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Abstract 

The pathogenic alterations in skin keratinocyte proliferation and differentiation In 

canine atopic dermatitis (CAD) were investigated. Biopsy of lesional skin of small breed 

dogs with AD showed orthokeratotic hyperkeratosis. Ki-67 immunohistochemistry (IHC) 

reflected the higher proliferation rate in the atopic dogs (P < 0.001) which positively 

correlated to Canine Atopic Dermatitis Extent and Severity Index, CADESI-03 (P < 

0.001). The coordinated expression of proteins, involved in keratinocyte differentiation, 

keratin 5 (K5), KlO, involucrin (lVL), filaggrin (FLO) and Iympho-epithelial Kazal-type 

inhibitor (LEKTI), encoded by SPINK5 gene, were investigated in lesional, non-Iesional, 

and normal skins. IHC labeling indicated an expansion of K5 to S. spinosum with 

reduced expressions of K 1 0, IVL and FLO in lesional and non-Iesional skins (P < 0.05). 

In contrast, LEKTI expression was increased in lesional skin compared to the normal 

controls. The positive and negative correlations between CADESI-03 and LEKTI and 

between CADESI-03 and IVL staining scores of lesional skins, respectively, 

corresponded to the IRC results. However, gene expression of K5, IVL and FLG was 

upregulated (P < 0.05) in lesional skin compared to the control samples. The findings 

implied variable success of correlation between protein and mRNA expressions. 

However, this paper reported, for the first time, the association of keratins to CAD and 

the decreased protein expression of IVL in CAD. In conclusion, the present study 
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demonstrated that epidermal hyperplasia in CAD was a result of both disturbed programs 

of epidermal differentiation and proliferation. 
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1. Introduction 

Canine atopic dermatitis (CAD) is the second most common allergic skin disease in 

dogs (Hillier and Griffin 2001). Particular breeds are known to be more likely to develop 

atopic· dermatitis, including the Labrador/Golden retriever, English setter, West highland 

white'terrier and English/Staffordshire bull terrier (Fraser et al 2008). In Thai land, the 

breeds that are commonly found to develop CAD, including Miniature poodle, Shih tzu, 

Pug, Bulldog, Great dane, Labrador/Golden retriever (Dr.Meena Sarikaputi - Personal 

communication). Although the disease is frequently found, the pathogenesis of the 

disease is still obscured. Recently several publications have revealed the importance of 

skin barrier, composed of several proteins including filaggrin , involucrin and LEKTI, 

encoded by SPINK5 gene, in preventing in transepidermal water loss (TEWL) and the 

entry of infectious, toxic substances, and allergens (Descargues et al 2005; Proksch et al 

2006). The disruption of skin barrier permits allergens to reach antigen presenting cells in 

subepithelial tissues, triggering hypersensitivity and allergic reaction. The aim of this 

study was to quantify the expression of K5, K 1 0, IVL, FLG and LEKTI in lesional 

atopic, non-Iesional atopic and healthy canine skin either at the protein and mRNA levels 

by immunohistochemistry and quantitative real-time polymerase chain reaction, 

respectively. The keratinocyte proliferation was also studied by Ki-67 expression. The 

association of the gene and protein expressions in atopic skin with the Canine Atopic 

Dermatitis and Severity Index (CADESI-03), which is similar to the human SCORAD 

index were investigated. Determining the expression pattern of these proteins would help, 

at least in part, unveil the pathogenesis of CAD. 
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2. Survey of Related Literature 

Atopic dermatitis (AD) is a common allergic skin disease recognized in dogs (Hillier 

and Griffin 2001) and humans (Rothe and Grant-Kels 1996). Canine atopic dermatitis 

(CAD) is defined as 'genetically predisposed inflammatory and pruritic allergic skin 

disease with characteristic clinical features associated with IgE antibodies most 

commonly directed against environmental allergens' (Halliwell 2006). CAD prevalence 

seemed to be increasingly in the past decade to approximately 15% of the dog population 

(Hillier and Griffin 2001). Diagnosis of CAD is based primarily on history, clinical signs, 

the exclusion of other pruritic dermatose (Olivry 2010) and the diagnostic criteria 

proposed by Favrot et al. (2010). Intradermal skin test and laboratory evaluation, 

including allergy tests and histopathology of skin biopsy specimens, also support the 

diagnosis (DeBoer and Hillier 2001; Hillier and DeBoer 2001; Olivry et aI2010). CAD is 

considered to be a spontaneous model of human atopic dermatitis (HAD) since both have 

similar clinical features and immunological profiles, including familial occurrence, early 

age of onset, recurrent pruritus, skin lesions typically located at flexor and extensor sites 

of extremities, skin xerosis and the presence of Th2-dominated immune response against 

environmental allergens. Moreover, the similarity in impaired skin barrier function, 

reflecting in increased transepidermal water loss (TEWL) and in histological lesion with 

spongiotic dermatitis and eosinophil and IgE+CD 1 c+ infiltrates, supported the role of 

dogs as an appropriate model to study pathogenesis of human disease (Willemse 1988; 

Olivry et al 1997; Lian and Halliwell 1998; Griffin and DeBoer 2001; Hill et al 2001; 
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Olivry and Hill 2001; Olivry et al 2001; Marsella and Olivry 2003; Vickery 2007; 

Marsella and Oirolomoni 2009). 

Epidermal barrier is important to prevent allergen from penetrating into the skin. 

