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ABSTRACT: Asthma is a worldwide health problem that affects 300 million people, as estimated

by the World Health Organization. A key question in light of this statistic is: ‘‘what is the most

appropriate laboratory animal model for human asthma?’’

The present authors used stereological methods to assess airways in adults and during post-

natal development, and their response to inhaled allergens to compare rodents and nonhuman

primates to responses in humans.

An epithelial–mesenchymal trophic unit was defined in which all of the compartments interact

with each other. Asthma manifests itself by altering not only the epithelial compartment but also

other compartments (e.g. interstitial, vascular, immunological and nervous). All of these

compartments show significant alteration in an airway generation-specific manner in rhesus

monkeys but are limited to the proximal airways in mice. The rhesus monkey model shares many

of the key features of human allergic asthma including the following: 1) allergen-specific

immunoglobulin (Ig)E and skin-test positivity; 2) eosinophils and IgE+ cells in airways; 3) a T-

helper type 2 cytokine profile in airways; 4) mucus cell hyperplasia; 5) subepithelial fibrosis; 6)

basement membrane thickening; and 7) persistent baseline hyperreactivity to histamine or

methacholine.

In conclusion, the unique responses to inhaled allergens shown in rhesus monkeys make it the

most appropriate animal model of human asthma.

KEYWORDS: Airway, epithelial–mesenchymal trophic unit, immune/inflammatory cells, respira-

tory bronchiole

A
sthma is the most common chronic disease
of childhood [1]. Asthma is a worldwide
health problem, impacting on both devel-

oped and developing countries, which affects 300
million people, as estimated by the World Health
Organization (WHO) [2]. Specific age ranges and
ethnicities are disproportionately affected.
Asthma hospitalisation rates have been highest
among African-Americans and children, while
death rates for asthma have been consistently
highest among African-Americans aged 15–24 yrs
[3]. The WHO predicts that asthma deaths will
increase by almost 20% in the next 10 yrs if urgent
action is not taken [2]. Asthma is characterised by
chronic inflammation, obstruction and remodel-
ling of the airways coupled with breathlessness
and wheezing. Episodes of recurrent wheezing,
breathlessness, chest tightness and cough are
usually associated with airflow obstruction that
is often reversible either spontaneously or with
treatment. There is also increased bronchial
hyperresponsiveness to a variety of stimuli.

The purpose of the present article is to assess the
utility of laboratory animals as models of allergic
airways disease in humans using stereological
methods. First, the biology of the airway within
the conceptual framework of the epithelial–
mesenchymal trophic unit (EMTU) is addressed.
The basis of this concept is that all of the cellular
and acellular compartments within the airway
wall have a close interaction through a series of
extracellular signalling cascades, which establish
a dynamic homeostatic state. This homeostatic
state responds to injury of one component by
changing the signalling patterns and the basic
functions of all components. Secondly, the differ-
ences between species in the organisation of the
airway wall are evaluated in adults, the differences
in post-natal development of the airways are
compared by species, and airway-specific remodel-
ling associated with asthma is evaluated. Thirdly,
the current status of understanding of a series of
critical issues is assessed regarding the utility of
these animal models and their appropriateness
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for defining mechanisms as they relate to allergic airways
disease in humans. Finally, design-based applications for the
analysis of the tracheobronchial airways are addressed as a
guide to bringing robust quantitative measures to this field.

THE EPITHELIAL–MESENCHYMAL TROPHIC UNIT
The concept of the EMTU was developed as a framework for
defining the cellular and metabolic mechanisms regulating the
response to injury in a complex biological structure, such as the
tracheobronchial airway tree [4, 5]. Each segment, or airway
generation, within the branching tracheobronchial airway tree
is addressed as a unique biological entity whose properties may
differ from those of neighbouring branches and the intervening
branch points. The portions of the airways between branch
points are treated as separate biological entities from each other
and from the intervening branch points.

