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In mammalian skin, the stratum corneum exerts a barrier function that protects from
transepidermal water loss and the penetration of exogenous molecules, such as allergens,
from the environment. Recently, skin barrier defects have been shown to be of prime impor-
tance in the pathogenesis of human atopic dermatitis. In this review, we summarize the
latest research data pertinent to the stratum corneum and barrier function of dogs with

il?; ‘;‘gds" atopic dermatitis. At the time of this writing, there is increasing evidence that a skin barrier
Atopy defect likely exists in dogs with atopic dermatitis. This barrier dysfunction is character-
Canine ized by abnormal intercellular stratum corneum lipid lamellae, abnormal stratum corneum

Skin morphology, reduced and abnormal ceramide content and, in some but not all dogs, abnor-
Stratum corneum mal filaggrin expression. In association with these changes, there is higher transepidermal
water loss in atopic than in normal canine skin. Furthermore, atopic inflammation appears
to worsen transepidermal water loss and filaggrin expression. It remains unknown, how-
ever, if the changes observed are primary (i.e. of genetic origin) or secondary to atopic
inflammation that also exists even in clinically normal skin. Finally, whether or not a thera-
peutic intervention aimed at restoring a dysfunctional skin barrier is of any clinical benefit
to atopic dogs has not yet been proven unequivocally.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

An intact skin barrier is critical to prevent the desic-
cation from excessive water loss and the penetration of
exogenous substances detrimental to the body. The main
responsibility for assuming this protective role lies with
the outermost epidermal layer, the stratum corneum (SC),
a zone composed of cornified keratinocytes (corneocytes)
surrounded by complex lipid lamellae (Madison, 2003;
Elias and Schmuth, 2009). Inrecent years, the SCand its bar-
rier function have taken center stage in the pathogenesis
of atopic dermatitis (AD) in humans (Elias et al., 2008; Cork
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et al., 2009; Elias and Schmuth, 2009). The most impor-
tant link between barrier dysfunction and AD came after
the unexpected discovery that mutations in the filaggrin
gene FLG were not only causative of human ichthyosis vul-
garis, but also predisposing to AD in some patients (Palmer
et al., 2006; Smith et al., 2006). A recent systematic review
and meta-analysis established that FLG gene mutations
increased the risk of developing allergic sensitizations, AD
and allergic rhinitis or asthma associated with AD (van
den Oord and Sheikh, 2009). Not only do some humans
with AD have FLG loss-of-function mutations, but there is
evidence that, by itself, type-2 pro-allergic cytokine secre-
tion in the skin of affected patients reduces the expression
of filaggrin and other cornified envelope proteins such as
involucrin and loricrin (Howell et al., 2007, 2009; Kim et al.,
2008). As a result of these observations, the new “outside-
inside-outside” theory for the pathogenesis of human AD
postulates that a genetic skin barrier defect leads to atopic
cutaneous inflammation that further results in decreased
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SC protein secretion and aggravated barrier dysfunction
(Elias and Schmuth, 2009).

Ten years ago, we published in this journal a short
review on skin lipids as part of the special issue reporting
the work of the American College of Veterinary Derma-
tology Task Force on Canine AD (Olivry and Hill, 2001).
At that time, only six studies evaluating this subject were
briefly reviewed, and there was no information available on
non-lipid skin components. Because of the latest change in
paradigm and focus regarding the pathogenesis of human
AD, the question whether or not a cutaneous barrier dys-
function exists in dogs with the homologous disease is
relevant and timely. This mini-review will critically exam-
ine the evidence existing for skin barrier anomalies in dogs
with AD. We will successively discuss the changes in skin
permeability, SC lipids, superficial epidermal proteins, the
implications of skin barrier dysfunction on the process of
sensitization and the results of trials employing topical for-
mulations aimed at skin barrier restoration.

2. Do dogs with atopic dermatitis have dry skin and
lose water through their skin?

In humans, the assessment of skin barrier function has
traditionally relied on the measurement of transepider-
mal water loss (TEWL) with either open or closed chamber
evaporimeters. There is indisputable evidence that patients
with AD have increased TEWL in normal-appearing skin
and that skin lesions and higher disease severity increase
these values (Linde, 1992; Gupta et al., 2008). At this time,
the usefulness of TEWL measurements in dogs remains
debatable, either with open or closed chamber devices,
as there is very high day-to-day, site-to-site and dog-to-
dog variability that makes comparisons between patients
unreliable in clinical studies (Beco and Fontaine, 2000; Lau-
Gillard et al., 2010).

In spite of the limitations stated above, Shimada and
colleagues reported that, in ten dogs with spontaneously
arising AD, closed-chamber TEWL measurements of both
clinically nonlesional and lesional skin were markedly
higher than those of normal dogs at similar sites (Shimada
etal., 2009). In contrast, skin moisture, which was assessed
by electrical capacitance, was comparable between normal
dog and nonlesional AD skin while it was lower in lesional
AD skin (Shimada et al., 2009).

