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Introduction

Bronchial asthma is a respiratory disturbance caused
by obstruction of the bronchi that is accompanied by
chronic inflammation of the lower airways. The
obstruction is due in part to bronchial hyperreactivity, a
tendency towards excessive contraction of the bronchial
smooth muscle in response to various stimuli. The
reduction in diameter of the bronchi impairs the passage
of air to the lungs, and consequently, causes acute
dyspnea. Bronchial obstruction is contributed to by
chronic inflammation, mucus hypersecretion, and the
phenomenon of remodeling, which alters the
microstructure of the affected airways. In certain
individuals with a genetic predisposition, the described
symptoms are largely the result of immunological and
biochemical changes.

Various different etiological factors are associated
with asthma. Exercise, nonsteroidal antiinflammatories,
viral infections, and allergens are among the most
frequent. When the asthma is caused by an allergen it is
referred to as allergic, atopic, or extrinsic asthma.
Although asthma of allergic and nonallergic origin
share pathogenic mechanisms, it is likely that allergens
generate a specific immune response, especially during
the onset of the process. Consequently, and given that it
is the most prevalent type of asthma, this article focuses
on allergic asthma.

Considering the current prevalence (150 million
affected individuals) and annual percentage increase, it is
estimated that by 2010 asthma will affect 300 million
people worldwide.!? In 80% of affected children and
adolescents, the asthma is of allergic origin, and in Spain,
40% of asthma cases in young adults (20-44 years old)
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have an allergic component, according to preliminary data
from studies undertaken as part of the FEuropean
Community Respiratory Health Survey.’** In agreement
with the most fashionable theory, known as the “hygiene
hypothesis,” this increase in the prevalence of allergic
asthma, particularly apparent in developed countries, is
attributed, among other causes, to sanitary improvements,
such as the lower incidence of viral infections and parasitic
infestations, and the incorporation of new vaccines into
health programs.’ The hygiene hypothesis arose from the
observation that these improvements are accompanied by
an increase in the incidence of atopic diseases, which may
be attributable to changes in immunologic mechanisms.®
Asthma is a disease that is difficult to manage
pharmacologically and that, in addition to being a serious
health issue, represents a major economic problem due to
work absenteeism, pharmaceutical costs, and reduced
productivity.” The difficulty associated with disease
management rests on the fact that current treatment does
not resolve the disease and is fundamentally aimed at
counteracting episodes of bronchospasm and controlling
the underlying inflammation in the chronic process, a
phase of the disease that presents particular therapeutic
difficulty. In addition to the limitations of treatment, there
is the risk of patient death as a result of acute attacks,
estimated at 18 per 1000 000 individuals.”> The lack of a
more effective pharmacological treatment for allergic
asthma is due in large part to the fact that the specific
immunologic or biochemical changes that cause it remain
unknown. Basic research and clinical studies in asthmatic
patients are fundamental to the advancement of
understanding of the pathogenesis of asthma. However,
there are scientific and ethical obstacles that impede the
elucidation of certain aspects of the disease. The
appearance in the last decade of models of allergic asthma
induced in the mouse has stimulated investigation in this
field, and offers, without doubt, a valuable addition to
studies in asthmatic patients, in vivo studies in other
animal models, and in vitro and ex vivo experiments.

In this article, we describe the pathogenic similarities
between human allergic asthma and that of models
induced in the mouse; we draw attention to the
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particular usefulness of investigating asthma in murine
models and present some data from the literature that
support their use.

In Vivo Research Into Allergic Asthma
Research in Asthmatic Patients

Various experimental techniques have been
developed to evaluate the impact of cellular and
molecular changes in the course of asthma in patients.
One of these is to analyze tissue samples taken from
asthmatic patients in different phases of the disease.
Biopsies of the bronchial mucosa are collected by
bronchoscopy to evaluate the local cellular response
pattern, the expression of mediators, and the possible
repercussions  for  bronchopulmonary  function.®?
Systemic cellular and molecular fluctuations in the
blood are also evaluated, as are possible genetic
polymorphisms associated with allergic asthma.!® In
addition, with the aim of collecting samples of
bronchial mucosa directly exposed to an allergen, and
therefore, to unify the characteristics of the tissue being
studied, techniques have been developed for the local
exposure (challenge) of the bronchial mucosa of
asthmatic volunteers to allergens to which they are
known to be hypersensitive,!' and ex vivo studies have
been performed using patient samples.'> Similar
analyses can be performed using bronchoalveolar
lavage (BAL) to identify and quantitate the cells and
mediators present.!! Neither bronchial biopsy nor BAL
are techniques that are free from risk for the patient,
and consequently, their use carries ethical
considerations when applied exclusively for experimental
purposes.