All the components of the airway wall, both cellular and
acellular, are assumed to play a role in both injury and repair
responses and are thought of as compartments (fig. 1). The
epithelial compartment of the airway wall is comprised of
surface epithelium and submucosal glands. The interstitial
compartment includes: the basement membrane zone (BMZ);
fibroblasts, including the attenuated fibroblast sheath beneath
the basement membrane; smooth muscle; cartilage and the
vasculature. The nervous compartment includes the nerve
processes, which interdigitate between the vasculature, smooth
muscle, subepithelial matrix and epithelium. This includes
both afferent and efferent limbs of the nervous system and the
central regulating neurons in the brain stem. The vascular
compartment includes capillaries, arterioles and venules,
primarily from the bronchial circulation, and lymphatic
vessels. The immunological compartment includes both
migratory and resident inflammatory and immune cells.

The basic assumption of the EMTU is that all of the
compartments interact with each other, i.e. the biological
function of cells in one compartment is regulated by the

functions of the cell populations in the other compartments.
Perturbation of one compartment creates an imbalance in all
compartments [4, 5]. Baseline trophic interaction can be
disrupted during acute injury and repair and can be altered
by successive cycles of injury, inflammation and repair typical
of chronic airway diseases. Asthma manifests itself by altering
not only the epithelial compartment or the airway smooth
muscle but also other compartments (e.g. interstitial, vascular,
immunological and nervous [6, 7]).

SPECIES DIFFERENCES IN TRACHEOBRONCHIAL
AIRWAYS IN ADULTS

Tracheobronchial airways
Architecture
As illustrated in figure 2, the tracheobronchial conducting
airways form a complex series of branching tubes that extend
to the gas exchange area. The more proximal and larger
branches, the bronchi, are usually characterised by the
presence of mucous and basal cells in the epithelium, some
mucosal glands in the interstitium, and abundant cartilage in
the interstitial space. Progressing distally, the smaller bronch-
ioles have thinner walls with little-to-no cartilage, a less
complex airway epithelial population, and a greater percen-
tage of smooth muscle compared with the bronchi. In humans
and nonhuman primates, cartilage is found in the walls of the
tracheobronchial airways, from the trachea distally to the
smallest bronchioles (table 1). By contrast, cartilage is found
predominantly in the trachea of mice and rats.

The average number of airway generations from the trachea to
an alveolarised bronchiole is approximately the same for most
mammalian species (table 1). However, branching is relatively
unique in primates (including humans and nonhuman
primates), with branches separating from the parent airway
at ,45u and being almost uniformly equal in size and in
diameter (i.e. dichotomous branching). Branching is mono-
podial in mice and rats.

The organisation of the transition zone, the area where the
conducting airways end and the gas exchange area begins, also
differs between species (fig. 2). Primates and carnivores have
many respiratory bronchioles, which have a mixture of
bronchiolar and alveolar epithelium, compared with other
species, such as mice (table 1). As such, the size of the acinus,
defined as the terminal (last conducting) bronchiole and all of
its distal respiratory airways, is much larger in primates than
mice and rats because of the numerous generations of
respiratory bronchioles. In fact, there is an ,50-fold increase
in acinar number and a 170-fold increase in acinar volume over
the range from the mouse to human lung [12].

Within the gas exchange area of the lung, the ventilatory unit,
alveoli and alveolar ducts distal to a single bronchiole–alveolar
duct junction changes with species. The diameter of a human
ventilatory unit is three-fold greater in humans than mice [12].
The ventilatory unit is the smallest common denominator in
determining the distribution of inspired gas to the gas-
exchange surfaces of the lung.

Cellular composition
Tracheobronchial airway walls are highly complex cellular
structures consisting of many different cell types (fig. 1), which

FIGURE 1. Diagrammatic representation of the wall of a tracheobronchial

airway with the compartments that vary by species: epithelium, interstitium, nerves

(including connections to the central nervous system and neuroepithelial cell

bodies (NEB)) and immune/inflammatory cells. The interstitial compartment

includes smooth muscle, fibroblasts, blood vessels, cartilage and an extensive

basement membrane zone, as found in primates.
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vary in their organisation and cellular composition depending
upon species (fig. 3). The interstitium of the tracheal wall of all
species contains C-shaped cartilage and there is a band of
smooth muscle that joins the open end of the cartilages.
However, the trachea and proximal airways of rhesus
monkeys and humans have extensive submucosal glands
beneath the epithelium, while these glands are present to a
variable extent in smaller laboratory species (table 2). There is
also a substantial difference in the amount of epithelium that
lines the luminal surface in the trachea between species (fig. 3
and table 2). The thickness of the epithelium in the trachea of
rhesus monkeys is approximately twice that of mice and one-
third to one-half that in humans (table 2).