Similarly, Hightower and Marsella reported that atopic
beagles experimentally sensitized to house dust mites
(HDM; n=24) had significantly higher open-chamber
TEWL values at six of ten clinically normal body sites
compared to normal beagles (n=21) (Hightower et al.,
2010). Interestingly, five of these six sites are normally
prone to develop AD skin lesions. Furthermore, challenges
with HDM resulted in significantly higher TEWL values in
young dogs, and these measurements were highest at AD
predilection sites that normally develop mite-induced skin
lesions (Hightower et al., 2010).

In summary, measuring TEWL in dogs does not appear
to be the most optimal method to assess skin barrier func-
tion in dogs due to the very high variability and lack of
reproducibility of measurements. In spite of this caveat,
values from dogs with spontaneous AD seem markedly

higher than those of normal dogs, with measurements in
lesional skin exceeding those of visibly normal skin. In
an experimental dog model of AD skin lesion develop-
ment, allergenic challenge appears to increase TEWL values
compared to pre-provocation ones, and this is most promi-
nent at AD predilection sites. In contrast, skin hydration
appears comparable between normal canine skin and non-
lesional AD skin. Lesional atopic skin exhibits low moisture
values.

3. Do dogs with atopic dermatitis have abnormal
stratum corneum lipids?

3.1. Anomalies of stratum corneum lipid lamellae

A decade ago, we reported the morphology of intercel-
lular lipid lamellae in the clinically nonlesional SC of five
dogs with AD and compared it to that of five normal dogs
(Inman et al., 2001). Ruthenium tetroxide fixation permit-
ted the visualization of intercellular lipids as multilayered
lamellae at all levels of normal SC. The deposition of lipid
lamellae in the SC of dogs with AD was very heterogeneous
compared with that of normal canine skin. Many areas of
atopic SC were found to be devoid of lipid lamellae. When
present, the lamellae often exhibited an abnormal and/or
an incomplete structure. Lamellar bodies extruding lipids
appeared fairly normal in number and morphology. When
compared between normal and atopic canine SC, scores
for continuity and thickness of intercellular lipid lamellae
were found to be significantly lower in nonlesional atopic
than normal canine SC (Inman et al., 2001).

Similar changes were reported recently in nonlesional
SC of five dogs with naturally occurring AD (Piekutowska
et al., 2008). In these dogs, intercellular spaces often
were found to be devoid of lipid lamellae, and there
was premature separation of corneocytes leading in wider
intercellular spaces in atopic compared to normal dogs
(Piekutowska et al., 2008).

Finally, in an experimental model of canine AD, wide
intercellular spaces, disorganized lipid lamellae and intra-
corneocyte retention of lamellar bodies were found in
visibly nonlesional SC of HDM-sensitized but not normal
beagles (Marsella et al., 2010). In these hypersensitive
dogs, HDM allergenic challenge induced macroscopic skin
lesions associated with further disorganization of corneo-
cytes and lipid lamellae arrangement as well as increased
widening of intracellular spaces in the SC (Marsella et al.,
2010).

In summary, anomalies in the amount and arrangement
of intercellular lipid lamellae exist in the clinically nonle-
sional SC of dogs with AD. Furthermore, in experimentally
sensitized dogs, allergen challenge seems to further worsen
SC lipid anomalies.

3.2. Anomalies of stratum corneum lipid composition

Four recent studies examined the SC lipid anomalies in
dogs with AD.

In the first study, lipids were extracted from the SC
of ten dogs with AD and 30 normal dogs, and they were
separated by high performance thin layer chromatography
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(Shimada et al., 2009). Compared to that of normal dogs,
both nonlesional and lesional SC of dogs with AD had a
lower proportion of ceramides but similar relative amounts
of cholesterol and free fatty acids (Shimada et al., 2009). In
these atopic dogs, the relative amount of SC ceramides was
negatively correlated with TEWL values indicating the pos-
sible contribution of these ceramides to epidermal water
permeability (Shimada et al., 2009). An important caveat
of this study is that the average age of dogs with AD was
more than twice that of normal dogs, and it is possible that
the decrease in proportion of ceramides might not only be
due to their atopic status but also to their older age.

Using a similar methodology, lipids were examined in
the nonlesional SC of 14 dogs with AD and a similar num-
ber of age, breed and sex matched dogs (Reiter et al., 2009).
In dogs with AD, the proportion of SC ceramides CER[EOS]
(ceramide 1) and CER[EOP] (ceramide 9) was lower, and
that of cholesterol higher than that of their matched normal
controls (Reiter et al., 2009). Interestingly, both CER[EOS]
and CER[EOP] are important carriers of linoleic acid, an
omega-6 fatty acid, and these two ceramides are believed
to be critical to normal SC barrier function (Mizutani et al.,
2009).