Epidermal keratinocytes (KCs) move from the basal layer to the spinous layer, granular 

layer and eventually corneum layer which is the outennost layer of the epidennis. The 

stratum corneum plays a crucial role in the penneability barrier of the skin since the 

cornified envelop (CE) proteins, which are transglutaminase cross-linked proteins 

deposited under the plasma membrane of keratinocytes, are formed in this layer. The CE 

functions to keep skin moisture. The proliferation and differentiation of KCs are 

important for cornified envelope associated protein formation in the S. corneum 

(Ekanayake-Mudiyanselage et al 1998; Marekov and Steinert 1998). A number of CE 

proteins are coordinatedly expressed, including IVL, FLO, S 1 00 proteins, etc. Most of 

them are transglutaminase substrates, used to assemble a cross-linked scaffold beneath 

the keratinocyte plasma membrane (Hitomi 2005). 

Ki-67, a nuclear protein expressed in cycling cells, is widely used in routine 

pathology as a cell proliferation marker not only in human but also in canine. The Ki-67 

antigen is detected within the cell nucleus during interphase but in mitosis it is relocated 

to the surface of the chromosomes. Ki-67 protein is found during active phases of the cell 

cycle (0\, S, O2, and mitosis), but is absent from postmitotic cells (00) (Kawahira 1999; 

Schlozen and Oerdes 2000; Sapuntsova et al 2002; Jensen et al 2004; Bovenschen et al 

2005). In the epidermis, basal cells undergo differentiation and maturation, moving into 

the suprabasal compartment. During this differentiation process, cytokeratins, a major 
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component of the intracellular cytoskeleton of epidennal cells, are synthesized. Several 

keratins and CE proteins are associated with the keratinocyte proliferation and 

differentiation programs, in particular keratin 5 (K5) and K 14 which are the main keratins 

in the basal layer, K I, K2 and K lOin the suprabasal layer, involucrin, loricrin and 

filaggrin which are CE proteins and terminal differentiation markers (Fuchs and Green 

1980; Cline and Rice 1983; Watt 1983; Moll et al 1984; Wertz et al 1989; Mehrel et al 

1990; Hohl 1993; Ekanayake-Mudiyanselage et al 1998; Candi et al 2005; Proksch et al 

2008; Proksch et al 2009). Disturbed differentiation and epidermal hyperproliferation 

lead to a defect of skin barrier permeability that enhanced the penetration of 

environmental allergens (Hudson 2006; Proksch et at 2009). Humans with AD have 

decreased expression of filaggrin and involucrin in skin (Cline and Rice 1983; Watt 

1983; Seguchi 1996; Ekanayake-Mudiyanselage et al 1998). CAD was associated with 

impaired epidermal barrier, evaluating from increased transepidennal water loss (TEWL) 

and defect of lipid lamellae in atopic dogs compared with nonnal controls, (Hightower et 

al 2008; Inman et at 200 I; Shimada et al 2009). The expression of FLG and IVL proteins 

in CAD were studied but the association to CAD was still unclear (Marsella et al 2009; 

Chervet et al 2010). 

The tymphoepithelial Kazat-type-related inhibitor (LEKTI), encoded by the serine 

protease inhibitor Kazal-type 5 (SPINK5) gene (Magert et al 1999), is involved in 

regulation of proteolysis in epithelia formation and keratinocyte tenninal differentiation 

(Chavanas et al 2000). SPINK5 polymorphism has been reported to be associated with 

HAD (Walley et al 2001; Kato et at 2003; Namkung et al 2010). LEKTI protein inhibited 
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proteases matriptase which plays an important role in proteolytically cleavage of 

profilaggrin to release mUltiple functional FLG repeat peptide units (List et al 2003; 

O'Regan et al 2008). LEKTI protein will keep balance of FLG amount. As far as we 

know, the association of LEKTI and FLG in CAD has not been demonstrated. 

The Canine Atopic Dermatitis Extent and Severity Index (CADES I), adapted 

from the human SCORing Atopic Dermatitis (SCORAD), is recommended by the 

International Task Force on Canine Atopic Dermatitis for the evaluation of the extent 

and severity of skin lesions in CAD. The third version of CADES I (CADESI-03) scale 

consists of the evaluation of 4 different lesions (erythema, excoriations, lichenification, 

and self induced alopecia) at 62 body sites with a severity scale varied from 0 to 5 as 

follows: none [0], mild [I], moderate [2,3], and severe [4,5]. Hence, the maximal 

achievable score was 62 x 4 x 5 = 1240 (Olivry et al 2007). 

The aim of this study was to quantify the expression of K5, KlO, FLG and IVL in 

lesional atopic, non-Iesional atopic and healthy canine skin either at the protein and gene 

levels. The keratinocyte proliferation was also studied by Ki-67 expression. The 

association of the gene and protein expressions in atopic skin with the CADESI-03 score 

were investigated. Determining the expression pattern of these proteins would help, at 

least in part, unveil the pathogenesis of CAD. 

3. Procedures 

Animals 
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Thirty one dogs were recruited from the private small animal clinics. Table 1 

summarized breeds and their health status. The diagnosis of CAD was based on 

compatible history and clinical signs, exclusion of other causes of pruritus and 5 signs or 

more under Favrot's 2010 criteria (Favrot et al 2010; Olivry 20 I 0). Bacterial and yeast 

infections and ectoparasite infestation were controlled prior to inclusion. No anti­

inflammatory medication was given for at least 3 weeks prior to examination. Clinical 

lesions of CAD were scored by using CADESI-03 (Olivry et al 2007). The total score 

from all clinical signs and body sites was statistically analyzed. Healthy control samples 

were taken from clinically normal skin and appearances with no history and clinical sign 

of skin diseases. All animal were obtained under the consents of the dog owners that 

followed ethical guidelines as required under Chulalongkom University Animal Care and 

Use Committee (CU-ACUC), Thailand. 

Skin biopsies and tissue samples 

A 6-mm skin biopsy specimen of 5-mm depth was taken from the ventral area of each 

dog to minimize variations due to body location. Lesion samples (n = 10) were selected 

from the affected areas of erythematous, macular-papular dermatitis and lichenification. 

Non-Iesional samples (n = 10) were taken from clinically unaffected skin of the other 

atopic dog group whereas control samples (n = 11) were from clinically normal dogs. 

Biopsy was taken from each dog after local anaesthesia with 2% lidocaine and sutured 

routinely. Subcutaneous fat was stripped off before each biopsy was bisected. One half 

was immersion fixed in 10% neutral buffered formalin for 24 h, followed by standard 
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Table 1 Breeds and health status of dogs included in the study 

Breeds Health Status Average Age Numbers 

(range, yr) 

Poodle CAD 7.8 (3-11) 12 

Healthy control 7.7 (1-10) 7 

Shih tzu CAD 5.8(2-9) 6 

Healthy control 7.3(4-10) 3 

Pug CAD 5.5(5-6) 2 

Healthy control 

tissue processing and paraffin embedding for a routine histopathological and 

immunohistochemical study. The other half was kept in RNALater solution overnight at 

4°C and stored at -20°C until processing for quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR). 

Histology and Immunohistochemistry: 

Formalin fixed paraffin embedded (FFPE) sections of 3 microns were placed on glass 

slides for routine staining with hematoxylin and eosin (HE) or on positively charged 

slides for IHC. FFPE tissue was deparaffinized with xylene and rehydrated with a series 

of graded ethanols. After HE staining, the slides were examined microscopically. Ten 

fields were randomly selected at x200 magnification and the epidermal thickness was 
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assessed by measurement of total thickness, nucleated epidermis and S. corneum, using 

Image-Pro@ PLUS 6.0 Programming software (Media Cybernetics, Bethesda, MD). 

Immunohistochemistry was performed on replicate sections. For Ki-67 and LEKTI 

antigen retrieval, the sl ides were incubated in citrate buffer (0.01 M, pH 6.0) at 95°C for 

40 min and for the other 4 antigens, the slides were trypsinized by 1.0% trypsin (Merck, 

Rockland, MA) at 37°C for 15 min. Endogenous peroxidase was quenched by incubating 

the slides in 3% hydrogen peroxide in dH20 for 5 min. Nonspecific immunoglobulin 

binding was blocked with 2% bovine serum albumin at room temperature for 20 min 

(Merck, Rockland, MA). A mouse monoclonal anti-human Ki-67 antibody (MIB-I) 

(Dako, Glostrup, Denmark) at dilution I :200 was used for investigation of the epidermal 

proliferation. To assess the localization of the CE proteins and epidermal differentiation, 

a panel of monoclonal and polyclonal antibodies was used as follows: a rabbit polyclonal 

against human filaggrin, mouse monoclonal against canine involucrin (SY5), mouse 

monoclonal against canine cytokeratin 10 (DE-K I 0) antibodies at dilutions of 1 :2000, 

I: 1 000 and 1 :600, respectively (Abcam, Cambridge, UK), and a mouse monoclonal anti­

human cytokeratin 5 clone XM26 antibody (prediluted, Diagnostic Biosystems, 

Pleasanton, CA) and a rabbit polyclonal anti-human LEKTI antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) at a dilution of 1 :3000. All antibodies were incubated at 

4°C overnight. A Polymer-based nonavidin-biotin system En Vision (Dako, Glostrup, 

Denmark) was used for immunolabeling at room temperature for 30 minutes followed by 

a 3, 3'-diaminobenzidine tetrahydrochloride (DAB) solution (ZYMED Laboratories, San 

Francisco, CA). Slides were counterstained with Mayer's hematoxylin. A positive control 
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was a human skin section and a negative control slide was healthy dog skin section 

prepared without the primary antibody. 

Quantitative Image Analysis: 

Epidermal proliferation in each section was determined by counting the number of 

keratinocytes staining positive for Ki-67 on the epidermis of each biopsy. The average 

numbers of positive cells were calculated for the epidermis in the unit 'Positive cells per 

linear mm of total epidermal surface length'. 

For quantitative assessment of filaggrin, involucrin, keratin 1 0 and keratin 5 

immunostaining, the staining results were evaluated by a semi-quantitative manual 

scoring method and by image analysis software. For semi-quantitative manual scoring, 

the manual scoring of 5 antibodies of positive areas was done by classification into 4 

different levels of intensity: 0 (negative), + (mild), ++ (moderate), +++ (strong). Since a 

number of cells were not positively stained in some compartments of skin, the proportion 

of positively stained area of the epidermis to negative cells of epidermis was included in 

this study. The proportion was estimated into four different levels (marked A-D): low 

proportion «25% of positive epidermis, A); moderate proportion (25-50% of positive 

epidermis, B); high proportion (50-75% of positive epidermis, C) and almost all positive 

areas (more than 75% positive epidermis, D) (Sukjumlong et al 2005). For the image 

analysis, each sample was performed on 10 randomly selected fields. By using the 

Image-Pro PLUS 6.0 software (Media Cybernetics, Bethesda, MD), the cytoplasmic 

staining intensity was divided into four different levels: 0 (negative), 1 (weak), 2 
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(moderate), and 3 (strong). Percentage of positive area was evaluated from dividing of 

positive cytoplasmic staining (Jlm2
) per total area of epidermis (Jlm2).The ratio of positive 

area in combination with intensity score was calculated as 'staining score'. The staining 

scores were calculated from the summation of (intensity score x percentage of area 

stained in each level) divided by 100 and the mean of the total scores was calculated and 

used for analysis. 

