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Department of Pharmacology, Universitat Autònoma de Barcelona, 08193 Bellaterra (Cerdanyola), Barcelona, Spain

Correspondence
Fernando de Mora.

E-mail: fernando.demora@uab.es

Accepted for publication
25 May 2006

Key words
atopy, canine, human, mast cells

Conflicts of interest
None declared.

Summary

Mast cell research has largely focused on the role of these cells in the early phase
of allergic reactions. However, their involvement may well extend beyond this
stage, and even reach across nonallergic conditions. Mast cells from different
sources have helped advance our knowledge of their biology. Although in vitro
and in vivo research in this area has mainly focused on humans, such studies are
limited by the extent to which cells from certain human tissues and/or human
patients can be collected or studied. While rodents also provide valuable models
with which to further our understanding of the behaviour of mast cells and their
contribution to allergy, reported differences between human and murine mast
cells, and, in some instances, the limitations of in vivo rodent models of mast cell-
mediated allergic conditions, preclude their use. In this review, we introduce a
relatively unknown mast cell population, that of the dog. Canine mast cells dis-
play many phenotypic and functional similarities with their human counterparts,
and dogs develop spontaneous and induced allergic diseases that share clinical
and pathophysiological features with the human condition. Therefore, the use of
canine cells can shed light on the general role of mast cells, particularly in rela-
tion to allergic diseases given the potential of in vivo dog models within this field.
Here we provide a detailed review of the data reported from in vitro and in vivo
studies of canine mast cells, and compare them with results obtained in human
systems. We also highlight direct evidence of the mast cell contribution to canine
atopy. We conclude that the dog offers useful in vitro and in vivo models in which
to investigate mast cell behaviour, and that its use should be considered when
undertaking studies aimed either at elucidating the role of mast cells in health
and disease, or at prescreening novel therapies prior to entry into man.

Given the complex network of cellular and molecular events

associated with atopic disease, most researchers would probably

agree that the involvement of only a small number of factors has

been fully established. However, very few, if any, would deny

that the participation of mast cells has been extensively demon-

strated.1–6 The question now is not whether mast cells play a

role in allergic conditions, but rather how central that role is,

and how far it goes beyond their well-known contribution as

effector cells in the acute onset of the disease. Mast cells store

granule-associated (i.e. preformed) mediators that can be rap-

idly released and that, together with the eicosanoids, contribute

to the initial symptoms of atopic or allergic diseases, the so-

called early phase reaction (EPR).7 Beyond the immediate com-

ponent, allergy often evolves into a late phase reaction (LPR)8–

11 that is associated with an inflammatory process. Finally,

allergy can become chronic as a result of microstructural chan-

ges in the affected tissues (remodelling) that lead to persistent

clinical symptoms.12,13 Many researchers have also suggested a

role for mast cells in these later phenomena, based on evidence

indicating that these cells have the potential to induce or coordi-

nate cell recruiting events and to alter their microenvironment

through the release of growth factors.14–28 Furthermore, mast

cells are not only associated with effector mechanisms, whether

immediate or delayed, but might also participate in earlier

phases of the allergic reaction, like the sensitization phase,

through the release of immunoregulatory cytokines.18,23

Most data linking mast cells to IgE-mediated conditions

come from studies performed in human systems29–39 and

rodents,40–45 where very useful in vivo models have been estab-

lished.46–52 In addition, studies of human and animal mast

� 2006 The Authors
Journal Compilation � 2006 British Association of Dermatologists • British Journal of Dermatology 2006 155, pp1109–1123 1109



cell cultures have made significant contributions to our under-

standing of the pathogenesis of atopic diseases.53–57 Although

the guinea pig,58,59 the monkey60 and the sheep61,62 have also

provided valuable information, their use is limited for a vari-

ety of reasons.

What about the dog? Canine atopy is defined as ‘a gen-

etically determined immunologic reactivity in which IgE (or

IgGd) antibody is readily produced in response to ordinary

exposure to common allergens in the subject’s environ-

ment’.63 When considered as a laboratory model of human

atopy, the dog provides more experimental opportunities

than human patients. The similarity of key aspects of the

pathogenesis of human and canine atopy and of human and

canine mast cell biology suggests a similar role for mast

cells in atopy in both species. Various canine systems have

been used for the study of mast cell biology in atopy.

These include naturally occurring allergy in dogs living in

a human environment64,65 and experimental canine

allergy,64–82 as well as in vitro experiments with canine mast

cell lines, primary mast cell cultures, and relevant canine

tissues.83–89

In this article we underline the potential of the dog as a

unique experimental model with which to advance under-

standing of the role of mast cells in atopy. We first highlight

the similarities of human and canine mast cell morphology

and function, and then revisit current understanding of the

mechanism of canine atopy, its similarity to the human dis-

ease, and the role of mast cells in its pathogenesis.

The canine mast cell population: a human-like
distribution and phenotype

Organ and tissue location

Like those of humans, canine mast cells are mainly located

under the epithelial surfaces as constituents of the connective

tissue. They are widely distributed and are found at high

densities in the duodenum and stomach, and at lower densi-

ties in the lymph nodes and uterus.90 Accordingly, mast cell

number appears to be tightly correlated with organ-associ-

ated tryptase levels in dogs,91 and the highest concentration

of this marker has been found in the gut. Canine mast cells

are also located in the skin,92 the airways,93,94 the bone

marrow where they originate,95,96 the gastrointestinal

tract,97,98 the testes,99,100 the heart,101 the brain102 and the

liver.103,104 Because of the incidence of canine dermal aller-

gic diseases, skin mast cells have been the focus of most

studies on canine mast cell biology. As shown in Figure 1,

in the skin, the highest number of mast cells is found

around venules and by the dermoepidermal junction near

the base of the hair follicles, as well as deep in the dermis

adjacent to the vessels.90,92 However, they are also found in

the adipose tissue of the subcutis.90 This distribution matches

that found in humans, where mast cells of the lungs and

skin have also been particularly well studied because of their

relevance to respiratory and cutaneous allergic conditions.

Morphological features and phenotype

In the 1980s, Professor Gold’s group86 was the first to gener-

ate canine mast cell suspensions and to establish mast cell lines

derived from canine subcutaneous mastocytomas. Similar can-

ine mast cell populations have since been cultured.105 This has

been decisive in advancing understanding of the morphologi-

cal and biological features of canine mast cells as models of

their human counterparts. The diameter of these canine mast

cells ranges from 12 to 14 lm,83 and the average size of their

granules is 0Æ47 lm, but varies, possibly according to their

specific contents and physiological status.106 Ultrastructural

studies performed in our laboratory showed that the diameter

of mature canine skin mast cells ranges from 7Æ5 to 12 lm.107

Normal skin mast cells examined by electron microscopy are

elongated in shape and compressed to conform to the sur-

rounding tissue. The nucleus is oval or irregular and usually

located eccentrically; their granules are uniform in size and

appearance and are filled with an electron-dense, homogen-

eous, and tightly packed material with little or no lucent

halo.107 Figure 2 shows the electron microscopic structure of

an isolated mature canine skin mast cell before and after acti-

vation. Histamine, proteoglycans, neutral proteases, acid

hydrolases, and possibly, as for rodent mast cells,108 chemo-

tactic factors, growth factors and cytokines, are located within

their granules. The heterogeneity of the granule contents sug-

gests a potential for functional diversity in the response of

mast cells to microenvironmental influences.109,110 Accord-

ingly, Thomas et al.89 suggested that the observed asynchro-

nous release of granule-associated mediators from canine

mastocytoma cells may depend on distinct granule subpopula-

Fig 1. Canine mast cells are widely located. As shown in this image,

within the skin they are found in the superficial dermis mainly

around blood vessels. They are also localized in the periadnexal and

the deep dermis.
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tions of different density and contents being released under

different conditions. Welle et al.111 extended this hypothesis

based on studies of mast cells from canine skin. Interestingly,

although the biological significance of the release mechanism

of granule mediators is poorly understood, it has been postu-

lated that unlike in rat peritoneal mast cells, human and can-

ine mast cells degranulate through disintegration of their

secretory granules and solubilization of their contents in the

process of exocytosis.89 Canine cutaneous mast cells and mast

cell lines express the IgE high-affinity receptor112,113 and the

c-kit receptor. The latter suggests that the interaction between

stem cell factor (SCF) and c-kit may be involved in the growth

and differentiation of canine mast cells from bone marrow

progenitors.96,103,114,115 Recent data from our laboratory

show that the C2 dog mastocytoma cell line and spontaneous

canine subcutaneous mastocytomas, a highly prevalent canine

mast cell hyperplasia, do express c-kit on their membrane.116

Finally, recent studies on canine mastocytoma cells have

uncovered the expression of the functional high-affinity IgG

receptor FccRI on their surface,105,117 like in humans.118

Heterogeneity of the canine mast cell population

Much of the variability among mast cell subpopulations ari-

ses from their heterogeneity: namely, differences in histo-

chemical, biochemical, and even functional119 features of

cells from different anatomical locations.120 Following the

pioneering classification of rat mast cell subpopulations,121

the heterogeneity of canine mast cells has been studied

based on their sensitivity to the fixative formalin, as

revealed by a histological stain.92,122 Metachromatic staining

after fixation with formalin is characteristic of the so-called

‘typical’ or ‘connective tissue’ type mast cells (CTMC) as

opposed to the fixative-sensitive ‘atypical’ or ‘mucosal’ type

(MMC). As in human mast cell populations, there does not

seem to be a correlation between sensitivity to aldehyde-

based fixatives and organ distribution in the dog, as both

populations tend to colocalize.90,122 Given the differences

between human and rodent mast cell populations, efforts

were made to find differentiating criteria that would corre-

late with organ distribution in humans. Human mast cells

were subtyped according to their specific protease con-

tent.123 Similar studies have been carried out in canine mast

cells, with a similar outcome.89 Canine mast cells from cell

lines were shown to contain specific serine proteases with a

very high homology to their human counterparts.84 Later,

Schechter et al.124 found that mature canine cutaneous mast

cells contain tryptase and chymase with immunological and

biochemical resemblance to the human trypsin and chymo-

trypsin proteinases, as discussed elsewhere in this review. A

recent study of canine mast cells from 15 different organs

uncovered the presence of three mast cell phenotypes

according to protease content: MCC containing only chy-

mase, MCT containing only tryptase and MCTC containing

both tryptase and chymase.125 Further comparative mapping

is required to establish the analogy between the heterogene-

ous nature of human and canine mast cell populations fully,

but there is already evidence of striking similarities. Besides

its relevance to the subtyping of mast cell populations, the

heterogeneity might have important pathogenetic implica-

tions.126

Functional characterization of canine mast
cells: a good match for human mast cells

Preformed mediators

For many years histamine has been considered the hallmark of

the mast cell mediators. In our laboratory, basic studies on

canine mast cells were initiated through characterization of

histamine release by dispersed mast cells from dog skin.85 The

average total histamine content per isolated canine cutaneous

mast cell was found to be very similar to that of human mast

cells using an identical dispersion technique.127,128 The reac-

tivity of canine cutaneous mast cells to a range of stimuli was

also found to be similar (Table 1). Interestingly, the response

pattern of dog skin to intradermal histamine injection resem-

bles that of humans but not rodents.129,130 This might be

linked to differences in the importance of histamine vs. other

amines in human or canine mast cells when compared with

rodents, where serotonin appears as the primary preformed

mediator. As part of the species specificity of mast cell activity,

it is noteworthy that unlike human or canine mast cells,

rodent peritoneal mast cells have cholinergic receptors that

(a) (b)

Fig 2. Electron microscopy of an isolated

canine cutaneous mast cell before (a) and

after (b) degranulation. The nucleus is oval or

irregular, and is usually located eccentrically.

The granules are uniform in size and

appearance, and are filled with an electron-

dense, homogeneous, and tightly packed

material with little or no lucent halo.
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augment histamine release87,131 and, as mentioned above,

may differ from the former in their mechanism of degranula-

tion.87,89

Mast cells are a major source of proteoglycans such as hep-

arin and chondroitin sulphate that are stored and released

from granules upon exocytosis. Both molecules have been

identified in mature canine mast cells and mast cell lines from

canine subcutaneous mastocytomas. The cell-associated proteo-

glycans synthesized by three canine mast cell lines have been

isolated and their structures compared.132 These studies

showed that two of the cell lines, BR and G, synthesize both

heparin and chondroitin sulphate, although at different rates,

whereas the C2 cell line contains mainly chondroitin sulphate,

with little or no detectable heparin. Although they appear to

have a minor biological significance, the relative amount of

each proteoglycan may be responsible for the staining-related

properties of CTMC and MMC discussed earlier. Enzymes such

as b-hexosaminidase are stored in macromolecular complexes

linked to the proteoglycan basic structure. b-hexosaminidase

has been observed in canine113 and human mast cells,118,131

notably LAD 1 and 2 cells, two recently established SCF-

dependent human mast cell lines. While histamine and b-hex-

osaminidase are released by canine mast cells into the extracel-

lular environment, the neutral proteases, a very distinct set of

mediators, appear to remain in the macromolecular structure

upon exocytosis. As mentioned, very particular attention has

been paid to mast cell neutral proteases. Three human-like

mast cell subtypes have been identified in the dog: MCT, MCC

and MCTC mast cells.90,125 A significant prevalence of the MCC

type is found in the stomach and duodenum.90 The similarity

of this classification to the human subtyping is very clear in

the skin, where MCTC has been found to be the predominant

class.123 Mainly MCC are observed after Carnoy’s fixation in

the subepithelial and periadnexal areas.90 The neutral proteases

from canine mast cells have been purified, and the two serine-

class proteinases are found to be very similar to human tryp-

tase and chymase.124,125 These studies provide evidence of a

stronger resemblance of human mast cell proteases to those of

the dog than to those in rodents. In 1991, Caughey et al.133

published a study in which they found that the amino acid

sequence of human mast cell chymase has a high level of

homology to that from the dog (83%), and a lower level of

homology to the sequences of rodent chymases (58–62%).

The homology between canine and human chymases is also

reflected in their activity as shown by Kunori et al.134 Through

biochemical and genetic studies with canine proteases, these

and other authors have contributed to the understanding of

protease function and behaviour by analysing the pathogenetic

implications of the expression of these mast cell enzymes in

permanent canine mastocytoma cell lines,135 and assessing

their activity under different pathological conditions.136–139 As

for other proteolytic enzymes, canine mast cell lines used as a

model for human mast cells have been shown to be the source

of mastin, a tryptic peptidase with gelatinolytic activity found

in other mammalian species,140 and a study by Wolters

et al.141 showed that the cDNA for canine dipeptidyl peptidase

l, a cysteine protease that is released along with other granule-

associated mediators and that acts intracellularly as a prochy-

mase and protryptase activator, has 86% identity to the human

sequence.

Newly synthesized mediators in mast cells

The activation of mast cells also triggers the release of newly

synthesized lipid-derived mediators, and initiates late tran-

scriptional events for the production of protein mediators.

Prostaglandin (PG) D2 is the major product of the arachidonic

acid cascade released via the cyclooxygenase (COX) pathway

from human cutaneous mast cells.142 Thomas et al.143 identi-

fied the presence of functional PGH synthase (i.e. COX) in

canine mast cell granules, while others have provided evidence

of their ability to produce PGD2.
144 More recently, canine gas-

tric mucosal mast cells have been shown to produce PGE2,
145

and the C2 dog mast cell line has been shown to release

PGE2
146 or PGD2

144 depending on the stimulus. Moreover,

canine mastocytoma supernatants have been used to study the

activity of leukotriene (LT) C4, a product of the lipoxygenase

pathway, on several airway effector systems.137 LTB4 is also

produced in significant amounts during the cutaneous

response to inflammatory stimuli released by mast cells,147

and the cysteinyl LTs LTB4, LTC4 and LTD4 are generated by

isolated canine mastocytoma cells challenged with antigen and

Table 1 Comparison of histamine release
from normal dispersed canine and human

cutaneous mast cells in response to different
stimuli

Percentage histamine release from dispersed skin mast cellsa

Immunological stimuli Nonimmunological stimuli

Antigen Anti-IgE Concanavalin A A23187 48/80 Substance P

Canineb 12 31 28 29 13 23
Human ND 17c–32d 20e 29c 15c 17c–29d

The cells were isolated from the skin and stimulated in vitro using analogous procedures in

the two species. Note the similarities in the percentage release when a similar activator is
used. aAs a percentage of maximal release, from healthy individuals, through similar dis-

persion techniques in both species. bOur published data.10 According to cBenyon et al.,128

dLawrence et al.127 and eBrzezinska-Blaszczyk and Zalewska.163 ND, not determined.
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the ionophore A23187.109,148 Interestingly, differential stimu-

lus-dependent eicosanoid release has been reported in both

human and canine mast cells.109,110 The clinical importance of

LTs and other arachidonic acid derivatives in atopy has led to

the development of novel antagonists of the LTB4 receptor for

use in human allergic asthma, and research into LT biosynthe-

sis inhibitors and thromboxane A2 antagonists, some of which

have been tested in canine models of allergen-induced airway

hyper-responsiveness.149,150

Although little work has been done so far in canine sys-

tems, in addition to eicosanoids, mast cells are known to gen-

erate and release a variety of multifunctional cytokines.

Preformed and induced tumour necrosis factor (TNF)-a has

been observed in canine mastocytoma cell lines.151 We

showed that this is responsible for the upregulation of inter-

cellular adhesion molecule-1 (ICAM-1) by canine endothelial

cells.152 Along those lines, TNF-a derived from cardiac mast

cells may also be a crucial factor in upregulating interleukin

(IL)-6 expression in infiltrating leucocytes, and initiating the

cytokine cascade responsible for myocyte expression of ICAM-

1.101 We have also characterized TNF-a release from dispersed

canine cutaneous mast cells.153 These cells are an abundant

source of TNF-a (Fig. 3). Moreover, we and others153,154

have shown that SCF used as a cell growth promoter and a

costimulator enhances the ability of mast cells to release TNF-

a, an effect that has also been reported in relation to human

mast cell mediators.155 Other cytokines have been shown to

be expressed by both canine and human mast cells.156–158

Notably, Sinke et al.159 reported the production of IL-4.

Finally, mast cell-derived growth factors are expressed by can-

ine mast cell populations; notably, Pennington et al.160 showed

that four canine mastocytoma cell lines constitutively express

transforming growth factor-b mRNA.

Secretagogue-induced activation and
pharmacological inhibition of canine mast cell
activity: a functional characterization

FceRI-dependent and -independent activation of canine

mast cells

Table 1 summarizes our data on secretagogue-induced hista-

mine release from dispersed canine cutaneous mast cells.

Immunological activation of mature canine dermal mast cells

can be attained in vitro through either anti-IgE, where a 30%

histamine release is achieved, or through antigen challenge,

where a 12% maximal release can be reached.107,161 The

response of human skin and lung mast cells to antigen is

within a similar range to that found using canine cells.128,162

However, canine mast cell lines, as for the human HMC-1 cell

line,54 appear to have lost functional surface FceRI and, there-

fore, their ability to respond to immunological stim-

uli.87,107,113 This and other limitations of the HMC-1 line will

probably be largely overcome by the two new promising

human mast cell lines LAD 1 and 2.118 In addition to antigen

and anti-IgE, FceRI can be activated by means of the lectin

concanavalin A (ConA) with a similar level of reactivity to

ConA-activated human mast cells: 28% histamine release in

canine cells85,107 and 20% in human skin mast cells.163 ConA

probably acts via a direct effect on the FceRI receptor rather

than through cross-linkage of IgE molecules, as bound IgE is

not required.

Mast cells also respond through non-IgE-dependent mecha-

nisms. The calcium ionophore A23187 is probably the most

potent nonspecific activator.164–166 In human and canine skin

mast cells, Ca2+ ionophore-mediated activation induces 29%

net histamine release.107,128,167 The nonspecific mechanism of

action of the ionophore as a Ca2+ transporter explains its effic-

acy in various species. However, the response to nonimmuno-

logical stimuli can be established as a further discriminating

criterion for mast cell subpopulations.100,168,169 Guinea pig

mast cells, for example, do not react to any nonimmunologi-

cal stimulus except for Ca2+ ionophore.170 In certain human

and canine mast cell populations, the secretagogue 48/80

induces a concentration-dependent release of histamine up to

a cytotoxic concentration;171,172 however, no response to this

secretagogue has been observed in mast cells derived from

dog bronchoalveolar lavage fluid.173 Finally, various neuro-

peptides, such as substance P, have been shown to activate

human and canine skin mast cells.107,110 Several features of

the secretory process are shared by peptide-induced activation,

including a rapid noncytolytic release, the activation of signal

transduction pathways, and selectivity with regard to the sen-

sitivity of the mast cell subtypes. The widespread distribution

of these neuropeptides in tissues, coupled with the frequent

localization of mast cells in close proximity to nerve terminals,

suggests a neurocrine control of mast cell secretion. As expec-

ted, the specific response of the mast cell population of canine

skin171 and the C2 cell line141 to substance P is consistent with

results obtained with mast cells from human skin174 but not
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Fig 3. Tumour necrosis factor (TNF)-a production by dispersed
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with those reported for mast cells from human lungs, tonsils,

or intestinal mucosa and submucosa.175 Finally, some data

suggest that functional adenosine receptors can trigger degran-

ulation of canine and human mast cell lines,99,176 and that

these receptors are also present in primary canine mast cell

cultures.98

Drug-induced modulation of canine mast cells

Mast cells have been viewed as a potential target for pharma-

cological control since the discovery that they are the source

of a wide range of mediators controlling different steps of

allergic and, possibly, nonallergic conditions. The drug-

induced inhibitory profile of human and canine mast cells

shares many features. Second-generation histamine H1-recep-

tor antagonists have been extensively studied in terms of

their ability to modulate mast cell activity. Some of our

results using dispersed canine cutaneous mast cells are shown

in Figure 4. Ketotifen177 and cetirizine178 are weak inhibitors

of histamine release in both human and canine skin mast

cells.171 This is in contrast to other H1-antihistamines such as

loratadine and terfenadine, which have been shown to be

potent inhibitors of the skin cell population in both spe-

cies.66,171,179,180 Furthermore, terfenadine has been reported

to exert a biphasic effect on mast cell activity in human and

dog skin: inhibition of histamine release at low concentrations

and induction of histamine release at high concentra-

tions.171,181 The mechanism by which antihistamines inhibit

histamine release remains unclear, but seems to be related to

changes in membrane permeability and Ca2+ fluxes.55,182

Canine mast cells exposed to classical modulators and/or

antiallergic drugs183 behave similarly to human mast cells. The

results obtained in our laboratory with some of those com-

pounds are shown in Figure 5 and are summarized in the text

below. Disodium cromoglycate (SCG), a reported mast cell

stabilizer, fails to inhibit histamine release from dispersed can-

ine and human skin mast cells, whereas the drug inhibits IgE-

dependent histamine release from human and canine respirat-

ory tract mast cells.184,185 These data are particularly interest-

ing as they appear partly to explain the failure of SCG to

manage cutaneous allergic processes,177,186,187 and its benefi-

cial effect on respiratory allergic conditions.188 Consistent with

earlier data on human mast cells reported by Cohan et al.,189

we did not observe a biologically significant effect of the cor-

ticosteroid dexamethasone on histamine release from canine

skin mast cells.171 In contrast, salbutamol, a b2-receptor agon-

ist, exerted a weak inhibitory effect on IgE-dependent hista-

mine release from isolated canine cutaneous mast cells183 and

human cutaneous mast cells,177 suggesting that a functional b-

adrenergic receptor is coupled to mast cell populations.190

This inhibitory effect was particularly obvious when lung mastDrug concentration (M) 
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histamine release from dispersed canine cutaneous mast cells activated
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skin mast cell degranulation.
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cells, rather than those from skin, from both humans and

dogs were exposed to the b2-receptor agonist.184,191 This

blockade might partly account for the efficacy of such drugs

in the treatment of allergic asthma. A selective phosphodiest-

erase (PDE)-4 inhibitor, rolipram, inhibits histamine release

induced by both substance P and the ionophore A23187 in

dispersed canine mast cells.183 Accordingly, in recent studies,

PDE inhibitors have been suggested to be clinically potentially

effective anti-inflammatory agents in human and canine atopic

dermatitis (AD),192,193 possibly through an increase in cAMP

levels and a consequent reduction in mast cell mediator

release. Finally, ciclosporin exhibits a potent inhibitory effect

on human and canine skin mast cells.183,194 The blocking abil-

ity of ciclosporin is highly selective and depends on the nature

of the stimulus:195 substance P activation of canine skin mast

cells is only slightly affected by preincubation with ciclospo-

rin, whereas FceRI and ionophore-mediated activation is

strongly suppressed. As ciclosporin is known to inhibit a

Ca2+-associated signal transduction pathway, we concluded

that substance P-induced mast cell degranulation is probably

not dependent on a significant rise in intracellular Ca2+.196,197

The reported morphological and functional similarities

between human and canine mast cells suggest similar beha-

vioural patterns for this cell population under physiological

and pathological conditions. In particular, the similarities most

probably reflect shared mast cell-dependent immunological

mechanisms in human and canine allergic conditions. This is

reinforced by the pathophysiological and clinical analogies

between human and canine atopic diseases, and the findings

indicating the involvement of mast cells.

Canine mast cells and atopy

Canine atopy: clinical and pathophysiological data

Mast cells are almost exclusively assumed to be ‘parasitic’

cells primarily involved in IgE-mediated hypersensitivity dis-

orders. However, they also play a role in nonallergic condi-

tions, in which canine models have also been useful. For

instance, mast cell accumulation and degranulation may

cause the grouped necrosis characteristic of dystrophin defi-

ciency in humans and dogs,198 they may participate in

lung94 and intestinal97 reperfusion injury, and they may

play a role in the reaction to myocardial injury.101,199 Mi-

tral regurgitation has also been experimentally associated

with mast cells through studies in dogs.139 In addition,

mast cells appear to be implicated in physiological processes

such as regulation of the cutaneous blood circulation,

angiogenesis, tissue remodelling and repair, and host

defence against parasites and bacterial infections.88,102,199–202

The selective role of different mast cell subtypes in these

processes has been advocated, but their precise involvement

needs to be established in dogs and other species. However,

IgE-mediated conditions remain the main circumstances in

which mast cells are known to exert their activity, partic-

ularly in human and canine systems.

The first spontaneous dermal syndrome recognized as AD in

any species was initially diagnosed in the dog by Wittich in

1940.203 In the 1980s Willemse’s clinical criteria were adop-

ted for diagnosis of AD in dogs.64 AD is the second most fre-

quent cutaneous hypersensitivity in dogs, and affects more

than 10% of the species. Certain breeds are known to be pre-

disposed to develop canine atopy, emphasizing the relevance

of the genetic background to such disease.204 The allergens

responsible for AD are mostly shared by humans and dogs liv-

ing in the same environment.205 In 75% of atopic dogs, the

first symptoms occur before the age of 3 years (young adults)

in either males or females, and the predominant signs of

human and canine atopy are pruritus and cutaneous reactivity,

often accompanied by infections.206 The long-term skin histo-

pathology of human and canine AD is largely the same: angio-

centric accumulation of inflammatory cells.207 The

inflammatory infiltrate is very similar, the predominant cells

being eosinophils, memory T-helper (Th) cells, mast cells and

IgE+ dendritic cells.208,209 A predominance of CD4+ T cells

with a Th1 and a Th2 component is found in the dog210 as

well as in human patients.211 Finally, the diagnosis of atopy is

also based on an in vivo intradermal allergic test or in vitro diag-

nostic tests such as radioallergosorbent tests or enzyme-linked

immunosorbent assays, which analyse allergen-specific anti-

bodies.212 Either corticosteroids or immunotherapy are the

selected treatments for the management of natural canine ato-

py.213–215

In addition to the use of spontaneous canine disease as a

model of human AD,209,216 studies performed in canine mod-

els have helped advance our knowledge of the atopic mecha-

nisms associated with food, skin and respiratory

allergies.72,73,150,217–224 Many of these models have focused

on the role of mast cells.74,122,126,129,157,173,217,224–234 For

instance, the high incidence of spontaneous hypersensitivity to

Ascaris suum antigens in beagles provides a very useful model of

allergic dermatitis. Following intradermal exposure of these

dogs to a purified Ascaris antigen, an immediate mast cell-

mediated weal develops. Using this model, we have extended

our in vitro immunomodulation studies to the in vivo situ-

ation.66,130 We have also observed marked cutaneous eosino-

philia following the immediate weal reaction in response to

strong overexpression of endothelial P-selectin.234 As with the

experiments using asthmatic Basenji greyhounds performed in

the 1980s,74,173 studies of mast cell activity in the lesional

skin of beagles exposed to Ascaris antigen, as well as in that of

other canine models, will help to elucidate further the role of

the mast cell population in IgE-mediated skin reactions.

Canine mast cells and atopy

The discovery of a tight link between IgE and mast cells sug-

gests that events underlying any IgE-mediated condition or

allergic disease might be, at least in part, attributable to mast

cells. Many years after the first description of canine atopy, a

canine IgE antibody was characterized antigenically and phys-

icochemically as a human IgE-like immunoglobulin, and
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recognized as a key factor in dog atopy by Halliwell et al.235

in the early 1970s. Subsequently, immunofluorescence and

isotope labelling studies demonstrated that IgE antibodies are

primarily bound to mast cells in the skin and to basophils in

the circulation.213 Atopic dogs seem to include both low and

high IgE responders,234 the latter being a trait clearly inherited

in a dominant manner, as shown in studies from de Weck et

al.79 These authors postulated that if the IgE response to vac-

cines could be observed in early life in atopic and nonatopic

families, it would also be found to be a dominant trait in

humans. Reaginic antibodies other than IgE have been shown

to be generated in atopic dogs.236–238 Furthermore, a degree

of IgG subclass restriction has been suggested in the humoral

immune response of canine atopy, which may be dependent

upon the nature of the allergen.236 Hammerberg et al.239 des-

cribed the existence of IgG anti-IgE antibodies (autoantibod-

ies) that form immune complexes like those reported in

human atopic patients. The level of uncomplexed IgG anti-IgE

is higher in the serum of atopic dogs than in normal animals,

leaving more room for the free IgE to bind mast cells and ini-

tiate the cascade of events leading to atopic lesions.

The picture shown in Figure 6 summarizes the findings

relating to mast cells and canine atopy detailed below. A

major focus when studying the implication of a cell popula-

tion in a disease process is the fluctuation of its number in situ.

Although there has been some disagreement over the extent to

which the mast cell count is increased in lesional skin from

atopic dogs,129,240 there is now a consensus that there is very

little, if any, increase in the local mast cell number.111,209 This

might be in part explained by the inability of regional mast

cells to proliferate in such sites, as demonstrated through 5-

bromodeoxyuridine staining experiments in canine atopic

skin.241 Interestingly, although the involvement of mast cells

in atopy might therefore be of a functional nature, a few arti-

cles describe a significant correlation between mast cell density

in dog skin and the propensity to develop pruritus in those

areas.91,242 In terms of the link between mast cell activity and

atopy, three lines of evidence should be highlighted. Firstly,

Becker et al.126 proposed that the role of cutaneous atypical or

typical mast cells differs in the course of canine cutaneous ato-

py based on the observation of a selective activity of either

subpopulation associated with either the early (EPR) or the

late (LPR) stage of the disease. Along those lines, Welle

et al.111 proposed more recently that there is a selective release

of mast cell granule contents in lesional canine AD. Secondly,

the single most striking and consistent finding is the demon-

strated ability of mast cells from the skin of dogs with AD to

be significantly more reactive than normal cutaneous mast

cells to a range of stimuli,154,231,243,244 the so-called mast cell

hyper-releasability. This was also observed in canine respirat-

ory mast cells.230 This phenomenon is of particular import-

ance, as part of the hypersensitivity of atopic patients may lie

in a differential functioning of mast cells in atopic and nona-

topic individuals. Although it has not been studied in human

patients with AD, similar findings were observed for human

‘atopic mast cells’.245 Thirdly, preliminary data indicate that

IL-4, a Th2 cytokine, is overexpressed in lesional canine atopic

skin,216 and that canine cutaneous mast cells are a source of

this molecule.159 These findings parallel data246,247 from

human atopic skin in which mast cell IL-4 was shown to be

overexpressed.

Concluding remarks

To date, the scarce information on canine mast cell biology

and its association with allergic conditions has often contribu-

Sensitization

Challenge/effect
Early symptoms

EPR
Environment

Skin

Blood
vessel

Other
sites

*No data from canine mast cells

Late symptoms
LPR

Fig 6. The role of mast cells in allergic diseases goes beyond the early phase reaction (EPR). The figure highlights the different stages at which

mast cells may contribute to the pathogenesis of canine atopic dermatitis. Canine mast cells have been shown to produce interleukin (IL)-4, which

might induce immunoglobulin isotype switching towards IgE. The increased release capacity (hyper-releasability) of activated mast cells from

atopic dogs might affect the production of a wide range of mediators. In addition to the production of the preformed mediators and eicosanoids

that trigger the early reaction, mast cells also produce cytokines associated with inflammatory cell recruitment and activation in the late phase

reaction (LPR), and growth factors that may be involved in tissue remodelling. Ag, antigen; MC, mast cell; LC, Langerhans cell; Eos, eosinophil.
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ted to the dog being ignored as a target model for studies of

allergic diseases. Although the use of the dog as a laboratory

animal is subject to restrictions, based on the striking similar-

ities between canine and human mast cell biology, and on the

unique analogy between canine and human atopy, canine sys-

tems (e.g. naturally ocurring allergy in dogs, experimental

canine allergy, canine mast cell lines, primary canine mast cell

cultures) might provide the best possible match when

attempting to elucidate the role of mast cells in atopic dis-

eases. Thus far, most of the studies on canine mast cell bio-

logy and the association of these cells with atopy have been

used to confirm previously reported data. It is now time to

take a step further and develop canine systems to pioneer

research that will help to generate a more rapid advancement

in our understanding of mast cell activity. Canine systems

could facilitate research in areas in which other species are

either unsuitable or have limitations: notably, to investigate

the role of mast cells in allergic diseases, and to facilitate the

prescreening of novel therapies (e.g. biopsy of atopic skin

samples, atopic skin microdialysis, multiple weal and flare

reactions).

Through this article, we hope to contribute to the dissemin-

ation of knowledge relating to canine mast cells, to help

glimpse the added value of this cell population, and to pro-

vide researchers with a basis on which to assess the appropri-

ateness of their use when designing projects aimed at

elucidating the role of mast cells in atopy. There is something

to be learnt from the dog that should be explored further; the

raw materials are there, and continued research efforts will be

scientifically rewarded.
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121 Enerbäck L. Mast cells in the gastrointestinal mucosa II. Dye bind-
ing metachromatic properties. Acta Pathol Microbiol Scand 1966;

66:303–12.
122 Osborne ML, Sommerhoff CP, Nadel JA, McDonald D. Histochem-

ical comparison of mast cells obtained from the airways of mon-
grel dogs and Basenji-greyhound dogs by bronchoalveolar lavage.

Am Rev Respir Dis 1989; 140:749–55.
123 Irani AM, Schwartz LB. Human mast cell heterogeneity. Allergy Proc

1994; 15:303–8.
124 Schechter NM, Slavin D, Fetter RD et al. Purification and identifica-

tion of two serine class proteinases from dog mast cells biochemi-
cally and immunologically similar to human proteinases tryptase

and chymase. Arch Biochem Biophys 1988; 262:232–44.
125 Noviana D, Mamba K, Makimura S, Horii Y. Distribution, histo-

chemical and enzyme histochemical characterization of mast cells
in dogs. J Mol Histol 2004; 35:123–32.

126 Becker AB, Chung KF, McDonald DM et al. Cutaneous mast cell
heterogeneity: response to antigen in atopic dogs. J Allergy Clin

Immunol 1986; 78:937–42.

127 Lawrence ID, Warner JA, Cohan VL et al. Purification and char-
acterization of human skin mast cells. J Immunol 1987;

169:3062–9.
128 Benyon RC, Lowman MA, Church MK. Human skin mast cells:

their dispersion, purification, and secretory characterization. J
Immunol 1987; 138:861–7.

129 Nimmo Wilkie JS, Yager JA, Eyre P, Parker WM. Morphometric
analyses of the skin of dogs with atopic dermatitis and correla-

tions with cutaneous and plasma histamine and total serum IgE.
Vet Pathol 1990; 27:179–86.

130 Queralt M, Merlos M, Giral M, Puigdemont A. Dual effect of a

new compound, rupatadine, on edema induced by platelet-activa-
ting factor and histamine in dogs: comparison with antihistamines

and PAF antagonists. Drug Dev Res 1996; 39:12–18.
131 Masini E, Fantozzi R, Conti A et al. Immunological modulation of

cholinergic histamine release in isolated rat mast cells. Agents Actions
1985; 16:152–4.

132 Forsberg LS, Lazarus SC, Seno N et al. Dog mastocytoma proteo-
glycans: occurrence of heparin and oversulfated chondroitin sul-

fates, containing trisulfated disaccharides in three cell lines.
Biochem Biophys Acta 1988; 967:416–28.

133 Caughey GH, Zerweck EH, Vanderslice P. Structure, chromosomal
assignment, and deduced amino acid sequence of a human gene

for mast cell chymase. J Biol Chem 1991; 15:12956–63.
134 Kunori Y, Muroga Y, Iidaka M et al. Species differences in angio-

tensin II generation and degradation by mast cell chymases. J Recept
Signal Transduct Res 2005; 25:35–44.

135 Nadel JA. Roles of mast cell proteases in airways. Drugs 1989;
37(Suppl. 1): 51–5.

136 Johnson PR, Ammit AJ, Carlin SM et al. Mast cell tryptase potenti-
ates histamine-induced contraction in human sensitized bronchus.

Eur Respir J 1997; 10:38–43.
137 Gold WM, Lazarus SC. Mast cells and cell-to-cell interactions in

airways. Am Rev Respir Dis 1991; 143:S61–3.
138 Noviana D, Harjanti W, Otsuka Y, Horii Y. Proliferation of prote-

ase-enriched mast cells in sarcoptic skin lesions of raccoon dogs. J
Comp Pathol 2004; 131:28–37.

139 Stewart JA Jr, Wei CC, Brower GL et al. Cardiac mast cell- and
chymase-mediated matrix metalloproteinase activity and left ven-

tricular remodeling in mitral regurgitation in dog. J Mol Cell Cardiol
2003; 35:311–19.

140 Raymond WW, Sommerhoff CP, Caughey GH. Mastin is a gela-
tinolytic mast cell peptidase resembling a mini-proteasome. Arch

Biochem Biophys 2005; 435:311–22.

141 Wolters PJ, Raymond WW, Blount JL, Caughey GH. Regulated
expression, processing and secretion of dog mast cell dipeptidyl

peptidase l. J Biol Chem 1998; 273:15514–20.
142 Robinson C, Benyon C, Holgate ST, Church MK. The IgE- and cal-

cium-dependent release of eicosanoids and histamine from human
purified cutaneous mast cells. J Invest Dermatol 1989; 93:397–404.

143 Thomas PS, Wilson AN, Schreck RE et al. Prostaglandin H synthase
within canine mast cell granule. Am J Physiol 1992; 263:L168–76.

144 Gueck T, Aschenbach JR, Fuhrmann H. Influence of vitamin E on
mast cell mediator release. Vet Dermatol 2002; 13:301–5.

145 Uehigashi Y, Yakabi K, Nakamura T. Pretreatment with mild irrit-
ant enhances prostaglandin E2 release from isolated canine gastric

mucosal mast cells. Dig Dis Sci 1999; 44:1384–9.
146 Gueck T, Seidel A, Fuhrmann H. Consequences of eicosapenta-

enoic acid (n-3) and arachidonic acid (n-6) supplementation on
mast cell mediators. J Anim Physiol Anim Nutr (Berl) 2004; 88:259–

65.
147 Thomsen MK, Kristensen F, Elling F. Species-specificity in the

generation of eicosanoids: emphasis on leukocyte-activating fac-

� 2006 The Authors
Journal Compilation � 2006 British Association of Dermatologists • British Journal of Dermatology 2006 155, pp1109–1123

1120 The role of mast cells in atopy, F. de Mora et al.



tors in the skin of allergic dogs and humans. In: Advances in Veterin-
ary Dermatology (Ihrke PJ, Mason IS, White SD, eds). Oxford: Perga-

mon Press, 1993; 63–78.
148 Phillips MJ, Gold WM, Goetzl EJ. IgE-dependent and ionophore-

induced generation of leukotrienes by dog mastocytoma cells. J
Immunol 1983; 131:906–10.

149 Becker AB, Black C, Lilley MK et al. Antiasthmatic effects of a leu-
kotriene biosynthesis inhibitor (MK-0591) in allergic dogs. J Appl

Physiol 1995; 78:615–22.
150 Matsumoto T, Ashida Y. Inhibition of antigen-induced airway

hyperresponsiveness by a thromboxane A2 receptor antagonist

(AA-2414) in Ascaris suum-allergic dogs. Prostaglandins 1993;
46:301–18.

151 Thomas PS, Pennington DW, Schreck RE et al. Authentic 17 kDa
tumour necrosis factor alpha is synthesized and released by canine

mast cells and up-regulated by stem cell factor. Clin Exp Allergy
1996; 26:710–18.

152 Torres R, de Castellarnau C, Ferrer LL et al. Mast cells induce up-
regulation of P-selectin and intercellular adhesion molecule 1 on

carotid endothelial cells in a new in vitro model of mast cell to
endothelial cell communication. Immunol Cell Biol 2002; 80:170–7.

153 Brazı́s P, Queralt M, de Mora F et al. Stem cell factor enhances IgE-
mediated histamine and TNF-alpha release from dispersed canine

cutaneous mast cells. Vet Immunol Immunopathol 2000; 75:97–108.
154 Hammerberg B, Olivry T, Ortoin S. Skin mast cell histamine

release following stem cell factor and high affinity immunoglob-
ulin E receptor cross-linking in dogs with atopic dermatitis. Vet

Dermatol 2001; 12:339–46.
155 Columbo M, Horowitz EM, Botana LM et al. The human recom-

binant c-kit receptor ligand, rhSCF, induces mediator release from
human cutaneous mast cells and enhances IgE-dependent mediator

release from both skin mast cells and peripheral blood basophils. J
Immunol 1992; 149:599–608.

156 Cheng Chew SB, Leung PY. Localisation of VIP- and CGRP-like
substances in the skin and sinus hair follicles of various mamma-

lian species. Histochem Cell Biol 1996; 105:443–52.
157 Crockett-Tobari E, Fantone JC. L-selectin stimulation of canine

neutrophils initiates calcium signal secondary to tyrosine kinase
activation. Am J Physiol 1997; 272:H1302–8.

158 Hawkins HK, Entman ML, Zhu JY et al. Acute inflammatory reac-
tion after myocardial ischemic injury reperfusion. Am J Pathol

1996; 148:1957–69.
159 Sinke JD, Rutten VPMG, Willemse T. IL4 production by mast cells

in the skin of dogs with atopic dermatitis. Vet Dermatol 2000;

11(Suppl. 1): 32 (Abstract).
160 Pennington DW, Lopez AR, Thomas PS et al. Dog mastocytoma

cells produce transforming growth factor b1. J Clin Invest 1992;
90:35–41.

161 Brazis P, Queralt M, de Mora F et al. Comparative study of histamine
release from skin mast cells dispersed from atopic Ascaris-sensitive

and healthy dogs. Vet Immunol Immunopathol 1998; 66:43–51.
162 Tunon de Lara JM, Okayama Y, Savineau J-P, Marthan R. IgE-

induced passive sensitization of human isolated bronchi and lung
mast cells. Eur Respir J 1995; 8:1861–5.

163 Brzezinska-Blaszczyk E, Zalewska A. Sensitivity of cutaneous mast
cells to anaphylactic and nonimmunological stimuli. Arch Immunol

Ther Exp 1997; 45:55–9.
164 de Paulis A, Marino I, Ciccarelli A et al. Human synovial mast

cells: ultrastructural in situ and in vitro immunologic characteriza-
tion. Arthritis Rheum 1996; 39:1222–33.

165 Igarashi Y, Kurosawa M, Ishikawa O et al. Characteristics of hista-
mine release from cultured human mast cells. Clin Exp Allergy

1996; 26:587–602.

166 Patella V, Marino I, Lamparter B et al. Immunologic and non-
immunologic release of histamine and tryptase from human heart

mast cells. Inflamm Res 1995; 44:S22–3.
167 Patella V, Marino I, Lamparter B et al. Human heart mast cells.

Isolation, purification, ultrastructure, and immunologic characteri-
zation. J Immunol 1995; 154:2855–65.

168 Amon U, Nitschke M, Dieckmann D et al. Activation and inhibi-
tion of mediator release from skin mast cells: a review of in vitro

experiments. Clin Exp Allergy 1994; 24:1098–104.
169 Tainsh KR, Liu WL, Lau HY et al. Mast cell heterogeneity in man:

unique functional properties of skin mast cells in response to a

range of polycationic stimuli. Immunopharmacology 1992; 24:171–
80.

170 Ennis M, Pearce FL. Differential reactivity of isolated mast cells
from the rat and the guinea pig. Eur J Pharmacol 1980; 66:339–45.

171 Garcia G, de Mora F, Ferrer L, Puigdemont A. Effect of H1-antihis-
tamines on histamine release from dispersed canine cutaneous

mast cells. Am J Vet Res 1997; 58:293–7.
172 Church MK, Pao GJ-K, Holgate ST. Characterization of histamine

secretion from mechanically dispersed human lung mast cells:
effects of anti-IgE, calcium ionophore A23187, compound 48/80,

and basic polypeptides. J Immunol 1982; 129:2116–21.
173 Sommerhoff CP, Osborne ML, Gold WM, Lazarus SC. Functional

and morphologic characterization of mast cells recovered by bron-
choalveolar lavage from Basenji greyhound and mongrel dogs. J

Allergy Clin Immunol 1989; 83:441–9.
174 Scholzen T, Armstrong CA, Bunnett NW et al. Neuropeptides in

the skin: interactions between the neuroendocrine and the skin
immune systems. Exp Dermatol 1998; 7:81–96.

175 Lowman MA, Rees PH, Benyon RC, Church MK. Human mast cell
heterogeneity: histamine release from mast cells dispersed from

skin, lung, adenoids, tonsils, and colon in response to IgE-
dependent and nonimmunologic stimuli. J Allergy Clin Immunol

1988; 81:590–7.
176 Linden J, Auchampach JA, Jin X, Figler RA. The structure and

function of A1 and A2B adenosine receptors. Life Sci 1998;
62:1519–24.

177 Okayama Y, Church MK. Comparison of the modulatory effect of
ketotifen, sodium cromoglycate, procaterol and salbutamol in

human skin, lung and tonsil mast cells. Int Arch Allergy Immunol
1992; 97:216–25.

178 Togias AG, Proud D, Kagey-Sobotka A et al. In vivo and in vitro
effects of antihistamines on mast cell mediator release: a poten-

tially important property in the treatment of allergic disease. Ann

Allergy 1989; 63:465–9.
179 Bousquet J, Hejjaoui A, Clauzel AM et al. Specific immunotherapy

with a standardized Dermatophagoides pteronyssinus extract. II. Predic-
tion of efficacy of immunotherapy. J Allergy Clin Immunol 1988;

82:881–7.
180 Queralt M, Brazis P, Merlos M et al. In vitro inhibitory effect of ru-

patadine on histamine and TNF-alpha release from dispersed can-
ine skin mast cells and the human mast cell line HMC-1. Inflamm

Res 2000; 49:355–60.
181 Church MK, Gradidge CF. Inhibition of histamine release from

human lung by antihistamines and related drugs. Br J Pharmacol
1980; 69:663–7.

182 Rimmer SJ, Church MK. The pharmacology and mechanisms of
action of histamine H1-antagonists. Clin Exp Allergy 1990; 20:3–

17.
183 Garcia G, Ferrer L, de Mora F, Puigdemont A. Inhibition of hista-

mine release from dispersed canine skin mast cells by cyclosporin
A, rolipram and salbutamol, but not by dexamethasone or sodium

cromoglycate. Vet Dermatol 1998; 9:81–6.

� 2006 The Authors
Journal Compilation � 2006 British Association of Dermatologists • British Journal of Dermatology 2006 155, pp1109–1123

The role of mast cells in atopy, F. de Mora et al. 1121



184 Church MK, Hiroi J. Inhibition of IgE-dependent histamine release
from human dispersed lung mast cells by anti-allergic drugs and

salbutamol. Br J Pharmacol 1987; 9:421–9.
185 Sommerhoff CP, Osborne ML, Lazarus SC. Effect of inhibitors on

histamine release from mast cells recovered by bronchoalveolar la-
vage in Basenji-greyhound and mongrel dogs. Agents Actions 1990;

31:183–9.
186 Leung KBP, Flint KC, Brostoff J et al. Effects of sodium cromogly-

cate and nedocromil sodium on histamine secretion from human
lung mast cells. Thorax 1988; 43:756–61.

187 Ting S, Weiman B, Lavker R. Cromolyn does not modulate

human allergic skin reactions in vivo. J Allergy Clin Immunol 1983;
71:12–17.

188 Kelly K, Spooner CH, Rowe BH. Nedocromil sodium vs. sodium
cromoglycate for preventing exercise-induced bronchoconstriction

in asthmatics. Cochrane Database Syst Rev 2000; 4:CD002731.
189 Cohan VL, Undem BJ, Fox CC et al. Dexamethasone does not inhi-

bit the release of mediators from human mast cells residing in air-
way, intestine and skin. Am Rev Respir Dis 1989; 140:951–4.

190 Soll AH, Toomey M. Beta-adrenergic and prostanoid inhibition of
canine fundic mucosal mast cells. Am J Physiol 1989; 256:G727–

32.
191 Vieytes MR, Louzao MC, de la Cruz LF, Botana LM. Efecto del iso-

proterenol sobre la liberacion de histamina en mastocitos de pul-
mon de rata. Rev Esp Fisiol 1991; 47:13–18.

192 Hanifin JM, Chan SC, Cheng JB et al. Type 4 phosphodiesterase
inhibitors have clinical and in vitro anti-inflammatory effects in

atopic dermatitis. J Invest Dermatol 1996; 107:51–6.
193 Ferrer L, Alberola J, Queralt M et al. Clinical anti-inflammatory

efficacy of arofylline, a new selective phosphodiesterase-4
inhibitor, in dogs with atopic dermatitis. Vet Rec 1999; 145:191–

4.
194 Stellato C, de Paulis A, Ciccarelli A et al. Anti-inflammatory effect

of cyclosporin A on human skin mast cells. J Invest Dermatol 1992;
98:800–4.

195 Cirillo R, Triggiani M, Siri L et al. Cyclosporin A rapidly inhibits
mediator release from human basophils presumably by interacting

with cyclophilin. J Immunol 1990; 144:3891–7.
196 Church MK, El-Lati S, Caulfield JP. Neuropeptide-induced secre-

tion from human skin mast cells. Int Arch Allergy Appl Immunol 1991;
94:310–18.

197 Mousli M, Hugli TE, Landry Y, Bronner C. Peptidergic pathway in
human skin and rat peritoneal mast cell activation. Immunopharmacol-

ogy 1994; 27:1–11.

198 Rafael J, Gorospe M, Tharp M et al. Dystrophin-deficient myofibers
are vulnerable to mast cell granule-induced necrosis. Neuromuscul

Disord 1994; 4:325–33.
199 Somasundaram P, Ren G, Nagar H et al. Mast cell tryptase may

modulate endothelial cell phenotype in healing myocardial
infarcts. J Pathol 2005; 205:102–11.

200 Echtenacher B, Mannel DN, Hultner L. Critical protective role of
mast cells in a model of acute septic peritonitis. Nature 1996;

381:75–7.
201 Zhang Y, Ramos BF, Jakschik BA. Neutrophil recruitment by

tumor necrosis factor from mast cells in immune complex perito-
nitis. Science 1992; 258:1957–9.

202 Yakabi K, Arimura T, Koyanagi M et al. Effects of interleukin-8
and Helicobacter pylori on histamine release from isolated canine gas-

tric mucosal mast cells. J Gastroenterol 2002; 37:70–2.
203 Wittich FW. Spontaneous allergy (atopy) in the lower animal:

seasonal hay fever (fall type) in a dog. J Allergy 1940; 12:247–51.
204 Scott DW, Miller WH Jr, Griffin CE. Muller and Kirk’s Small Animal

Dermatology. Philadelphia: W.B. Saunders, 2001.

205 de Mora F, Ferrer L. Dermatitis atopica canina: un posible modelo
de estudio de la dermatitis atopica humana? Piel 1994; 9:16–26.

206 Griffin CE, DeBoer DJ. The ACVD task force on canine atopic der-
matitis (XIV): clinical manifestations of canine atopic dermatitis.

Vet Immunol Immunopathol 2001; 81:255–69.
207 Leung DYM. Atopic dermatitis: the skin as a window into the

pathogenesis of chronic allergic diseases. J Allergy Clin Immunol
1995; 96:302–19.

208 Olivry T, Moore PF, Affolter VK, Naydan DN. Langerhans cell
hyperplasia and IgE expression in canine atopic dermatitis. Arch

Dermatol Res 1996; 288:579–85.

209 Olivry T, Naydan DK, Moore PF. Characterization of the cutaneous
inflammatory infiltrate in canine atopic dermatitis. Am J Dermatopa-

thol 1997; 19:477–86.
210 Sinke JD, Thepen T, Bihari IC et al. Immunophenotyping of skin-

infiltrating T-cell subsets in dogs with atopic dermatitis. Vet Immu-
nol Immunopathol 1997; 57:13–23.

211 Novak N, Bieber T, Leung DY. Immune mechanisms leading to
atopic dermatitis. J Allergy Clin Immunol 2003; 112(Suppl. 6): S128–

39.
212 Halliwell REW, Kunkle GA. The radioallergosorbent test in the

diagnosis of canine atopic disease. J Allergy Clin Immunol 1978;
62:236–42.

213 Sousa CA. Atopic dermatitis. Vet Clin North Am Small Anim Pract
1988; 18:1049–59.

214 Bevier DE. Long-term management of atopic disease in the dog.
Vet Clin North Am Small Anim Pract 1990; 20:1487–507.

215 Olivry T, Sousa CA. The ACVD task force on canine atopic derma-
titis (XIX): general principles of therapy. Vet Immunol Immunopathol

2001; 81:311–16.
216 Olivry T, Dean GA, Tompkins MB et al. Toward a canine model of

atopic dermatitis: amplification of cytokine gene transcripts in the
skin of atopic dogs. Exp Dermatol 1999; 8:204–11.

217 Reiss TF, Rubinstein I, Emery DL et al. Local mediator release after
antigen challenge of a bronchial segment in allergic dogs. Am J

Physiol 1989; 257:L366–72.
218 Becker AB, Chung KF, McDonald DM et al. Cutaneous allergic

response in atopic dogs: relationship of cellular and histamine
responses. J Allergy Clin Immunol 1988; 81:441–8.

219 Hirshman CA, Leu DB, Austin DR et al. Elevated mononuclear
leukocyte phosphodiesterase in allergic dogs with and without

airway hyperresponsiveness. J Allergy Clin Immunol 1987; 79:46–
53.

220 Misawa M, Ohmori S, Yanaura S. Effects of the new antiallergic

drug 11-oxo-11H-pyrido[2,1-b] quinazoline-2-carboxylic acid on
bronchial and cutaneous allergic responses to Ascaris in dogs. Arz-

neimittelforschung 1986; 36:1647–50.
221 Lewis AJ, Kirchner T, Dervinis A, Rosenthale ME. Ascaris-induced

allergic asthma in the conscious dog: a model for the pharmaco-
logic modulation of immediate type hypersensitivity. J Pharmacol

Methods 1982; 7:35–46.
222 Grant BJ, Fortune JB, West JB. Effect of local antigen inhalation

and hypoxia on lobar blood flow in allergic dogs. Am Rev Respir Dis
1980; 122:39–46.

223 Egli KS, Schiessl B, Roosje PJ et al. Evaluation of the usefulness of
sensitization to aeroallergens as a model for canine atopic derma-

titis in genetically predisposed beagles. Am J Vet Res 2002;
63:1329–36.

224 Helm RM. Food allergy animal models: an overview. Ann N Y Acad
Sci 2002; 964:139–50.

225 Chung KF, Osborne ML, Corrales RJ et al. Histamine release and
circulating cells after antigen inhalation in allergic dogs. J Appl

Physiol 1987; 62:253–8.

� 2006 The Authors
Journal Compilation � 2006 British Association of Dermatologists • British Journal of Dermatology 2006 155, pp1109–1123

1122 The role of mast cells in atopy, F. de Mora et al.



226 Gold WM, Meyers GL, Dain DS et al. Changes in airway mast cells
and histamine caused by antigen aerosol in allergic dogs. J Appl

Physiol 1977; 43:271–5.
227 Lazarus SC, McCabe LJ, Nadel JA et al. Effects of mast cell-derived

mediators on epithelial cells in canine trachea. Am J Physiol 1986;
251:C387–94.

228 Leff AR, Stimler NP, Munoz NM et al. Augmentation of respiratory
mast cell secretion of histamine caused by vagus nerve stimulation

during antigen challenge. J Immunol 1986; 136:1066–73.
229 Varsano S, Lazarus SC, Gold WM, Nadel JA. Selective adhesion of

mast cells to tracheal epithelial cells in vitro. J Immunol 1988;

140:2184–92.
230 Hirshman CA, Austin DA, Kettelkamp NS. Enhanced bronchoalve-

olar lavage mast cells histamine releasability in allergic dogs with
and without airway hyperresponsiveness. J Allergy Clin Immunol

1988; 81:829–35.
231 Turner CR, Darowski MJ, Sampson HA et al. Dermal mast cell re-

leasability and end organ responsiveness in atopic and nonatopic
dogs. J Allergy Clin Immunol 1989; 83:643–8.

232 Misawa M, Takenouchi K, Shirakawa Y, Yanaura S. Effects of mast
cell stabilizers on a new bronchial asthma model using compound

48/80 in dogs. Jpn J Pharmacol 1987; 44:197–205.
233 Wuersch K, Brachelente C, Doherr M et al. Immune dysregulation

in flea allergy dermatitis – a model for the immunopathogenesis
of allergic dermatitis. Vet Immunol Immunopathol 2006; 110:311–23.

234 Torres R, Grifols J, Fondevila D, de Mora F. Dermal exposure to
Ag induces sensitization and inflammation, in addition to the

immediate response, in the Ascaris suum-hypersensitive dog model
of skin allergy. XXII Congress of the European Academy of Allerg-

ology and Clinical Immunology (EAACI), June 2003; 58(Suppl.
74): 262 (Abstract).

235 Halliwell REW, Schwartzman RM, Rockey JH. Antigenic relation-
ship between human IgE and canine IgE. Clin Exp Immunol 1972;

10:399–402.
236 Day MJ, Corator A. Subclass profile of allergen-specific IgG anti-

bodies in atopic dogs. Res Vet Sci 1996; 61:136–42.

237 Willemse A, Noordzij A, van den Brom WE, Rutten VPMG. Aller-
gen specific IgGd antibodies in dogs with atopic dermatitis as

determined by the enzyme linked immunosorbent assay (ELISA).
Clin Exp Immunol 1985; 59:359–63.

238 Willemse A, Noordzij A, Rutten VPMG, Bernadina WE. Induction
of non-IgE anaphylactic antibodies in dogs. Clin Exp Allergy 1985;

59:351–8.
239 Hammerberg B, Bevier D, DeBoer DJ et al. Auto IgG anti-IgE and

IgG · IgE immune complex presence and effects on ELISA-based
quantitation of IgE in canine atopic dermatitis, demodectic acaria-

sis and helminthiasis. Vet Immunol Immunopathol 1997; 60:33–46.

240 Scott DW. Observations on canine atopy. J Am Anim Hosp Assoc
1981; 17:91–100.

241 Ordeix L, Fondevila D, de Mora F et al. Assesssment of the prolif-
erative activity of canine dermal mast cells by BrDU and prolifer-

ating cell nuclear antigen labelling. Vet Dermatol 2001; 12:321–5.
242 Auxilia ST, Hill PB. Mast cell distribution, epidermal thickness and

hair follicle density in normal canine skin: possible explanations
for the predilection sites of atopic dermatitis? Vet Dermatol 2000;

11:247–54.
243 de Mora F, Garcia G, Puigdemont A et al. Skin mast cell releasabil-

ity in dogs with atopic dermatitis. Inflamm Res 1996; 45:424–7.
244 Jackson HA, Miller HR, Halliwell RE. Canine leucocyte histamine

release: response to antigen and to anti-IgE. Vet Immunol Immunopa-
thol 1996; 53:195–206.

245 Djukanovic R, Lai CK, Wilson JW et al. Bronchial mucosal mani-
festations of atopy: a comparison of markers of inflammation

between atopic asthmatics, atopic nonasthmatics and healthy con-
trols. Eur Respir J 1992; 5:538–44.

246 Horsmanheimo L, Harvima IT, Jarvikallio A et al. Mast cells are
one major source of interleukin-4 in atopic dermatitis. Br J Dermatol

1994; 131:348–53.
247 Saarinen JV, Harvima RJ, Naukkarinen A et al. Interleukin-4-posit-

ive mast cells are highly associated with the extent of immediate
allergic wheal reaction in the skin. Allergy 2001; 56:58–64.

� 2006 The Authors
Journal Compilation � 2006 British Association of Dermatologists • British Journal of Dermatology 2006 155, pp1109–1123

The role of mast cells in atopy, F. de Mora et al. 1123