Importantly, both studies above reported changesinrel-
ative percentages of ceramides among total lipid content,
but changes in the quantity of ceramide themselves was
not determined as the total amount of SC lipids was not
measured.

Further evidence of a ceramide deficiency in atopic
dogs came from the recent demonstration of a signifi-
cant reduction in the quantity of SC total free ceramides
and their subclasses CER[EOS], CER[NS]/[NDS] (ceramide-
2/10), CER[NP] (ceramide-3), CER[AS]/[NH] (ceramides
5/8) and CER[EOP] in both lesional and nonlesional skin
of ten dogs with AD compared to that of ten healthy
age- and breed-matched dogs. There was no differ-
ence in the amount of ceramides between nonlesional
and lesional canine AD skin. The highest decrease in
ceramide content in atopic dogs was in the amount of
the mixtures of CER[NS]/[NDS] and CER[AS/NH] (Yoon
etal, 2011).

Comparing the lipid content and composition of SC sam-
ples obtained from five normal dogs and five dogs with
AD, Popa and colleagues recently confirmed and expanded
upon earlier observations (Popa et al., 2011). The total
lipid amount was lower in the SC of atopic dogs com-
pared to that of normal dogs. There were lower quantities
of free and protein-bound ceramides with CER[EOP] and
CER[AH] (ceramide-7) being barely detectable. Interest-
ingly, there was a concurrent increase in the amounts
of both free and protein-bound glycosylceramides in
the SC of atopic dogs compared to normal dogs. This
increase suggests the possible existence of an abnor-
mal ceramide metabolic pathway in the skin of atopic
dogs, for example a deficiency in beta-glucocerebrosidase,
the enzyme converting glycosylceramides into ceramides
(Popaetal.,,2011). Finally, the quantity of SC protein-bound
omega-hydroxyceramides was very low in atopic dogs
with CER[OS] being the only ceramide detected. This low
amount of bound nonesterified omega-hydroxyceramide
CER[OS] and CER|OP] matched the reduction in their

esterified precursors CER[EOS] and CER[EOP]. Of impor-
tance is the observation of a noticeable variation in the lipid
composition between SC layers in dogs with AD, suggesting
that successive waves of inflammation might transiently
have altered lipid biosynthesis (Popa et al., 2011).

Finally, Biumer et al. reported recently that the lesional
skin of five dogs with AD had markedly lower amounts
of the natural anti-inflammatory ceramide-degradation
product sphingosine-1-phosphate (S1P) (Bdumer et al,,
2011). Furthermore, exogenously added S1P was removed
more rapidly from atopic than normal skin biopsies,
thereby indicating a possible higher activity of S1P lyase
1, the S1P-degrading enzyme (Bdumer et al., 2011). In par-
allel to the observations made above from skin biopsies,
plasma or serum levels of S1P were also significantly lower
in atopic compared to normal dogs (Baumer et al., 2011).
Increases in the transcription rates of S1P-lyase-encoding
SGPL1 have already been reported in both nonlesional and
lesional canine AD compared to normal canine skin, and
this higher expression is a logical explanation for the reduc-
tion in S1P levels and its higher degradation rates seen in
this disease (Wood et al., 2009).

In summary, there is a reduction in total ceramides
and some free and protein-bound ceramide subclasses in
the nonlesional SC of dogs with AD. This ceramide reduc-
tion is associated with increased TEWL. Finally, there is a
decrease skin and plasma amount of the anti-inflammatory
ceramide degradation product S1P, and this could be due to
higher transcription rate of its degrading enzyme, the S1P
lyase 1. The pathogenic relevance of these observations is
unknown.

4. Do dogs with atopic dermatitis have abnormal
stratum corneum proteins?

Three studies have investigated the expression of filag-
grin in the skin of dogs with AD and in experimentally
induced canine atopic skin lesions.

In 2009, lesional skin biopsies from beagles with
experimental AD were immunostained with a polyclonal
antiserum directed against human filaggrin. The observed
panepidermal staining suggested that this antiserum not
only recognized filaggrin itself but also other proteins such
as keratins, which limits the validity of the staining results
(Marsella et al., 2009). In spite of this important limita-
tion, the authors reported a weaker immunostaining in
the skin of experimental atopic lesions compared to nor-
mal canine skin (Marsella et al., 2009). It is hypothesized
that this change could be due to a variation in keratin pairs
expressed in an epidermis reacting to inflammation.

In 2010, Chervet and colleagues reported results of indi-
rect immunofluorescence performed in normal skin of 16
healthy dogs and nonlesional skin of 18 dogs with AD using
antibodies specific for either the carboxy or aminoterminus
of filaggrin (Chervet et al., 2010). Four distinctive filag-
grin expression patterns were identified in non-lesional
skin. Ten dogs exhibited an identical staining pattern for
both antibodies with comparable (category I; 3/18, 17%)
or reduced (category II; 7/18, 39%) fluorescence inten-
sity compared to that of controls. In contrast, 4/18 dogs
(22%) displayed aberrant large vesicles revealed by the
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C-terminal but not the N-terminal antibody (category III).
Finally, 4/18 dogs (22%) had normal N-terminal but no
detectable C-terminal filaggrin (category IV). The observa-
tion of reduced filaggrin expression in dogs from category
Il is compatible with a possible decrease secondary to
atopic inflammation, while the anomalies seen in dogs
from category IV, and possibly in those from category III,
are suggestive of mutations in the FLG gene that result in
the abnormal or loss of function of the filaggrin protein
(Chervet et al., 2010).

Finally, Santoro and colleagues recently studied the
expression of filaggrin in healthy and mite-sensitized bea-
gles before and after HDM allergen challenge (Santoro et al.,
2010). In both groups of dogs, filaggrin mRNA decreased in
skin biopsies after allergen provocation then it increased
slightly after lesions abated. After challenge, protein
immunostaining appeared normal in the upper epidermis
of normal dogs while it became more irregular and patchier
in hypersensitive dogs. In the latter, filaggrin immunore-
activity increased after resolution of mite-induced clinical
signs compared to pre-provocation values. These obser-
vations suggest that, in itself, allergen-induced atopic
inflammation can reduce filaggrin expression in this exper-
imental model of canine AD and that resolution of signs
results in some recovery of these changes (Santoro et al.,
2010).

At this time, linkage analyses have excluded the FLG
gene as associated with AD in west highland white terri-
ers in Australia (Barros Roque et al., 2009), the UK (Wood
etal.,2010)and the USA (Salzmann et al.,2011).In contrast,
the filaggrin gene region appears to be associated with AD
in Labradors in the UK (Wood et al., 2010).

In summary, there is evidence that a fraction of dogs
with AD have anomalies in their filaggrin carboxy-terminus
that could be due to FLG mutations, and that atopic
inflammation also induces transient decreases of filag-
grin expression. At this time, however, mutations in FLG
have not been confirmed to exist in dogs with this
disease.

5. What are the consequences for dogs of having a
defective skin barrier?

Two studies have reported the changes that occur after
SC tape removal in normal and atopic canine skin.

In 2009, using a closed-chamber evaporimeter, Shimada
and colleagues established that TEWL values increased
linearly with increasing numbers of corneocyte-removing
tape strips (Shimada et al., 2008).

Furthermore, sensitization to epicutaneously applied
HDM occurred earlier and was stronger, as shown by
allergen-specific peripheral blood T-lymphocyte activa-
tion, allergen-specific Ig serum levels and intradermal
testing, in atopic laboratory dogs in whom the SC was
removed by tape-stripping compared to dogs in whom the
SC was not altered (Olivry et al., 2011).

In summary, in dogs as in other species, an intact SC
appears to be a barrier indispensible for the limitation of
water evaporation and cutaneous allergen sensitization.

6. Are topical lipid interventions of clinical benefit
for dogs with atopic dermatitis?

At the time of this writing, there are only two reports
of clinical trials testing topical lipid-based formulations
aimed at restoring the skin barrier in dogs with AD.

The first blinded randomized controlled trial, reported
only in abstract form, enrolled 47 dogs with AD, which were
allocated to receive either a phytosphingosine-containing
shampoo (Douxocalm, Sogeval), the phytosphingosine-
containing shampoo then a spray with similar ingredients
(Douxocalm microemulsion spray, Sogeval) or a control
shampoo containing antiseptics, fatty acids and complex
sugars (Allermyl, Virbac) (Bourdeau et al., 2007). Dogs were
treated for 19 days. After 20 days, the CADESI lesional score
had decreased in the three treatment groups by 40-46%
while the pruritus grade had been reduced by 23-30%.
There were no apparent differences in efficacy between
these three interventions, which all had lipid ingredients
theoretically capable of affecting skin barrier function.
Whether or not phytosphingosine-containing topical prod-
ucts would offer additional treatment benefit compared to
mere bathing with a non-lipid containing shampoo, with
or without another emollient, was not determined due to
the absence of a negative (placebo) control group.

Recently, a small randomized open trial tested the effi-
cacy of two topical products containing essential plant
oils and unsaturated fatty acids in six normal dogs and
14 dogs with AD (Tretter and Mueller, 2011). Dogs were
treated either with a weekly spot-on (Dermoscent Essen-
tial 6, LDCA) or a once daily spray containing similar albeit
different ingredients (Dermoscent Atop 7, LDCA). After
eight weeks, the CADESI lesional scores and the pruritus
visual analog values had decreased in 13/14 and 9/14 dogs
with AD, respectively. Nevertheless, there were no differ-
ences in perceived effect between groups. Additionally,
TEWL was measured at three different body sites, before
and after treatment, using a non-validated closed-chamber
evaporimeter. In all, the tested topical medications did
not appear to have any effect in improving TEWL
values.

In summary, the results of this very small clinical trial
(less than ten atopic dogs tested with each intervention)
were interpreted as in support of a possible benefit of the
tested products. However, at study onset, it appears that
some atopic dogs entered in this study had CADESI scores in
the range of patients with AD in clinical remission (CADESI-
03 lower than 16) or with very mild to mild disease (scores
of 16-59) (Olivry et al., 2008). Similarly, at the beginning of
this trial, some atopic dogs had pruritus values that were
either in the range of those of normal dogs (1.9 or less)
or that were very low (Rybnicek et al., 2009). Finally, the
TEWL values reported in these atopic dogs appear to be
mostly in the range of those of normal canine skin and
lower than those previously reported for nonlesional and
lesional AD skin (Shimada et al., 2009). Such low disease
severity and fairly normal TEWL values at study onset are
bound to render the interpretation of treatment effect dif-
ficult. Furthermore, the lack of a control group treated with
a non-lipid-based topical formulation is another source
of possible bias, as a placebo effect is commonly seen in
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Skin barrier changes in canine AD skin—2011 update.

Nonlesional AD skin? Lesional AD skin®

References

Skin moisture

TEWL

Ultrastructure

SC lipids

Similar to normal skin Lower than in nonlesional AD skin

Values in lesional AD skin > nonlesional AD skin > normal canine skin
allergen challenges increase values

Disorganized corneocytes with
intercellular spaces; thinner, less
common and disorganized lipid lamellae

Higher disorganization of corneocytes and
lipid lamellae with lamellar bodies within
corneocytes after allergen challenges

Lower quantity and proportion of free and protein-bound SC ceramides
Lower quantity and proportion of several ceramide subclasses

Higher quantity of free and protein-bound glucosylceramides

Lower quantity and higher degradation of sphingosine-1-phosphate

Shimada et al. (2009)

Shimada et al. (2009) and
Hightower et al. (2010)

Inman et al. (2001),
Piekutowska et al. (2008) and
Marsella et al. (2010)

Shimada et al. (2009),
Reiter et al. (2009),
Yoon et al. (2011), Popa
etal.(2011) and

Filaggrin Absent or abherant expression of C-terminal

filaggrin in ~half of dogs with AD

Allergen-challenges reduce filaggrin
transcription and result in patchy staining

Bhemer el {3810y ana

Santoro et al. (2010)

Abbreviations: AD: atopic dermatitis; SC: stratum corneum; TEWL: transepidermal water loss.
Unless otherwise reported, changes refer to changes compared to normal canine skin.

2 Nonlesional skin correspond to clinically normal appearing skin in dogs with AD.

b Lesional skin correspond to spontaneous lesion-bearing or post-challenge experimental AD skin.

clinical trials enrolling dogs with AD (Olivry and Mueller,
2003; Olivry et al., 2010).

In summary, two small clinical trials provided limited
evidence of inconclusive benefit of lipid-based topical ther-
apy in dogs with AD. Larger clinical trials of higher design
grade (e.g. randomized blinded trials controlled with inac-
tive placebo) should be performed to better determine the
value of these and similar interventions in the treatment of
canine AD.

7. Conclusions and implications for research and
practice

At the time of this writing, there is increasing evi-
dence that a skin barrier defect likely exists in dogs with
AD. This barrier dysfunction is characterized by abnormal
intercellular SC lipid lamellae, abnormal SC morphology,
reduced and abnormal ceramide content and, in some
dogs, abnormal filaggrin expression (Table 1). As a logical
consequence of these barrier changes, TEWL is normally
increased. Allergen-induced atopic inflammation appears
to further worsen these anomalies. Finally SC removal facil-
itates sensitization to epicutaneously applied allergens.

It is currently not known if only some or all dogs with
AD have similar skin barrier dysfunction. Furthermore,
whether this defect, if present, is primary (i.e. of genetic
origin) and/or secondary to atopic skin inflammation itself
remains to be determined. Indeed, nonlesional (i.e. clini-
cally normal) atopic canine skin is NOT identical to normal
dog skin, as it exhibits microscopic inflammation and con-
tains proinflammatory cytokines similar in nature to those
of lesional atopic skin (Olivry et al., 1997, 1999; Nuttall
et al., 2002a,b).

Future research projects should focus on assessing if the
changes in lipids and proteins vary with flares of AD in
clinically normal skin of dogs with spontaneous AD, and
whether or not anti-inflammatory treatments can lead to
a return of these changes to values in the range of those of
normal dogs.

Clinically, the optimal intervention to correct a possible
barrier dysfunction (e.g. nutritional lipid supplementation
and|/or topical lipid application) and the therapeutic benefit
- if any - of correcting such barrier defect remain largely
unknown and unproven. These issues must be addressed
in high quality randomized controlled trials to irrefutably
demonstrate the clinical benefit of products marketed for
the correction of primary and/or secondary barrier dys-
function in atopic dogs. Indeed, practitioners are in need
of evidence-based information on how to best select and
clinically use such products for, ultimately, increasing their
likelihood of success to prevent the development of, or treat
canine AD skin lesions.

Conflict of interest

The author does not declare any conflict of interest
relevant to this review except for research funding and
consulting honorarium received from Virbac France and
lecturing and consulting honorarium given by Sogeval;
both companies currently market topical lipid formula-
tions aimed at restoring skin barrier function in dogs.

References

Barros Roque, J., O’Leary, C.A., Kyaw-Tanner, M., Latter, M., Mason, K., Ship-
stone, M., Vogelnest, L., Duffy, D.L., 2009. Haplotype sharing excludes
canine orthologous filaggrin locus in atopy in West Highland White
Terriers. Anim. Genet. 40, 793-794.

Bdumer, W., Rossbach, K., Mischke, R., Reines, I., Langbein-Detsch, I.,
Luth, A, Kleuser, B., 2011. Decreased concentration and enhanced
metabolism of sphingosine-1-phosphate in lesional skin of dogs with
atopic dermatitis: disturbed sphingosine-1-phosphate homeostasis in
atopic dermatitis. J. Invest. Dermatol. 131, 266-268.

Beco, L., Fontaine, J., 2000. Corneometry and transepidermal water loss
measurements in the canine species: validation of these techniques
(In French). Ann. Med. Vet. 144, 329-333.

Bourdeau, P., Bruet, V. Gremillet, C, 2007. Evaluation of
phytosphingosine-containing shampoo and microemulsion spray
in the clinical control of allergic dermatoses in dogs: prelimi-
nary results of a multicentre study (abstract). Vet. Dermatol. 18,
177-178.

Chervet, L., Galichet, A., McLean, W.H., Chen, H., Suter, M.M., Roosje, PJ.,
Muller, E.J., 2010. Missing C-terminal filaggrin expression, NFkappaB
activation and hyperproliferation identify the dog as a putative model

Immunopathol. (2011), doi:10.1016/j.vetimm.2011.07.014

Please cite this article in press as: Olivry, T., Is the skin barrier abnormal in dogs with atopic dermatitis? Vet. Immunol.



dx.doi.org/10.1016/j.vetimm.2011.07.014

G Model
VETIMM-8604; No.of Pages6

6 T. Olivry / Veterinary Immunology and Immunopathology xxx (2011) Xxx-Xxx

to study epidermal dysfunction in atopic dermatitis. Exp. Dermatol.
19, e343-e346.

Cork, M.J., Danby, S.G., Vasilopoulos, Y., Hadgraft, J., Lane, M.E., Moustafa,
M., Guy, R.H., Macgowan, A.L,, Tazi-Ahnini, R., Ward, S.J., 2009. Epider-
mal barrier dysfunction in atopic dermatitis. J. Invest. Dermatol. 129,
1892-1908.

Elias, P.M., Hatano, Y., Williams, M.L, 2008. Basis for the barrier
abnormality in atopic dermatitis: outside-inside-outside pathogenic
mechanisms. J. Allergy Clin. Immunol. 121, 1337-1343.

Elias, P.M., Schmuth, M., 2009. Abnormal skin barrier in the etiopatho-
genesis of atopic dermatitis. Curr. Opin. Allergy Clin. Immunol. 9,
437-446.

Gupta, ]., Grube, E., Ericksen, M.B., Stevenson, M.D., Lucky, A.W., Sheth,
A.P., Assa’ad, A.H., Khurana Hershey, G.K., 2008. Intrinsically defective
skin barrier function in children with atopic dermatitis correlates with
disease severity. J. Allergy Clin. Immunol. 121, 725-730.e2.

Hightower, K., Marsella, R., Flynn-Lurie, A.,2010. Effects of age and allergen
exposure on transepidermal water loss in a house dust mite-sensitized
beagle model of atopic dermatitis. Vet. Dermatol. 21, 88-95.

Howell, M.D., Kim, B.E., Gao, P., Grant, A.V., Boguniewicz, M., DeBenedetto,
A., Schneider, L., Beck, L.A., Barnes, K.C., Leung, D.Y., 2009. Cytokine
modulation of atopic dermatitis filaggrin skin expression. ]J. Allergy
Clin. Immunol. 124, R7-R12.

Howell, M.D., Kim, B.E., Gao, P., Grant, A.V., Boguniewicz, M., Debenedetto,
A., Schneider, L., Beck, L.A., Barnes, K.C., Leung, D.Y., 2007. Cytokine
modulation of atopic dermatitis filaggrin skin expression. ]. Allergy
Clin. Immunol. 120, 150-155.

Inman, A.O., Olivry, T., Dunston, S.M., Monteiro-Riviere, N.A., Gatto, H.,
2001. Electron microscopic observations of the stratum corneum
intercellular lipids in normal and atopic dogs. Vet. Pathol. 38, 720-723.

Kim, B.E., Leung, D.Y., Boguniewicz, M., Howell, M.D., 2008. Loricrin and
involucrin expression is down-regulated by Th2 cytokines through
STAT-6. Clin. Immunol. 126, 332-337.

Lau-Gillard, PJ., Hill, P.B., Chesney, C.J., Budleigh, C., Immonen, A., 2010.
Evaluation of a hand-held evaporimeter (VapoMeter) for the measure-
ment of transepidermal water loss in healthy dogs. Vet. Dermatol. 21,
136-145.

Linde, Y.W., 1992. Dry skin in atopic dermatitis. Acta Derm. Venereol.
Suppl. 177,9-13.

Madison, K.C., 2003. Barrier function of the skin: la raison d'étre of the
epidermis. . Invest. Dermatol. 121, 231-241.

Marsella, R., Samuelson, D., Doerr, K., 2010. Transmission electron micro-
scopic studies in an experimental model of canine atopic dermatitis.
Vet. Dermatol. 21, 81-88.

Marsella, R., Samuelson, D., Harrington, L., 2009. Immunohistochemical
evaluation of filaggrin polyclonal antibody in atopic and normal bea-
gles. Vet. Dermatol. 20, 547-555.

Mizutani, Y., Mitsutake, S., Tsuji, K., Kihara, A., Igarashi, Y., 2009. Ceramide
biosynthesis in keratinocyte and its role in skin function. Biochimie
91, 784-790.

Nuttall, T., Knight, P.A., McAleese, S.M., Lamb, ].R., Hill, P.B., 2002a. Expres-
sion of Th1, Th2 and immunosuppressive cytokine gene transcripts in
canine atopic dermatitis. Clin. Exp. Allergy 32, 789-795.

Nuttall, T.J., Knight, P.A., McAleese, S.M., Lamb, J.R., Hill, P.B., 2002b. T-
helper 1, T-helper 2 and immunosuppressive cytokines in canine
atopic dermatitis. Vet. Immunol. Immunopathol. 87, 379-384.

Olivry, T., Dean, G.A., Tompkins, M.B., Dow, ].L., Moore, P.F., 1999. Toward
a canine model of atopic dermatitis: amplification of cytokine-
gene transcripts in the skin of atopic dogs. Exp. Dermatol. 8,
204-211.

Olivry, T., Foster, A.P., Mueller, R.S., McEwan, N.A., Chesney, C., Williams,
H.C.,, 2010. Interventions for atopic dermatitis in dogs: a system-
atic review of randomized controlled trials. Vet. Dermatol. 21,
4-22.

Olivry, T., Hill, P.B., 2001. The ACVD task force on canine atopic der-
matitis (VIII): is the epidermal lipid barrier defective? Vet. Immunol.
Immunopathol. 81, 215-218.

Olivry, T., Mueller, R., Nuttall, T., Favrot, C., Prelaud, P., International Task
Force on Canine Atopic Dermatitis, 2008. Determination of CADESI-03

thresholds for increasing severity levels of canine atopic dermatitis.
Vet. Dermatol. 19, 115-119.

Olivry, T., Mueller, R.S., 2003. Evidence-based veterinary dermatology: a
systematic review of the pharmacotherapy of canine atopic dermati-
tis. Vet. Dermatol. 14, 121-146.

Olivry, T., Naydan, D.K., Moore, P.F., 1997. Characterization of the cuta-
neous inflammatory infiltrate in canine atopic dermatitis. Am. J.
Dermatopathol. 19, 477-486.

Olivry, T., Wofford, ]., Paps, J.S., Dunston, S.M., 2011. Stratum corneum
removal facilitates experimental sensitization to allergens in atopic
dogs. Vet. Dermatol. (Epub ahead of print).

Palmer, C.N,, Irvine, A.D., Terron-Kwiatkowski, A., Zhao, Y., Liao, H., Lee,
S.P., Goudie, D.R., Sandilands, A., Campbell, L.E., Smith, F.J., O’'Regan,
G.M., Watson, R.M,, Cecil, J.E., Bale, S.J., Compton, ].G., DiGiovanna,
JJ., Fleckman, P., Lewis-Jones, S., Arseculeratne, G., Sergeant, A,
Munro, C.S., El Houate, B., McElreavey, K., Halkjaer, L.B., Bisgaard,
H., Mukhopadhyay, S., McLean, W.H., 2006. Common loss-of-function
variants of the epidermal barrier protein filaggrin are a major predis-
posing factor for atopic dermatitis. Nat. Genet. 38, 441-446.

Piekutowska, A., Pin, D., Réme, C.A., Gatto, H., Haftek, M., 2008. Effects
of a topically applied preparation of epidermal lipids on the stratum
corneum barrier of atopic dogs. J. Comp. Pathol. 138, 197-203.

Popa, L., Remoue, N., Hoang, L.T., Pin, D., Gatto, H., Haftek, M., Portoukalian,
J., 2011. Atopic dermatitis in dogs is associated with a high hetero-
geneity in the distribution of protein-bound lipids within the stratum
corneum. Arch. Dermatol. Res. 303, 433-440.

Reiter, L.V., Torres, S.M., Wertz, P.W., 2009. Characterization and quan-
tification of ceramides in the nonlesional skin of canine patients
with atopic dermatitis compared with controls. Vet. Dermatol. 20,
260-266.

Rybnicek, J., Lau-Gillard, P.J., Harvey, R., Hill, P.B., 2009. Further validation
of a pruritus severity scale for use in dogs. Vet. Dermatol. 20, 115-122.

Salzmann, C.A., Olivry, TJ.M., Nielsen, D.M., Paps, J.S., Harris, T.L., Olby,
NJ., 2011. Genome-wide linkage study of atopic dermatitis in West
Highland white terriers. BMC Genet. 12, 37.

Santoro, D., Marsella, R., Bunick, D., Graves, T.K., Campbell, K.L., Ahrens,
K., 2010. Expression and distribution of canine filaggrin in the skin of
healthy and atopic beagles (abstract). Vet. Dermatol. 21, 323.

Shimada, K., Yoon, J.S., Yoshihara, T., Iwasaki, T., Nishifuji, K., 2009.
Increased transepidermal water loss and decreased ceramide content
in lesional and non-lesional skin of dogs with atopic dermatitis. Vet.
Dermatol. 20, 541-546.

Shimada, K., Yoshihara, T., Yamamoto, M., Konno, K., Momoi, Y., Nishifuji,
K., Iwasaki, T., 2008. Transepidermal water loss (TEWL) reflects skin
barrier function of dog. . Vet. Med. Sci. 70, 841-843.

Smith, FJ., Irvine, A.D., Terron-Kwiatkowski, A., Sandilands, A., Camp-
bell, LEE., Zhao, Y., Liao, H., Evans, A.T., Goudie, D.R., Lewis-Jones, S.,
Arseculeratne, G., Munro, C.S., Sergeant, A., O'Regan, G., Bale, S].,
Compton, J.G., DiGiovanna, ].J., Presland, R.B., Fleckman, P., McLean,
W.H., 2006. Loss-of-function mutations in the gene encoding filaggrin
cause ichthyosis vulgaris. Nat. Genet. 38, 337-342.

Tretter, S., Mueller, R.S., 2011. The influence of topical unsaturated fatty
acids and essential oils on normal and atopic dogs. J. Am. Anim. Hosp.
Assoc. 47, 236-240.

van den Oord, R.A.,, Sheikh, A., 2009. Filaggrin gene defects and risk of
developing allergic sensitisation and allergic disorders: systematic
review and meta-analysis. BM] 339, 86-89.

Wood, S.H., Ke, X., Nuttall, T., McEwan, N., Ollier, W.E., Carter, S.D., 2009.
Genome-wide association analysis of canine atopic dermatitis and
identification of disease related SNPs. Immunogenetics 61, 765-772.

Wood, S.H., Ollier, W.E., Nuttall, T., McEwan, N.A., Carter, S.D., 2010.
Despite identifying some shared gene associations with human atopic
dermatitis the use of multiple dog breeds from various locations lim-
its detection of gene associations in canine atopic dermatitis. Vet.
Immunol. Immunopathol. 138, 193-197.

Yoon, J., Yoshihara, T., Sasaki, A, Ide, K., Nishifuji, K., Iwasaki, T., 2011.
Alteration of stratum corneum ceramide profiles in spontaneous
canine model of atopic dermatitis. Exp. Dermatol. (Epub ahead of
print).

Please cite this article in press as: Olivry, T., Is the skin barrier abnormal in dogs with atopic dermatitis? Vet. Immunol.
Immunopathol. (2011), doi:10.1016/j.vetimm.2011.07.014



dx.doi.org/10.1016/j.vetimm.2011.07.014

	Is the skin barrier abnormal in dogs with atopic dermatitis?
	1 Introduction
	2 Do dogs with atopic dermatitis have dry skin and lose water through their skin?
	3 Do dogs with atopic dermatitis have abnormal stratum corneum lipids?
	3.1 Anomalies of stratum corneum lipid lamellae
	3.2 Anomalies of stratum corneum lipid composition

	4 Do dogs with atopic dermatitis have abnormal stratum corneum proteins?
	5 What are the consequences for dogs of having a defective skin barrier?
	6 Are topical lipid interventions of clinical benefit for dogs with atopic dermatitis?
	7 Conclusions and implications for research and practice
	Conflict of interest
	References