RNA Extraction 

The skin tissues in RNALater solution were disrupted in liquid nitrogen to maintain a 

low temperature. Total RNA was extracted from skin tissues by homogenization with 

Trizol reagent (Life Technologies, Carlsbad, CA) and was performed using a 

phenol/chloroform/isopropyl alcohol technique. Subsequently, genomic DNA traces 

were removed from RNA with Turbo DNase (Ambion, Austin, TX) to purify total RNA 

according to the instructions. DNase-treated RNA quality and concentration were 

analyzed using a NanoDrop ND-lOOO Spectrophotometer V3.7 (Thermo Fisher 

Scientific, Waltham, MA). 

Quantitative reverse transcriptase peR 

cDNA synthesis was performed using SuperScript III First-strand synthesis system for 

RT-PCR (Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. 

Briefly, one microgram of RNA was reverse transcribed in a 20 JlL reaction containing 

50 ng random primers, 40U RNase inhibitor and 200U Superscript III enzyme. Real-time 
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PCR was performed and analyzed on the Rotor Gene 3000 Thermal Cycler (Qiagen, 

Hilden, Germany). Primers were developed using software from Primer 3 version 0.4.0 

(http://frodo.wi.mit.edul).Primer pairs were investigated for specificity and uniqueness in 

the dog genome (CanFam2.0, May 2005 assembly) in silico. using In-Silico PCR at the 

UCSC Genome Bioinformatics Site (http://genome.ucsc.edul). The primers sequences, 

melting temperatures and amplicons were depicted in Table 2. PCR reactions were 

performed in a 10 ilL volume containing Ix KAPA SYBR Fast qPCR Master Mix. 

Universal (KAPA Biosystems, Cambridge, MA), 200 nM of each primer and the cDNA 

template. Thermal cycling conditions were as follows: 95°C for 2 min for one cycle 

followed by 40 cycles at 95 °c for 3 s, 60°C for 20 sand 72 °c for I s. Each reaction was 

performed in duplicate in 3 independent runs. Data from F AMiSYBR channel operating 

at excitation maximum 495 nm and emission maximum 520 nm was evaluated to ensure 

that PCR amplification took place. A melting curve analysis was used to determine purity 

of the amplified products. Prior to this study, potentially suitable reference gene was 

assessed and RPS 19 was demonstrated to be the most stably expressed among different 

conditions and therefore the most suitable reference genes to normalize the rest of the 

samples. Primer sequences and cycling details for quantitative determination of the 

housekeeping gene RPS19 has been described before (Brinkhof et al 2006; Wood et al 

2008). Relative expression levels were calculated by the REST -384 (Relative Expression 

Software Tool) software with a detection threshold at 0.1 (Pfaffl et al 2002). Standard 

curves were generated for each assay using the fluorescent data from 10-fold serial 

dilutions of total RNA of the same normal dog and the PCR efficiency was calculated 

http://genome.ucsc.edul
http://frodo.wi.mit.edul).Primer
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Table 2 Primers used for reverse transcriptase quantitative PCR. Indicated are sequences, 

annealing temperatures in PCR reactions and expected product sizes. 

Genes Primers (5'to 3') Annealing Amplicon 

temp (0C) (bp) 

Involucrin Fwd 5'-AAA GAA GAG CAG GTG CTG GA-3' 60 203 

(IVL) Rev 5'-TGC TCA CTG GTG TIC TGG AG-3' 

Filaggrin Fwd 5'-GAT GAC CCA GAC ACT GCT GA-3' 60 158 

(FLG) Rev 5'-TGG TTT TGC TCT GAT GCT TG-3' 

Keratin 5 Fwd 5'- TCA ACC AGA GCC TCC TGA CT -3' 60 164 

(K5) Rev 5'- CTI GGT GTC CAG GAC CTI GT -3' 

Keratin 10 Fwd 5'-TTG AGA CGC ACT GTT CAA GG-3' 60 168 

(KIO) Rev 5'-AGC TCG GAT CTG TTG CAG TT-3' 

SPINK 5 Fwd 5'-TGA ATT GCG ATG ATT TCA GG-3' 60 178 

Rev 5' -TTG GTC TCA CAT TCC CCT TC-3' 

Ribosomal Fwd 5'-CCT TCC TCA AAA AlGTC TGG G-3' 60 95 

protein S19 Rev 5'-GTT CTC ATC GTA GGG AGC AAG-3' 

(RPSI9) 

from standard curve slope by a modified delta delta threshold cycle (CT) method (Pfaffl 

2001) and expressed as Target Gene normalized to RPS 19. Linearity of the obtained 
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standard curves was verified by the R2 coefficient. The efficiency of the assay was 

between 92% and 131% and the R2 value was >0.97. 

Statistical analysis 

Statistical analysis of the thickness of epidermis, the immunohistochemical staining 

data, and the correlation of determination (R2) was conducted using a GraphPad Prism 

software, version 5.0 (San Diego, California). R2 shows the regression of CADESI scores 

(the dependent variable) against ratios of Ki-67/mm skin thickness (the independent 

variable). For protein staining scores, statistical differences were performed by non­

parametric Kruskal-Wallis test and Dunn's multiple comparison post test. For thickness 

of epidermis and of S. corneum, and ratios of Ki67 positive cells per thickness of 

epidermis (mm), statistical differences were determined using one-way analysis of 

variance (ANOY A), and significant differences were determined by a Tukey-Kramer test. 

For the real-time PCR results, the data were analyzed in REST 384 software, using a pair 

wise fixed reallocation randomization test to test for significance between groups. The 

results with P value <0.05 were considered relevant significance. 

4. Results 

Histopathology 

The main histopathological feature was epidermal hyperplasia with predominantly 

orthokeratotic hyperkeratosis. Compared with normal skins which composed of at least 2­

3 well-defined nucleated epidermal layers, the total thickness of lesional and non-Iesional 
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epidermis was significantly higher as shown in Table 3. The histopathological finding 

was shown in Fig 1. Lesional skins demonstrated epidermal hyperplasia with increased 

desmosomal junction areas and marked accumulation of cells in S. spinosum. Folds 

penetrating into d~rmis were developed. Focal parakeratosis, hypergranulosis, spongiosis 

and epidermal edema were irregularly appeared in lesional skins together with the 

aggregation of multifocal microabscesses in superficial epidermis. The dermal change 

presented edema between collagen bundles and a low-to-mild dermal perivascular 

inflammatory infiltrate was seen in the lesional skin. The infiltrate was composed by 

mononuclear cells and a mix of neutrophils, mast cells and eosinophils. 

Immunohistochemistry expression ofKi-67, K5, KJO, IVL, FLG and LEKTI in CAD 

lesional, CAD non- lesional, and normal dog skin 

IHC for Ki-67 antigen was confined to nuclei of nucleated epidermal cells, indicating 

increased germinative cells in the basal epidermis. The hyperplastic proliferation rate in 

epidermis of skin was found to be enhanced in non-Iesional and more pronounced in 

lesional skin as shown by hyperproliferation and hyperplasia indexes as well as the 

increased staining scores of Ki-67 proliferative activity (Fig 2A-C, Table 4). The result 

correlated with the lesional appearance of the skin. 

Whereas in normal dog skin, K5 is exclusively synthesized by basal cells, in lesional 

and non-Iesional skins, the staining of K5 extended to suprabasal compartment with 

reduced staining intensity. In non-lesional skins, the staining was mainly concentrated in 
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Table 3 Thickness of epidennis and ratio of S. corneum and nucleated epidermis of nOll­

lesional and lesional skin of dogs with AD 

Thickness of 

Normal 

7.746±2.535a 

CAD non-lesion 

11.879±3.242b 

CAD lesion 

34.857±9.106C 

S. corneum (!-lm) 

Thickness of 14.818±2.27!a 24 .250±5.940b 137 .214±40.21OC 

nucleated epidermis (11m) 

Ratio of S cometU!] and 0.493+0.132a O.568+0.25Sa O.273+0.080b 

nucleated epidermis 

The superscript letters are significant different (one way ANOVA at P < 0.05). 

Fig. 1 Histopathology of normal clinical (A), CAD lesional (B) and non-Iesional skins 

(C) (scale bar in A = 20!-lm; scale bars in Band C = 50 11m) 

A · B 
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Fig, 2 Immunohistochemical staining for Ki-67, K5, KIO, IVL, FLG and LEKTI. (a) Ki­

67-positive cells and K5, KlO, IVL, FLG and LEKTI staining scores in normal, lesional 

and non-lesional skins. Bars indicate mean ± SD data with significant P-values *p <0.05. 

(b) Protein expression of Ki-67, K5, KIO, IVL, FLG and LEKTI in normal (at xlOO 

magnification, scale bars = 20 11m) (A, D, G, .1, M, P), lesional (at x200 magnification, 

scale bars = 50 11m) (B, E, H, K, N, Q) and non-lesional skins (at x200 magnification, 

scale bars = 50 11m) (C, F, I, L, 0, R). 
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Table 4 IHC staining scores of K5, K I 0, IVL, FLG expression by semi-quantitative 

manual scoring for normal, non-Iesional and lesional skin of CAD 

Normal CAD non-Iesional skin CAD lesional skin 

Manual score Manual score Manual score 

K5 +++C ++1+++ C-D +1+++ C-D 

KlO +++B ++1+++ C-D +1+++ B-D 

IVL ++1+++ D +1+++ C-O 01++ A-B 

FLG ++1+++ D +1+++ C-D 01+++ A-B 

LEKTI ++1+++ A ++1+++ B-C ++1++ B-C 

Semi-quantitative manual scoring; staining intensity 0, negative; +, mild; ++, moderate; 

+++, strong. A, low proportion « 25%); B, moderate proportion (25-50%); C, high 

proportion (50-75%); D, almost entire proportion (more than 75%) are positive of 

epidermis. 

basal layers but the extension to suprabasal epidermis with mild to moderated expression 

occurred. In lesional skins, expression was in S. basale and S. spinosum with a 

significantly reduced intensity compared with normal skins. K5 expression was observed 

in the areas that corresponding to low KIO staining. The IHC staining scores for CAD 

were decreased in non-Iesional and much less in lesional skins compared to the controls 

(Fig 2D-F, Table 4). 
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The differentiation-associated K I ° was expressed throughout the suprabasal 

compartment in normal skins whilst in non-Iesional and lesional skin, K I 0, although less 

intensive, was found primarily within the uppermost suprabasal cell layers, in s. corneum 

and the upper part ofS. granulosum. The IHC staining scores for CAD were decreased in 

lesional and non-Iesional skins compared to the controls. However, there was no 

significant difference between non-lesional and lesional skins by image analysis (P > 

0.05) (Fig 2G-I, Table 4). 

The expression of IVL and FLG, marker proteins of early and late epidermal 

differentiation, respectively (Fuchs 1990), was analyzed. IVL was observed with a brown 

to deep brown, granular like appearance in the entire nucleated epidermal layers to the 

lower part of S. corneum in normal skins. The intensity was significantly decreased in 

lesional skin. Irregular and discontinuous expression pattern with variable epidermal cell 

layers of S. granulosum and S. spinosum was observed. Decreased to absent intensity was 

revealed in the lower part of S. spinosum and basal layers whereas in granulosum 

markedly with inflammatory cell infiltration and spongiotic areas, the staining was almost 

disappeared (Fig 2J-L, Table 4). FLG immunohistochemical staining appeared in the 

entired nucleated epidermis. FLG expression was significantly reduced in lesional skin 

similar to IVL (P < 0.05). The lesion showed very weak intensity in the lower part of S. 

granulosum, S. spinosum and S. basale, whereas discontinuous staining was revealed in 

the upper part of S. granulosum and S. corneum (Fig 2M-O, Table 4). 

LEKTI was obviously expressed as a band in S.comeum of normal skin with moderate 

to strong intensity. In contrast, owing to epidermal hyperplasia in lesional skins, LEKTI 
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was expressed with variable degrees in lower part of S. corneum to the upper part of S. 

spinosum. In spongiotic and parakeratotic areas, the staining intensity was very strong. 

The staining in non-Iesional skins was predominantly at the S. corneum and S. 

granulosum without spongiosis and parakeratosis. The IHC staining scores for CAD were 

significantly increased in non-Iesional and more pronounced in lesional skins compared 

to the controls (P < 0.05). 

The protein expression in both lesional and non-lesional samples was compared with 

clinical severity scores CADESI-03. Ki-67 staining nuclei of both lesional and non­

lesional skins was shown to be significantly positively correlated with clinical severity 

scores (P <0.01, R2 = 0.70; P <0.01, R2 = 0.64, respectively) (Fig 3A-B) similar to those 

of K5 (P <0.0 I, R2 = 0.70; P <0.05, R2 = 0.54, respectively) (Fig 4A-B), whereas IVL 

staining scores were shown to be significantly negatively correlated with the severity 

scales (P <0.001, R2 = 0.62; P <0.05, R2 = 0.51, respectively) (Fig 4C-D). Furthermore, 

LEKTI staining scores of lesional skins were shown to be significantly positively 

correlated with clinical severity scores (P <0.05, R2 = 0.58) (Fig 4E). 

Gene expression in CAD lesional, CAD non-lesional and healthy dog skin 

K5, IVL and FLG showed distinct increases in mRNA in lesional skin and between 

non-lesional and lesional skin. Merely K5 showed a statistically significant difference in 

expression between non-Iesional and control skin but with a lesser expression than in 

lesional skin. KIO expression tended to be upregulated in lesional skin compared to the 
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Fig. 3 Correlation between CADESI-03 and Ki-67 staining nuclei in lesional and non­

lesional skin of dogs with AD. Association of CADESI-03 and Ki-67 staining nuclei in 

lesional and non-lesional skins is presented (Fig. 3A-B, respectively). 
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Fig. 4 Correlation between CADESI-03 K5 and IVL staining scores in lesional and non­

lesional skin of dogs with AD. Association of CADESI-03 and K5 staining scores in 

lesional and non-Iesional skins (Fig. 4A-B, respectively); Association of CADESI-03 and 

IVL staining scores in lesional and non-Iesional skins (Fig. 4C-D, respectively); 

Association ofCADESI-03 and LEKTI staining scores in lesional skin (Fig. 4E). 
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Fig. 4 (Continued) 
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controls although this was not statistically significant due to the large variation between 

individual cases (Table 5). 

5. Discussion 

The present study demonstrated the role of keratins 5 and 10, IVL and FLG in· 

keratinocyte activation and differentiation in CAD. Predominant accumulation of an 

anuclear keratin in S. corneum layer of CAD reflected orthokeratotic hyperkeratosis. 

Together with other histopathological findings, the microscopic change of CAD lesional 

skin in the present study were resemble to the previous reports, showing epidermal 

hyperplasia, hyperkeratosis, hypergranulosis and spongiosis (Yager and Wilcock 1994; 

Olivry et al 1997; de Mora et al 2007). The CAD histology was similar to that of human 

chronic AD (Leung 1999). In addition, simi lar skin-infi Itrating cells contributed of 

mononuclear cells, neutrophils, mast cells and eosinophils were observed in our study 

and others (Yager and Wi Icock 1994; Olivry et al 1997; Scott et al 2001; de Mora et al 

2007). 

From the significantly increased expression of Ki-67 in atopic skins, it can be implied 

that epidermal hyperplasia in lesional CAD skins were also associated with an 

accumulation of cell number. This hyperproliferation-associated hyperplasia is In 

agreement with earlier studies in HAD (Kawahira 1999; Sapuntsova et al 2002; Jensen et 

al 2004; Bovenschen et al 2005). Skin of human AD was shown to be highly proliferated, 

reflected by in vitro incorporation of tritiated thymidine (Van Neste et al 1979). 

Hyperproliferation was probably to reconstitute normal barrier function and to remove 
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Table 5 Fold change in gene-specific mRNA expression in CAD lesional, CAD non­

lesional and control dog skin 

Gene lesion vs. normal non-lesion vs. normal lesion vs. non-lesion 

Fold P value* Fold P value* Fold P value* 

change change change 

K5 4.947 0.009 3.884 0.011 1.274 0.597 

KJO 1.271 0.467 0.773 0.520 1.643 0.238 

IVL 4.793 0.003 1.651 0.289 2.903 0.014 

FLG 4.040 0.001 1.252 0.576 3.226 0.009 

SPINK5 1.086 0.774 0.986 0.960 1.101 0.705 

*Pair wise fixed reallocation randomization test normalizes by reference gene. Results in 

italics indicate a significant difference (P < 0.05). 

invaded antigens (Jensen et al 2004). In dog, generally after skin irritation or superficial 

trauma of epidermis, the mitotic activity of basal epidermal cells are induced to generate 

new cell population which result in epidermal hyperplasia within 36-48 hr (Yager and 

Wilcock 1994). The correlations of Ki-67 staining scores with CADESI in the present 

study suggest an association between hyperproliferation-associated hyperplasia and 

disease severity. 

Hyperproliferation is usually accompanied by disturbed differentiation, probably due 

to insufficient time for cells to be differentiated, a critical period for the permeability 

barrier formation (Ekanayake-Mudiyanselage et al 1998; Jensen et al 2004). In the 
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present study, the reduced and irregular immunostaining of IVL, FLG and KIO, marker 

proteins of keratinocyte differentiation, in lesional and non-Iesional CAD samples 

indicates that hyperkeratosis of CAD epidermis probably resulted from a decelerated 

desquamation of cornified cells rather than an accelerated ,cornification (Neufang et al 

200 I). In addition, since Ki-67 expression showed the hyperproliferation of lesional skin, 

hence, it could be implied that in CAD, an accumulation of proliferative keratinocytes 

occurred by obstructing the further postmitotic state which was associated with the 

reduced expression of the mentioned differentiation-associated proteins. 

In our study, K5 immunostaining was found merely in the S. basale in normal controls 

whereas the staining was extended to suprabasal layers, S. spinosum in lesional or non­

lesional skins similar to the HAD study of Jensen et al (2004). Extended K5 

immunostaining in suprabasal cells of atopic skins may reflect epitope unmasking in 

supra basal cells because K5 protein was reported to be in a masked form in suprabasal 

normal keratinocytes (Lloyd et al 1995). On the other hand, together with high skin 

proliferation rate in CAD from Ki-67 immunostaining data and the less K 1 0 staining in 

the area with high K5 staining in the suprabasal layers, it was suggested that some 

immature cells could not change to be the mature suprabasal ones. Since the positive 

correlation between K5 and CADES I was found, K5 protein expression was expected to 

be increased. However, the aberrantly reduced K5 expression was found. Association of 

CAD with other proliferation-associated keratins such as K6 and K16, which are highly 

expressed in the suprabasal levels in lesional AD (Jensen et al 2004), should be further 

investigated. 
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In nonnal control, K 1 0 was expressed in the entire suprabasal compartment similar to 

the report of Jensen et al (2004). In both lesional and non-Iesional CAD skin, KIO was 

concentrated in S. corneum and the upper part of S. granulosum, higher layers than the 

granular and upper spinous layers in human AD. In addition, unlike human KIO staining 

in HAD (Jensen et aJ 2004), we found that KIO was a sensitive marker for keratinocyte 

differentiation, as staining in both lesional and non-Iesional skin was observed compared 

with the nonnal ones. We found the reduction of KI0 in lesional skin which is 

corresponding to KIO expression in HAD (Jensen et al 2004). Reduced KIO was found in 

dry skin (Engelke et al 1997) and after acute experimental barrier disruption (Ekanayake­

Mudiyanselage et al 1998). An impaired permeability barrier was also demonstrated in 

K 1 0 deficient mice (Jensen et al 2000). Hence, reduced K 10 expression may be related to 

dry skin conditions and to disturbed barrier function. 

IVL, regarded as a marker of keratinocyte differentiation, is a major component of the 

cornified cell envelope (CE) (Steinert and Marekov 1997; Candi et al 2005; Proksch et al 

2008). IVL binds with ester linkages to ceramide, one of the component lipids that make 

up sphingomyelin in lipid bilayer of cell membrane. (Wertz and Downing 1986; Marekov 

and Steinert 1998). In our study, IVL staining was observed in the entire nucleated 

epidermal layers to lower horny layer in normal dog skins. Human IVL was described to 

be normally expressed in upper spinous layers and the S. granulosum. We found that it 

was difficult to differentiate immunostained cell layers in nonnal dog skins because 

dog's skin (l0-30 Ilm) is thinner than that of human (50-100 Ilm) (Lloyd and Garthwaite 

1982; Kanistakis 2002). Hence, dog's skin is more sensitive. However, similar to HAD, 
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IVL protein expression was significantly decreased in CAD skins (P< 0.001) although 

the immunostaining band of atopic skins was broadened. Reduced IVL staining in HAD 

due to less S. spinosum formation in AD caused the reduced number of ceramides 

(Seguchi et al 1996; Jensen et al 2004; Jarzab et al 20 I 0). The band was expanded to the 

lower spinous layer in non-lesional and lesional skin (Jensen et al 2004). An inverse 

correlation between IVL staining scores and disease severity scores CADESI-03 strongly 

supported the role of IVL in CAD. However, the aberrant increased IVL expression in 

CAD was demonstrated (Chervet et at 20 I 0). 

During epidermal differentiation, FLG and IVL playa crucial role in the formation of 

the CE, an insoluble protein structure underneath the plasma membrane (Sandilands et al 

2007; Sandilands et al 2009) and establishment of epidermal barrier function. In dogs, 

several studies of FLG immunostaining were demonstrated. 8ardagi et al (2007) showed 

the expression of filaggrin in cytoplasmic and keratohyalin granules in the epidermal 

granular layer in normal dog skin. In our study, FLG staining in normal skins was found 

in all epidermal layers, owing to very thin layers of dog skin as above-mentioned. We 

also showed that the FLG staining in atopic dogs was significantly reduced compared to 

the controls. This result is corresponding to reduced FLG expression in 39% (7 of 18) of 

dogs with AD compared with that of controls when using the N- and C-terminal FLG 

antibodies (Chervet et al 2010). Immunostaining observed in most epidermal layers 

probably indicated the cross-reactivity with other epidermal proteins as suggested by 

Marsella et al (2009). However, the significant reduction of the FLG protein expression 

in both lesional and non-Iesional skins of CAD supported its role as a CE protein in skin 
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maintenance. In addition, decreased FLG immunostaining was remarkably found in both 

lesional and non-lesional skins of HAD (Seguchi et al 1996; Jensen et al 2004). 

Increased IVL and FLG expression together with the decreased keratinocyte 

proliferation were used as protein makers, showing recovery of treated keratinocyte as 

well as improvement of skin barrier permeability e.g. after AD therapy with suberythemal 

UV B (Hong et al 2008a), after treatment of primary keratinocyte with rose absolute oil 

(Kim et al 2010), after treatment of mite antigen-stimulated human skin keratinocyte, 

HaCat cells, with a phytosphingosine-like substance from starfish (Choi et al 20 I 0), after 

treatment of HaCat cells with K6PC-5, a direct activator of sphingosine kinase 1 (Hong et 

al 2008b), and after treatment of primary keratinocyte with silica and mud from Blue 

Lagoon (Grether-Beck et al 2008). 

A serine protease inhibitor LEKTI protein expression was found in the present study 

to be significantly increased in CAD lesional samples. This is consistent with the lower 

expression of FLG since LEKTI protein has been demonstrated to inhibit proteases 

matriptase which has an important function in proteolytically cleavage of profilaggrin, 

leading to the loss of proteolytically processed filaggrin (List et al 2003; O'Regan et al 

2009). LEKTI staining scores was also significantly correlated with the clinical severity 

scores. This is corresponding to the trend of inversed correlation of FLG staining scores 

and the clinical severity scores although not reaching statistical significance (data not 

shown). 

To understand biological events or pathogenesis of CAD at the mRNA level, 

diagnostic techniques such as quantitative RT-PCR were performed. The up-regulation of 
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IVL, FLG and K5 mRNA expression In lesional skin compared to the control was 

observed. This was not associated with a decrease in their protein expression. A 

significant upregulation of IVL RNA has been described in lesional HAD skin (Jarzab et 

. al 2010), on a contrary, a reduced IVL protein expression was demonstrated (Seguchi et 

. al 1996; Jensen et aI2004). For FLG, a non-associated mRNA-protein expression ofFLG 

was shown. Whereas FLG mRNA did not significantly change, the protein was decreased 

in HAD compared to the normal ones (Jarzab et al 2010). 

In accordance with molecular central dogma, mRNAs IS referred to as the 

transcriptome, then serves as the template for protein synthesis (Crick 1970); however, it 

is yet unclear how strongly specific mRNA levels correlate with the abundance of 

corresponding protein since several researches demonstrated different results between 

mRNA and protein expressions (Chen et al 2002; Stromberg et al 2007; Fournier et al 

20 I 0). The absent correlation between mRNA and protein levels may be due to i.) 

variable and complicated post-transcriptional steps, which are not well defined, including 

protein translation, post-translational modification, the number of isoforms for each gene 

(Szallasi 1999; Baldi and Long 2001; Chen et al 2002; Stromberg et al 2007), ii.) 

different protein turnover rate or different in vivo half lives due to varied protein 

synthesis and degradation (Glickman and Ciechanover 2002; Pratt et al 2002) and iii.) the 

noise and error in mRNA and protein expression experiments including the specificity of 

the antibody used (Qian et al 2003; Stromberg et al 2007). Moreover, the mutation of the 

gene may lead to reduced protein expression without any effect on the transcription level 

(e.g. FLG gene). Lack of C-terminal FLG was observed in some AD dogs suggesting the 
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mutation of the FLG gene (Chervet et al 2010) which is corresponding to the loss-of­

function FLG mutation in HAD (Palmer et al 2006). The mutations of FLG gene in HAD 

may not be related to the decrease in mRNA expression because the mutated full-length 

mRNA transcript was found (Marenholz et al 2006; Palmer et al 2006; Sandilands et al 

2007). However, a recent study in West Highland White Terriers demonstrated that 

atopic and normal dogs did not display significantly difference of FLG haplotype 

frequencies (Barros Roque et al 2009). Thus, the association of AD with the gene 

expression and/or mutation was needed to be further investigated. 

6. Conclusion 

In conclusion, this study reveals, at least in part, the pathogenesis of CAD. Dogs with 

AD are predisposed to develop hyperproliferation and alterations in differentiation of 

their skin keratinocytes, leading to epidermal hyperplasia. This was supported by 

histopatholo~ically increased Ki-67 positive basal cells and reduced cytokeratins and CE 

protein expression although the dissociation between gene and protein expression was 

observed. Since IVL and Ki-67 protein expression was shown to be associated with the 

AD clinical severity scores in the present study and some topical drugs demonstrated 

keratinocyte anti proliferation and enhanced IVL expression (Hong et al 2008b; Kim et al 

2010), IVL and Ki~67 could probably be used as protein markers in AD therapy. 

7. Suggestion for Future Work 
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For the future work, the correlation of epidermal proliferation and differentiation to 

dry skin should be further investigated in CAD since skin dehydration were shown to be 

increased together with epidermal proliferation in human AD skin (Jensen et al 2004) and 

increased transepidermal water loss (TEWL) and decreased skin hydration and 

ceramides, lipid contents of the skin, was found in lesional CAD skin compared to the 

normal controls (Shimada et al 2009). 
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