The trachea demonstrates other major differences between
species, such as the composition of the epithelium (table 2).
Mucus cells make up a substantial percentage of the airway in

primates but do not generally make up a substantial part of the
trachea of healthy, pathogen-free mice and rats. The propor-
tion of ciliated cells in the epithelium is relatively similar in all
species, yet the proportion of basal cells found in the epithelial
surface differs. As would be expected with the differences in
secretory cell populations that line the trachea of different
species, there is considerable variation in the carbohydrate
content of the secretory product (table 3). Alcian blue (pH 2.5)–
periodic acid Schiff’s sequence staining was used to demon-
strate acid (blue) and neutral (red) mucosubstances. The acidic
mucins were characterised as being sulphated using high-iron
diamine on an adjacent section [20]. In general, primates have a
more heavily sulphated secretory product that is not usually
found in laboratory mammals (table 3). The difference in
secretory product composition is also reflected, to some
degree, in the composition of the carbohydrates in tracheal
submucosal glands [21].

FIGURE 2. Silicone casts of representative a) Swiss–Webster mouse, b) Sprague–Dawley rat and c) rhesus monkey tracheobronchial airways are shown along with d, e

and f) diagrammatic representations of the organisation of airspaces in the mammalian respiratory system, including trachea, primary bronchi, intrapulmonary bronchi and

the acinus. Primates, including rhesus monkeys and humans, have an extensive area of transition between alveolar ducts and the most distal conduction airway, the terminal

bronchiole, in the central portions of the acinus. This zone of transition consists of the ‘‘respiratory bronchioles’’, named because the majority of the wall is structured like a

bronchiole, and bronchiolar epithelium is interrupted by alveolar outpockets organised for gas exchange with epithelial and endothelial cell composition of interalveolar septa

in the alveolar ducts (e). Note that the distal airway in mice and rats lacks the extensive respiratory bronchioles in the transition zone and is usually characterised by a terminal

bronchiole branching directly into alveolar ducts (f). Swiss–Webster mouse, Sprague–Dawley rat and rhesus monkeys were at approximately weaning age when the lungs

were fixed and the casting material was introduced by negative pressure to fill down to the respiratory bronchioles.
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Besides the trachea, other airways of the lung demonstrate
differences between species in their cellular composition.
While smooth muscle is present in the proximal intrapulmon-
ary bronchi of all mammalian species, there is a substantial
variation in the extent of cartilage and submucosal glands
found in the lobar bronchus of primates and laboratory
mammals (table 4). In the most distal conducting airways,
the bronchioles, the major differences between species are
related primarily to the epithelial surface lining (table 5).
Throughout the tracheobronchial airways, mucus cell and
basal cells predominate in primates while Clara cells pre-
dominate in rodents (tables 2, 4 and 5).

POST-NATAL DEVELOPMENT

Epithelial differentiation
In adult mammals, at least eight cell phenotypes line the
tracheobronchial conducting airways, including ciliated cells,
basal cells, mucous goblet cells, serous cells, Clara cells, small
mucous granule cells, brush cells, neuroendocrine cells and a
number of undifferentiated or partially differentiated pheno-
types that have not been well characterised. Humans and other
primates share a mixture of cell phenotypes not found in
nonprimate species, primarily of the secretory cell types [8].
Epithelial differentiation (especially the secretory cell types
and glandular elements) occurs post-natally for both rhesus
monkeys [13, 23, 24] and humans [25, 26]. The secretory cell
population differentiates in a proximal-to-distal pattern, with
nearly mature cells lining proximal airways and immature
cells in more distal portions. Glandular mucus cells and serous
cells differentiate at different times during pre- and post-natal
development and through a different sequence of events [13,
23]. This may occur on a different timetable in animals housed
in ultra-clean environments [13].

Basement membrane zone
The BMZ develops post-natally in the airways of nonhuman
primates [13, 27] and, apparently, also in humans [28, 29].
Changes include: reorganisation of collagen types I, III and V; a
3–4-fold increase in thickness; shifts in the deposition of
perlecan and its storage of fibroblast growth factor (FGF)-2
[27].

Smooth muscle development
Smooth muscle develops from myoblasts present in the
mesenchyme of the developing lung [30, 31]. The bulk of
smooth muscle growth and differentiation in large bronchi

occurs after birth, where it increases four-fold [32, 33]. The
process observed in the rhesus monkey as the airways grow
post-natally involves changes in orientation of smooth muscle
bundles and increases in total bundle number within an
airway branch [33]; this maintains the relative density of
bundle content. Bundle size is also constant and therefore
decreases in relation to airway size as each airway grows. Pre-
term infants with chronic lung disease have significantly
increased amounts of smooth muscle in the larger airways [31].

MUCOCILIARY EPITHELIUM IN RHESUS MONKEYS
The tracheobronchial airways of rhesus monkeys have been
used extensively to define the biology of mucociliary epithe-
lium. The capability of the airways to metabolically activate
xenobiotics has been evaluated for both the cytochrome P-450
monooxygenases [34, 35] and flavin-containing monooxy-
genases [36, 37]. The composition of secretory products has
been defined for complex carbohydrates in surface epithelium
and glands throughout the airway tree in adults for complex
carbohydrates [21, 38–42] and mucin antigens [40]. The
expression and distribution of the cystic fibrosis transmembrane
receptor [43] and keratins [44] have been characterised in airway
epithelium. The pattern for differentiation of tracheobronchial
epithelium [13, 24, 45, 46] and submucosal glands has been
defined [33]. While regulatory control of epithelial differentia-
tion has been studied in vivo [19], the majority of the work has
been carried out using biphasic epithelial cultures. The role of
vitamin A in regulation of epithelial differentiation has been
established for: mucin genes [47]; cytokeratins [48], markers of
squamous cell differentiation [39]; small proline-rich protein
[49–51]; an antioxidant, thioredoxin [52]; the cytokine, inter-
leukin (IL)-8 [53]; epithelial growth factor [54]; and hetero-
geneous nuclear protein AI [55]. Extracellular calcium also plays
a role in epithelial differentiation in vitro [56].

AIRWAY-SPECIFIC RESPONSES TO INHALED
ALLERGENS
Over the past 10 yrs, experimental induction of airway
remodelling using immune-based models of allergic asthma
has increased, especially in mice [57]. However, caution has
been stressed concerning the extrapolation of findings from
experimentally induced mouse models to naturally occurring
human asthma [58, 59]. The immunological basis of both
human allergic and mouse models of asthma is an exuberant
T-helper cell (Th) type 2 response to one or more allergens.
However, there are notable differences between the two

TABLE 1 Comparison of species differences in tracheobronchial airway organisation

Parameter Human Monkey Mouse

Cartilage in wall Trachea to distal bronchiole Trachea to distal bronchiole Trachea

Nonrespiratory bronchioles Several generations Several generations Several generations

Respiratory bronchioles Several generations Several generations None or one

Generations to alveolarised bronchiole

(axial path)

17–21 13–17 13–17

Branching pattern Dichotomous Dichotomous/trichotomous Monopodial

Data taken from references [8–11].
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species, including airway development and structure, cellular
composition, techniques for measuring pulmonary function,
the chronic nature of the disease process and expression of key
cytokines and mediators [60]. Furthermore, most mice lack
intrinsic airway hyperresponsiveness (AHR). In humans,
increases in airway smooth muscle are likely to be the primary

mechanism causing AHR, and changes in the extracellular
matrix may stimulate smooth muscle growth and contribute to
the mechanics of airway obstruction. The classic chicken-egg
ovalbumin (OVA) intraperitoneal immunisation with alum,
followed by repetitive challenge with OVA intranasally,
produces a robust eosinophilic inflammatory response around

FIGURE 3. Histological comparison of the airspace walls in the same airway generations of an adult male rhesus monkey (a, c, e and g) and an adult male Swiss–

Webster mouse (b, d, f and h). The luminal airspace (at the top) and the epithelium are set so that the basal lamina matches for both species. The epithelium is more complex

and taller in the proximal airways of monkeys than at the same site in mice. Smooth muscle occupies a larger portion of the interstitium in monkeys than mice at all airway

levels. All micrographs are at the same magnification (scale bars510 mm).
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bronchi and allergen-dependent AHR, dependent on CD4+
T-lymphocytes via IL-4, but independent of IL-5, immunoglo-
bulin (Ig)E, or both [61, 62]. However, there are other unique
features of allergic airways disease that are found in humans
but not mice: a lack of intrinsic AHR (except in the A/J mouse
strain), smooth muscle hypertrophy in the more distal bronchi
and respiratory bronchioles, exfoliation of epithelial sheets,
and mast cell infiltration of airway smooth muscle [60].

UNIQUENESS OF THE RHESUS MONKEY MODEL
OF ASTHMA
Large animal models of asthma have been developed in sheep
[63], dogs [64] and nonhuman primates (macaques) [65–69]. The
rhesus monkey model of asthma is used because of the genetic
and physiological similarity to humans that allows pulmonary
function measurements commonly used in humans [66]. The
airway anatomy and especially the similarities during post-natal
development of the lung are another major advantage in using
rhesus monkeys [70]. The rhesus monkey also has more specific
reagents available for use compared with other nonhuman
primates [71]. The model involves injection of a common human
allergen, followed by intranasal instillation and repeated aerosol
challenges of the allergen. The rhesus monkey model shares
many of the key features of human allergic asthma, including:
allergen-specific IgE and skin-test positivity, eosinophils and
IgE+ cells in airways, a Th2 cytokine profile in airways, mucus
cell hyperplasia, subepithelial fibrosis, basement membrane
thickening and persistent baseline hyperreactivity to histamine
or methacholine [66, 67, 72].

The house dust mite allergen (HDMA)–rhesus monkey model
shows the following: Th2-associated cytokine and chemokine
induction; migration of eosinophils, lymphocytes and dendri-
tic cells into airways; early and late bronchoconstriction
responses; and enhanced reactivity to histamine challenge in
response to HDMA challenge [66, 72].

The HDMA–rhesus monkey model was developed by a
multidisciplinary group of investigators at the California

National Primate Research Center (University of California,
Davis, CA, USA) to address the problem of environmental
enhancement of the induction of asthma. A number of
discoveries about asthma using the rhesus monkey model
have been made.

Airway physiology
Following aerosol challenge with HDMA, sensitised rhesus
monkeys show cough and rapid shallow breathing, and
increased airway resistance, which can be reversed by albuterol
aerosol treatment. Compared with nonsensitised monkeys,
there is a four-fold reduction in the dose of histamine aerosol
necessary to produce a 150% increase in airway resistance in
sensitised monkeys [66].

Airway generation-specific immune and inflammatory cells
and cytokines
After aerosol challenge, serum levels of histamine are elevated
in sensitised monkeys. Sensitised monkeys also exhibit
increased levels of HDMA-specific IgE in serum, numbers of
eosinophils and exfoliated cells within lavage, and elevated
CD25 expression on circulating CD4+ lymphocytes [66]. In
HDMA-challenged monkeys, the volume of CD1a+ dendritic
cells, CD4+ Th lymphocytes, CD25+ cells, IgE+ cells, eosino-
phils and proliferating cells are significantly increased in the
airways. All of these cell types accumulate within airways in
unique patterns of distribution, suggesting compartmentalised
responses with regard to trafficking. