CT values for the stromal cells in DMEM (9.34, 0.95, 1.33) 

caused the wide confidence interval for the ratio. The value of 9.34, observed from 

sample 1SD reflected decreased expression of CK5 mRNA compared to 2SD and 3SD. 

Possible reasons include a relative lack of epithelial cells in the 1SD culture compared to 

the others, poor cell viability at the time of RNA crude cell lysate, or an error in 

processing for PCR. The latter two possibilities are less likely, since the mean ∆CT value 

for 18S rRNA expression from sample 1SD was similar to the other samples, and all 

corneal samples were handled in concert. 

 

To assess whether the products amplified by PCR for CK5 mRNA maintained the 

expected sequence predicted for canine CK5, DNA sequencing was performed. While the 

product from the corneal samples matched perfectly with the predicted sequence for 

canine CK5, the product from the MDCK cells matched the predicted sequence for CK8. 

Since the sequences and sizes of these cytokeratins are similar, there may have been 

reasonable opportunity for inadvertent amplification of CK8 using primers for CK5. 

Additionally, due to their prolonged in vitro existence, MDCK cells may have undergone 

certain mutations resulting in altered expression of various factors.86,90 Specifically, 
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dedifferentiated MDCK cells reportedly show decreased or abolished expression of 

various cytokeratins, including CK5, when compared to differentiated MDCK cells.86 
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CHAPTER V. CONCLUSIONS 
 

The purpose of this study was to investigate whether Epilife® provides a superior culture 

environment for canine corneal epithelial cells when compared to DMEM with FBS, and 

to document the cytochemical expression of cultured canine corneal cells. Based on the 

results of the study, epithelial cells proliferate and reach confluence more rapidly in 

DMEM with FBS than in Epilife®. No differences were observed among the staining 

characteristics of epithelial cells for pancytokeratin, vimentin, and E-cadherin, regardless 

of which medium was used. Positive vimentin staining of cultured corneal epithelial cells 

was an important finding in this study. Based upon this result, researchers should not use 

vimentin as a means of distinguishing cells of mesenchymal versus epithelial origin for 

canine corneal cultures. Based on the PCR for CK5 mRNA expression, Epilife® medium 

promotes canine corneal epithelial cells to retain their epithelial characteristic of CK5 

mRNA expression better than DMEM with FBS. Additionally, Epilife® did not support 

attachment or growth of canine corneal stromal tissue pieces, which may be of benefit in 

minimizing stromal cell and fibroblast contamination of canine corneal epithelial 

cultures. While Epilife® is reportedly selective for epithelial cell growth, there is no 

specific indication that it would inhibit adherence of tissues and expansion of stromal 

cells.24,70,79 Nonetheless, it is possible that the chemical composition of Epilife® does in 

fact inhibit stromal tissue attachment and cellular proliferation by failing to provide 

adequate nutrients, enzymes, and growth factors required to support these events. Perhaps 

the explant cultures would have attached and expanded better if serum had been added to 

the Epilife® medium.  

 

Limitations of the study include the small number of dogs sampled and the comparison of 

only two culture media. Increasing the number of dogs may have allowed for more 

intensive statistical analyses of the results of cell growth rates in culture, 

immunocytochemical staining intensities, and PCR. Additionally, comparing cell growth 

in Epilife® with FBS to DMEM without FBS may have allowed for better interpretation 

of the effects of serum on canine corneal cell growth in vitro. Further investigations on 
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the effect that Epilife® culture medium, with and without the addition of serum, has on 

individual epithelial and stromal cells in suspension or explant cultures may be 

warranted. In addition to the assessments of pancytokeratin, vimentin, and E-cadherin, 

evaluations for other markers of canine corneal epithelial and stromal cells should be 

performed to promote a better understanding of the in vitro and in vivo biochemical and 

immunocytochemical characteristics of these cells. Research characterizing canine 

corneal cultures is in its relative infancy compared to that of numerous other species. 

Further studies are required to allow for the establishment of well-characterized cell lines, 

toxicology studies, and eventual tissue bioengineering for functional reconstruction of 

canine corneal layers. 
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