With  appropriate  ethical restrictions, these
experimental procedures have been very useful in
understanding some aspects of the pathogenesis of
allergic asthma. However, the following points
highlight the reasons for which alternative models are
required for the in vivo investigation of the disease: a)
the difficulty of taking samples from certain organs (eg,
pulmonary parenchyma or bronchioles) in asthmatic
patients; b) the difficulty of performing multiple
analyses in parallel in the same patient and of obtaining
tissue samples from the respiratory system over time
(temporal studies); c¢) problems associated with carrying
out simultaneous cellular/molecular studies and
functional studies on the respiratory system in humans;
d) limitations on the size of the sample population when
using patients; e) heterogeneity of the test (asthmatic)
and control (nonasthmatic) populations to be evaluated;
and f) the legal impossibility of using drugs in patients
during the phase prior to clinical trials.

For all of these reasons, numerous species have been
tested in which asthma has been induced through a
wide variety of protocols with the aim of allowing us to
address issues that cannot be answered in studies of
asthmatic patients.
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Animal Models of Allergic Asthma

The  principal  functional and  pathogenic
characteristics of allergic asthma have been observed in
a number of animal models. The following species have
been used: mouse,' rat,'* guinea pig,'> rabbit,'® ferret,'’
dog,'® cat,'’ sheep,® pig,?! some primates,?? and even
horse.”® Some of these species develop allergic asthma
spontaneously, while in others it is experimentally
induced. Of the latter cases, in addition to the mouse,
the most commonly used experimental models have
been the guinea pig, the sheep, and the monkey. The
model of guinea pig sensitized to ovalbumin is
characterized, as in human asthma, by an early acute
phase and a later chronic phase following contact with
the allergen, the existence of eosinophilic lung
inflammation, and by bronchial hyperreactivity.'>>* This
was the most frequently used model up until the first
models were described in mouse, and has been largely
used to evaluate the therapeutic interest of various
molecules.!> However, it does not offer the genetic
versatility of the mouse, nor does it offer as many
species-specific reagents for the identification of
molecular and cellular changes associated with
pathogenesis.”> The sheep model of asthma is also
characterized by an early acute phase followed by a
later chronic phase, both accompanied by bronchial
hyperreactivity.”® In addition, from an anatomical and
functional perspective, the lungs of the sheep under
normal conditions are very similar to those of
humans.?*?"2 Although the induction of asthma in
sheep has generally been performed using allergens
from nematodes, particularly Ascaris suum,*3' a sheep
model has recently been reported that was sensitized to
dust mites, an allergen that is a common cause of
asthma in patients. In this study, it was shown that, in
addition to the changes mentioned, the sheep develop a
specific immunoglobulin (Ig) E response with intense
eosinophilia.?’ Finally, it is worth mentioning that the
primate model has been used for more than 25 years.
Although initially animals were studied that were
spontaneously sensitized to A suum,” there now exists
an induced model, in which the animals are sensitized
to dust mites, that reproduces practically all of the
clinical and pathogenic characteristics of human
asthma.?? In spite of the scientific interest, the cost of
working with sheep and primates, the length of the
experiments, the difficulty of the manipulations, the
lack of reagents developed for the evaluation of
molecular expression, and the stricter control of their
use in the laboratory compared with other species
means that these models are rarely used due to their
poor scientific exploitability.

For reasons that are fundamentally scientific, but also
economic and based on ease of use (housing,
manipulation, availability of species-specific reagents),
the animal that is nowadays universally used as a model
of allergic asthma is the mouse. Compared with other
species, another advantage of the mouse is its ability to
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be manipulated genetically (transgenics and knockouts)
and immunologically (mice with spontaneous or
induced immunodeficiencies).

Mouse Models of Allergic Asthma

Many experimental models of asthma induced in the
mouse have been proposed. In general, the induction
protocols are based on systemic sensitization through
injection of an allergen to generate a memory immune
response followed by local reexposure of the respiratory
system to the same allergen. Sometimes, during
sensitization, the allergen is administered along with a
coadjuvant or a nonspecific immunopotentiator
compound such as aluminum sulfate (alum) to guarantee
a sufficiently strong immune response. The following
section provides a brief description of some of the factors
that should be taken into account in designing a protocol
for the induction of allergic asthma in the mouse.

Mouse strain. Comparative studies have demonstrated
that not all mouse strains respond similarly to contact
with an allergen. Strain differences have been observed
in the degree of bronchial hyperreactivity, the production
of IgE, and even in the type of cellular immune
response. These effects are probably due to genetic
differences. In the most commonly used strains, it has
been seen, for instance, that sensitized BALBc mice
develop higher bronchial hyperreactivity,**** generate 4
times more total IgE and specific IgE,* and contain
more cells and a higher concentration of cytokines in
BAL samples than do sensitized C57BL/6 mice.>**
Researchers generally favor those strains with a
propensity to display an atopic phenotype; consequently,
BALBc is among the most commonly used. Recent
studies, however, propose that a chronic model in the
A/J strain should be used for the evaluation of structural
changes in the bronchi since it displays greater similarity
to the changes observed in patients.*

Allergen. Of the numerous antigens used in the
induction of asthma in mice, the most common has been
ovalbumin. However, there is a current tendency to use
aeroallergens that cause spontaneous asthma in humans.
These include dust mites (Dermatophagoides
pteronyssinus and Dermatophagoides farinae)*® and
pollens, in particular that of ragweed,* a common plant in
northern Europe and North America (in Spain, the
predominant pollens responsible for allergy come from
grasses, masterwort, and the olive tree; to our knowledge,
however, no models have been established with these
allergens). Natural aeroallergens offer the advantage of
being compounds suspended in the air that enter the body
naturally via the respiratory airways. This is in contrast to
ovalbumin, which would normally enter the body
spontaneously through the alimentary canal, thereby
triggering allergies that originate in the digestive system.
The biotechnological identification and production of

allergens allows mice to be exposed to highly purified
molecules rather than allergen extracts. This is true for the
dust mite, for which at least 2 components (Der p 1 and
Der p 5) are known to be partly responsible for the
activation of the immune response and the subsequent
induction of asthma.’’” Recently, a new approach to
induction has been investigated, namely the sensitization
of mice to 2 recombinant antigens, one from dust mites
(Der f 1) and the other from cockroaches (Bla g 2). This
combination has been observed to produce greater lung
inflammation and epithelial damage than either antigen
provided separately.®® In terms of the dose of allergen that
should be used, the range of concentrations administered
is very wide, and varies according to the phase of the
induction protocol and the allergen. For systemic
sensitization, amounts between 1 and 800 pg of antigen
have been used, although a study comparing different
doses of ovalbumin found that 10 pg was sufficient to
induce asthma in mice.* In the challenge or activation
phase, since they are normally used as aerosols,
ovalbumin solutions are commonly administered at a
concentration of between 1% and 5%. In contrast, using
one of the principal allergens from dust mites (Der p 1), 1
pg is sufficient to sensitize mice.** Nevertheless, the
concentrations of allergen to which animals are exposed
are generally high, an issue that is slowly being corrected
with the introduction of chronic models.

Route of administration or exposure to the allergen.
In the majority of models described, the sensitization of
the animal is achieved intraperitoneally, while
reexposure to the antigen (activation or challenge) is
normally performed intranasally, either by direct
injection into the nostrils or by nebulization.*'*> The
most recent and most refined protocols propose that both
phases should use the airways, in an effort to imitate the
normal process of exposure in asthmatic patients.'*-

Duration of asthma induction in mice. The induction
of allergic asthma in mice requires between days and
months, depending on the protocol. Models of short
duration (or short exposure to the allergen) have
principally been used in which animals are exposed to
high concentrations of allergen over a relatively short
period (between days and weeks), giving rise to the so
called ‘““acute asthma model.” Short exposure or acute
models do not reproduce some aspects of allergic
asthma that are observed in chronic asthmatics. This
shortcoming led to the development of long exposure or
chronic models. In efforts to induce models of chronic
asthma with ovalbumin, it was observed that
nebulization of the allergen over long periods without
prior systemic sensitization led to immunologic
tolerance; in other words, the immune system stopped
responding to ovalbumin after successive exposures.*#
This phenomenon of tolerance in murine models of
asthma would suggest that the immune response of the
respiratory mucosa is self-limiting, and that this may be
one of the mechanisms used by the immune system to
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Figure 1. Bronchial reactivity in mice with asthma induced by dust mite
extract and control animals (nonasthmatic). Measurements were made
using a plethysmograph (Buxco Europe Ltd, Winchester, UK) in
conscious animals after airway exposure to 2 concentrations of the
bronchoconstrictor methacholine. At the lower concentration of
methacholine (3 mg/mL) the bronchial reactivity in asthmatic mice is the
same as that of controls, while at the higher concentration (30 mg/mL),
the asthmatic mice display bronchial hyperreactivity. *P<.05.

prevent the progression of allergic inflammation in the
lung; consequently, patients with chronic asthma would
have had a prior defect in the regulation of this process.*
In other experiments, it was observed that prolonged
administration of ovalbumin to sensitized animals did
not succeed in maintaining “asthmatic characteristics,”
and resulted in a reduction of either lung inflammation,*
or bronchial hyperreactivity.*>*’ In addition, models in
which there is no distinction between a sensitization
phase and a phase of activation or challenge have begun
to be developed based on continued exposure to low
doses of aeroallergens. Most notable is the chronic
model of allergic asthma to dust mite extracts recently
described by Johnson et al,'® the results of which are
very encouraging because they reveal characteristics of
chronic asthma that are not observed in acute models,
such as the sustained remodeling of the tissues
subsequent to inflammation. This similarity may also be
due to the fact that the induction protocol is in many
ways similar to the natural exposure to allergens.

The choice of whether to use a model of allergic
asthma that is based on long or short exposure to the
allergen will depend upon what we want to study. Thus,
models of acute asthma offer practical advantages for
the investigation of the mechanisms of the inflammatory
process and bronchospasm, whereas chronic models
allow the analysis of long-term structural changes and
their influence on bronchial obstruction.

Clinical and Pathophysiological Characterization
of Allergic Asthma in the Mouse

The models of induced allergic asthma in the mouse
are generally characterized by the existence of bronchial
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hyperreactivity, ~ bronchopulmonary  inflammation,
increased serum concentration of IgE, and mucus
hypersecretion. In addition, chronic models present
structural changes of the respiratory airways. Below, we
review these characteristics and the similarities between
the diseases in the 2 species.

Bronchial Hyperreactivity and Bronchospasm

Bronchospasm is the main symptom of asthma in
patients, and is the clinical manifestation of the
underlying cellular and molecular immunologic
changes responsible for bronchial hyperreactivity.
Similarly, the majority of mouse models of allergic
asthma present bronchial hyperreactivity. One of the
motives that led to the development of mouse models of
asthma was precisely the possibility of measuring the
bronchial response in these animals. Respiratory
function can be evaluated in asthmatic mice using
methods that will be described briefly below.

Ex vivo techniques for the evaluation of bronchial
reactivity. In the organ bath method, the trachea of
sensitized animals is isolated, introduced into the bath,
and its smooth muscle stimulated with electric fields or
through the addition of bronchoconstrictors such as
histamine or methacholine.*® Using this procedure it is
possible to perform isolated measurements without the
interference caused by arterial oxygenation or
cardiovascular elements; for instance, it is possible to
measure the muscle reactivity of the principal
respiratory airways, which is believed to be largely
responsible for pulmonary dysfunction in human
asthma.* However, this technique does not allow
reproduction of the impact of bronchial obstruction
caused by edema of the bronchial mucosa, mucus, and
narrowing of the airways. Consequently, it is often
preferable to use in vivo models.

In vivo techniques for the evaluation of bronchial
reactivity. To analyze the majority of the phenomena that
can lead to bronchial obstruction in the same model, it is
preferable to work with in vivo models. Given the current
availability of both invasive and noninvasive methods
with which to evaluate bronchospasm, either anesthetized
or conscious mice can be used. The most commonly used
invasive technique consists of intubating the animal with
an intratracheal cannula and using a plethysmograph to
directly measure bronchopulmonary resistance to
airflow.*3! This technique is useful but complex, because
it requires the difficult cannulation of the tail vein
(caudal) or the subclavian vein and entails the drawbacks
that the antigen cannot be administered while respiratory
pressure is being determined, that methacholine is
administered intravenously, and that the animal is
sacrificed at the end of the measurement, making it
impossible to reevaluate respiratory function in the same
animal. In contrast, in the noninvasive method the
conscious animal is introduced into a chamber and
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respiratory function is measured through a variable called
Penh (Figure 1) using a whole body plethysmograph
(WBP). Because it is not necessary to anesthetize the
animal and there is no disturbance or physical damage,
various measurements can be performed in the same
mouse during different phases. Although some authors
recommend confirmation of the Penh value using
invasive methods to assess parameters that directly reflect
respiratory  obstruction,”>  Hamelmann et  al*!
demonstrated the correlation between bronchial
hyperreactivity to methacholine measured using WBP
and lung resistance and intrapleural pressure evaluated
through other procedures. Some of the doubts about
WBP arise from the fact that the bronchial reactivity
measured using this method lacks units, since it is
derived from the mathematical processing of empirical
respiratory signals.”*>® Nevertheless, the demonstration
that the Penh value obtained with WBP reflects the
hyperreactivity has led to an increase in the number of
research groups that adopt WBP as the method of choice
for the evaluation of bronchopulmonary function in
asthmatic mice, in spite of the high initial investment.
This is borne out by the increasing number of high-
quality publications in which this procedure is cited.>*%
Our own experience with WBP allows us to affirm that it
is a simple, rapid, and reproducible method with which
to compare the bronchial hyperreactivity of sensitized
mice with that of normal animals in response to the
bronchoconstrictor ~ methacholine.  Although  this
measurement is normally made 24 hours after the last
exposure of the animal to the allergen, with WBP it can
also be performed at other stages in the process in order
to follow its evolution. For instance, bronchopulmonary
function can be evaluated before and after induction of
asthma, during the acute and chronic phases of the
process, or before and after a treatment. Figure 2 shows
the main components of our WBP equipment (Buxco
Europe Ltd, Winchester, UK) and describes its operation.

Bronchopulmonary Histopathology in Asthmatic Mice

One of the determining factors in the establishment
of a parallel between asthma in patients and asthma in
murine models is the histopathological characterization
of the airways and lung parenchyma. Notable in human
asthma is the presence of chronic bronchopulmonary
inflammation with abundant eosinophils, even localized
in the epithelium, the presence of other inflammatory
cells, and characteristic structural changes that follow
the inflammatory process (remodeling) in airway walls.

Bronchovascular inflammation. In models of allergic
asthma induced in the mouse, lung inflammation can be
evaluated using 2 procedures: BAL and histologic
analysis of sections of the lung.!3¢1¢2 BAL is used to
quantify both the total number of cells in the
tracheobronchial tree that can be extracted through
lavage and the proportions of the different cell
populations. Normally, in human and mouse, the

Figure 2. Equipment for the measurement of respiratory function in
nonimmobilized, conscious mice (Buxco Europe Ltd, Winchester, UK).
The 4 main parts of the equipment are indicated: a) nebulizer, which
delivers the methacholine (or elected bronchoconstrictor) as an aerosol
into each chamber at a preselected, constant flow rate; b)) whole body
plethysmograph with 4 mouse chambers, each of which has a coupled
transducer that transforms the respiratory signal into an electrical signal
and sends it to the amplifier; c) airflow regulator, which maintains a
constant flow of drug-free air in the interior of the plethysmographic
chambers; and d) amplifier, which receives the signals captured by the
transducer in each chamber, amplifies them, and translates them into
data for visualization and analysis using Biosystem XA software from
Buxco.

number of inflammatory cells found in BAL is
correlated with the type and grade of inflammation
observed in the lung parenchyma by pathology.!36!-63
Although the latter quantification procedure is not as
simple as with BAL, it allows the elements detected to
be localized in the tissue. Histologic sections of the
lung stained with hematoxylin and eosin display
bronchovascular inflammation distributed in small,
dense foci—as shown in Figure 3—or more extensive
areas, the latter infiltrates being generally more diffuse.
All inflammatory processes in asthmatic mice are
associated, to greater or lesser degree, with the presence
of eosinophils (between 30% and 80%, depending on
the model), and both the main and smaller airways can
be affected. The differences in cell composition, grade
of inflammation, and localization of inflammatory foci
depend on the immunization protocol and the mouse
strain used.'*¢"-92% In more natural models of induction,
such as, for instance, those in which the mouse is
exposed to the allergen without a coadjuvant like alum,
there is a tendency to generate an inflammatory process
that is more similar to that observed in biopsies and
autopsy of the bronchi of asthmatic individuals.
Inflammation in the lungs of asthmatic patients is
characterized particularly by infiltration of T
lymphocytes and eosinophils into the bronchial mucosa,
and the presence of mast cells.”® The majority of the
recruited lymphocytes are CD4+ T helper cells or T
helper 2 cells (Th,), a cell subtype normally associated
with pathologic processes of allergic origin that, once
activated, attract and stimulate principally eosinophils.
It was initially observed in mouse models of asthma
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Figure 3. Photomicrograph (x100) of a histologic section of lung from a) control (nonasthmatlc) mouse, and b) mouse wnth asthma induced by ovalbumin

(intraperitoneal sensitization with ovalbumin and aluminium sulfate and cl

hall

ge with net d ovalbumin at 1%). The sections are stained with

hematoxylin-eosin. The arrow indicates an inflammatory focus of the bronchovascular infiltration typical of the mouse model of asthma.

that the immunological “memory” that is responsible
for the development of asthma in a sensitized animal
that reencounters the allergen is mainly due to the
persistence of infiltrated T lymphocytes in the lung
parenchyma.®? The recruited and activated eosinophils
may be, in part, responsible, along with mast cells and
other effector cells that are activated in situ, such as
pulmonary macrophages and the epithelial cells of the
respiratory mucosa, for the damage and tissue
remodeling via the release of multiple mediators.®® In
contrast to humans, in mouse models of asthma the
eosinophils do not localize to the epithelium of the
bronchial mucosa; nor have they been observed to be
degranulated following contact with the allergen.®®
Notable among the mediators released by the
eosinophils are proteins and highly reactive oxygen
radicals that are able to cause damage.®’ Consequently,
it is initially surprising that mouse models have been
obtained in which allergic asthma is induced without
eosinophils in the airways,*” although it has begun to be
suggested that perhaps the eosinophils have a regulatory
function more than an effector or proinflammatory role
in chronic asthma; this could include, for example,
helping to maintain the Th, response.*"

Mast cells are considered to be principally effector
cells in the pathogenesis of the early phase of asthma.”!
It has been observed that the airways of asthmatic
patients contain a large number of mast cells and mast
cell mediators released following activation.”” The
concentration of these mediators has also been
correlated with an increase in pulmonary obstruction”
and with bronchial hyperreactivity in patients with
asthma.”*”> Many lines of evidence indicate that mast
cells also participate in the late phase of chronic asthma.
Firstly, cytokines that are known to be produced by mast
cells, such as interleukin (IL) 4 and IL13, could promote
or contribute to the Th, immune response characteristic
of asthma. Secondly, mast cells participate in the
recruitment of inflammatory cells, especially Th,
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lymphocytes and eosinophils, through the action of
prostaglandin D2, a mediator associated with
experimental models of asthma in the mouse.”
Furthermore, in asthma induction protocols in which
systemic immunization is omitted and, therefore, in
which Th, cells do not participate, mast cells must be
present and activated for pulmonary eosinophilia to be
observed.’®” This reflects the probable importance of
mast cells in the establishment of inflammation in
models of asthma, in addition to their participation in
earlier phases. No mouse model of chronic asthma has
yet been developed in which mast cells are observed to
infiltrate the respiratory mucosa as they do in asthmatic
individuals.”™

Tissue remodeling. One of the most important
characteristics of chronic asthma in patients is tissue
remodeling, which occurs as a consequence of an
abnormal tissue repair process that follows chronic
inflammation. The histologic observations specific to
remodeling are epithelial hypertrophy/hyperplasia,
subepithelial fibrosis, hyperplasia of the mucus-
producing goblet cells (and, consequently, mucus
hypersecretion), and hyperplasia of the bronchial
smooth muscle.®* These structural changes lead to a
thickening of the wall of the respiratory mucosa and,
consequently, narrowing of the respiratory airways,
which is manifested by a chronic reduction in lung
function that aggravates the bronchial hyperreactivity.®'
It has been possible to induce remodeling in
nonasthmatic transgenic mice that overexpress Th, -type
cytokines,®*® an observation that highlights the
relevance of these cytokines in the remodeling process.
However, it was not possible to reproduce remodeling
in mouse models of allergic asthma until chronic
models were established. Current chronic models will,
therefore, help to explain aspects of how this
phenomenon is brought about and in what way it
contributes to bronchial obstruction. To date, these
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models show many of the histologic characteristics of
remodeling described previously,!*#2%5 although none
reproduce them in their entirety. One model that
imitates the process quite faithfully is, as mentioned
earlier, that of Johnson et al,’”® in which a natural
aeroallergen such as the dust mite is used. In this
model, the use of systemic immunization and
coadjuvants is omitted, an allergen is used that causes
asthma in patients (aeroallergen), and the route of
respiratory sensitization is very probably the same as
that used naturally. It is also worth mentioning that the
model of Johnson et al,'* like the spontanecous disease,
involves exposure of the mouse to continuous contact
with the allergen rather than alternating contact or
contact in cycles. This latter point is of particular
interest because it allows the development of symptoms
to be studied and the pathogenesis of asthma to be
evaluated at various points, from a few days to 7 or 8
weeks after initiating sensitization. In the new chronic
models it is possible to determine, in addition to
remodeling, the evolution of processes such as lung
inflammation and bronchial hyperreactivity.

Mediators in Experimental Asthma

Cytokines. A number of groups have investigated the
importance of cytokines in the various different mouse
models of asthma. In order to establish their relevance,
local and systemic expression of cytokines has been
studied, and asthma has been induced in mice that are
genetically deficient in a particular cytokine. In addition
to local expression, the serum expression of many of
these cytokines has also been determined. These immune
mediators fulfill an immunoregulatory role in the allergic
response, and some of them act as inducers of the
bronchovascular inflammatory process. The expression
pattern of the cytokines suggests that the majority of
murine models of allergic asthma exhibit a predominant
Th,-type response, as occurs in humans'*%>%; in other
words, the CD4+ Th, lymphocytes that recognize the
antigen are activated and differentiate into a cell subtype
that is characterized by the release of a certain range of
cytokines, notable among which are 14, ILS, and IL13.
The consequence of a bias towards this type of immune
response is that a specific clone of B lymphocyte that
produces and releases IgE is activated, and in addition,
mainly eosinophils are recruited and activated. In mouse,
the relevance of IL5%7% and IL.13%-? in asthma has been
described, and it has been pointed out that both
mediators, as well as other Th, cytokines such as IL4,
exert various modulatory effects on bronchial
hyperreactivity, inflammatory infiltration of eosinophils,
and lung remodeling 32349294

Eicosanoids. Since the 1970s, associations have been
observed between the products of arachidonic acid
metabolism, or eicosanoids, and asthma. These
molecules, both those of the cyclooxygenase (COX)
pathway, the prostaglandins (Pg), and those of the

lipoxygenase pathway (leukotrienes), are currently
considered to be important.

For instance, inhalation of PgE, is known to attenuate
the asthmatic response induced in patients by
aeroallergens. Consistent with this, some investigators
have also demonstrated that airway cells have a lower
capacity for PgE, production,”®” possibly due to an
anomaly in COX expression, as described in patients
with nonallergic asthma.”® COX is a molecule known,
paradoxically, for its marked proinflammatory effect.
Some of the data showing activity of COX2 and
production of PgE, in asthma have also been obtained
in studies using murine models of asthma. For instance,
asthmatic mice lacking COX (knockouts) exhibit more
intense inflammation of the respiratory airways and
greater bronchial hyperreactivity on contact with the
allergen than wild type (normal) animals; these changes
are accompanied by reduced production of PgE,.*
Likewise, Peebles et al*!'% using selective and
nonselective inhibitors of COX in a mouse model of
asthma, described that the treatment favored the
asthmatic response and that this was also accompanied
by a reduction in PgE, and an increase in leukotrienes.
This view of the detrimental effect of inhibiting COX
on the inflammatory process and lung function in
asthma is supported by recent proposals that the
enzyme could fulfill antagonistic, proinflammatory and
antiinflammatory roles, depending on the phase of the
disease.'”! Consistent with these results, we have
obtained preliminary, unpublished data in a model of
asthma induced by ovalbumin'®?* in mice treated with
rofecoxib, a selective inhibitor of COX2, that indicate
that pharmacological blockade of the enzyme leads to a
more intense inflammatory process and a stronger
bronchial hyperresponse than in untreated asthmatic
mice. As mentioned, in addition to PgE, other
molecules such as PgD, are linked to the asthmatic
process in mice.”

Although it is known that there is an increase in
leukotrienes in human asthma,'® and that antagonists of
these mediators offer improvements in asthma,!%* there
has been little investigation of their relevance in the
asthmatic process induced in mice. As in humans, some
results point to an increase in their production in
asthmatic mice,’®* and others also indicate the
participation of leukotrienes in airway remodeling.'% Tt
would nevertheless be worth establishing more clearly
the dynamics of these mediators in bronchial
hyperreactivity and in the inflammatory process of
different models of asthma in the mouse.

Immunoglobulins in Allergic Asthma in the Mouse

The first contact of an atopic individual with an
allergen causes sensitization, or in immunological terms,
the production of specific anaphylactic antibodies
against the allergen. The main anaphylactic antibody is
IgE, a molecule whose levels are increased in practically
all asthmatic individuals.'® The predominance of Th,
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cells in asthmatic individuals mentioned earlier is
probably the determining factor in this phenomenon,
since the cytokines IL4 and IL13, specific to the Th,
response, contribute to the prioritized production of
IgE over other classes of antibodies. The clinical
significance or the cause and effect relationship between
increased IgE levels and bronchial hyperreactivity,
the inflammatory process, or airway remodeling,
particularly in chronic processes, remains unknown. It
is known, however, that the IgE that is produced
binds mast cells of the respiratory system (in the
pulmonary parenchyma and in the airway mucosa) and
possibly other cells that express receptors for this
immunoglobulin. Sensitized mast cells with IgE on their
surface that are activated through a new contact with the
allergen can contribute as effector cells to both
bronchospasm and induction of the inflammatory
process through the release of a wide variety of
mediators. It is notable that some cells that do not have
the IgE receptor in normal individuals express it in
asthmatic individuals (dendritic cells, macrophages,
eosinophils, etc).!?1% In most models of asthma induced
in the mouse an increase in total IgE and IgE specific to
the antigen is also detected in the serum. In some
models, there is also a direct relationship between serum
IgE and bronchospasm.'® Evidence showing the
importance of elevated levels of IgE in asthmatic
patients has led to the design of a new therapeutic focus,
namely blockade of IgE with antibodies to prevent it
binding effector cells.!!® All of this points to the
probable role of this antibody in the pathogenesis of
asthma.

However, the apparent relevance of IgE in the
pathogenesis of asthma and its consistent increase in
asthmatic mice does not always reflect a clear
functional implication. Thus, some publications indicate
that even in the absence of IgE it is possible to induce
some of the models of asthma in mice.""""'"* For
instance, mice deficient in IgE or IL4 (a cytokine that
induces the production of IgE by specialized B
lymphocytes) display bronchial hyperreactivity, and the
inflammatory response is only partly reduced.!!’:!!3
Furthermore, animals that are deficient in B cells (and
therefore unable to produce antibodies)!!® or lack mast
cells (c-kit negative)! develop asthma, although without
inflammatory infiltration of eosinophils. These are
surprising results that, in principle, question the role
played by IgE and mast cells in some experimental
models. The interpretation of these results in terms of
their repercussions for allergic asthma in humans is
difficult. However, it is important to note that, in
general, the studies in which the importance of IgE is
questioned have been undertaken in ovalbumin models
and, with some exceptions,* in models involving short
exposure to the antigen. Thus, it is possible that the
most recently described chronic models that use natural
allergens will yield different results.

In addition to IgE, the presence of specific IgG has
been described in individuals with asthma. The role that
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can be attributed to this immunoglobulin is less clear. In
some mouse models of allergic asthma, IgG, has also
been detected,'>%? but its relevance is likewise unknown
at this time.

Limitations of the Mouse Models of Asthma

As mentioned, there is no ideal experimental model in
which each and every one of the pathogenic processes of
asthma can be studied.!'”-!8 The election of an appropriate
model depends on the hypothesis to be investigated. The
mouse models of asthma offer a wide range of
experimental possibilities, but their suitability has to be
evaluated in terms of the experimental objectives and
taking into account certain limitations, many of which are
also applicable to other disease models in mice.

One aspect that differentiates models of asthma
induced in the mouse from spontaneous asthma in
patients is that, generally, all mice exposed to the
allergen develop the disease. The lack of an apparent
individual genetic factor introduces an element of
uncertainty over the suitability of these animals for use
in studies of genetic polymorphism, although some
have been undertaken.'’® However, it should be noted
that there are mouse strains that can be described as
more susceptible than others due to their atopic
phenotype in terms of the tendency to produce IgE.*

On the other hand, perhaps certain immunologic
differences between species explain why, unlike in
humans, the majority of experimental models require
high concentrations of allergen. The appearance of
chronic models in murine species has, to some degree,
allowed this limitation to be addressed. As mentioned,
although in principle IgE and mast cells are considered
to be key factors in the early phase of allergic asthma in
humans, this does not appear to be confirmed in some of
the murine models. In those models, specific IgE
exhibits a clear increase, but the functional implications
of this change are less obvious. Another difference is the
apparent lack of eosinophil degranulation or activity in
the majority of mouse models, 122! although it has
been observed in some studies.**!% This is in contrast to
what is seen in asthmatic individuals, where eosinophils
recruited by the respiratory system present signs of
activation.'”> However, it must be said in support of the
experimental models that there has been no unequivocal
demonstration that degranulation is necessary for the
induction of bronchial hyperreactivity in humans. To
these genetic and/or immunologic differences we should
add anatomic and physiologic differences between the
respiratory systems of mouse and human. Consequently,
emphasis should not be placed on differences in the
functional mechanisms associated with the development
of bronchospasm in the two species. For instance, while
asthmatic individuals present bronchial hyperreactivity
to methacholine even during asymptomatic periods, this
hyperreactivity is transitory during the period of
exposure to the allergen in mouse models, as indicated
in the recent review of Epstein.'?*
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It is important to remember that while limitations
are inherent to any experimental model, they should
be taken into consideration when evaluating the
effectiveness of the induction of allergic asthma in
achieving the stated aims, and when interpreting the
results obtained. Finally, it is important to emphasize
the fact that the effort to induce chronic models will, to
a large extent, allow these limitations to be overcome.

Conclusions: the Asthmatic Mouse Is a Valuable
Addition

There is no doubt that mouse models of asthma
occupy a unique position in research into the
mechanisms of allergic asthma, essentially through a
combination of 4 factors: @) most of the phenomena and
key immunologic and histologic processes in the
pathogenesis of human asthma are reproduced with
increasing accuracy in the mouse; b) equipment is
available with which to measure respiratory change in
the mouse; c) it is possible to investigate in greater detail
and with a wider perspective aspects that would be too
extensive in asthmatic patients; and d) the mouse offers
experimental advantages over other species in terms of
the induction of disease models that are also applicable
to models of asthma, such as the ability to perform
genetic manipulations (transgenics and knockouts) and
the availability of species-specific reagents.

The mouse, therefore, is a complementary tool in
asthma research, and is clearly a valuable addition to
this field. Thus, it is recommendable to perform parallel
studies of the mechanisms of asthma from different
experimental perspectives; the combination of studies in
human patients and mouse models will probably be the
most fruitful, because the mouse can both indicate
phenomena to be studied in patients and allow a deeper
understanding to be developed of aspects observed in
asthmatic individuals.

Despite the value of all of the mouse models of
asthma and the consistency of many of the findings,
there is a certain degree of variability among them. This
is largely attributable to the genetic background of the
mouse strains used, differences in the induction
procedures, the different techniques used to evaluate the
response, and the point at which evaluations are
undertaken. It is not the aim of this review to draw
particular attention to any of these, but we would like to
suggest some guidelines, discussed in greater detail
earlier, that we consider important. The choice of the
mouse strain, the allergen and its route of exposure, and
the duration of the sensitization/activation protocol
—distinguishing between short (days/weeks) and long
(months) periods of exposure—are fundamental. In
terms of the allergen, although induction with
ovalbumin has been, and continues to be, very useful,
given the importance of allergen structure in the type of
immune response, it seems preferable to move over to
the use of natural allergens. If, in addition, contact with
the allergen occurs through the respiratory airways,

both in the initial phase of sensitization and in
subsequent phases, and is continuous (daily or almost
daily) rather than in cycles, it will better imitate the
natural exposure in patients, and therefore, may achieve
a more faithful model. It is of particular interest to make
at least two models of asthma available in the
laboratory that can be induced via the airways using the
same natural allergen: an acute model based on short
exposure with which to investigate the inflammatory
and functional events associated with the first few days
of the process, and a chronic model based on extended
exposure in which it is possible to reproduce
remodeling of the bronchial wall and subsequent
functional respiratory alterations.

The reproducibility of basic pathophysiological
characteristics of human allergic asthma, such as
bronchial hyperreactivity, eosinophilic inflammation,
mucus hypersecretion, and remodeling, in the mouse,
and the possibility of studying bronchopulmonary
function in this species indicate that these models of
allergic asthma are suitable to address many of the
questions raised in the pathogenesis and treatment of
the disease.
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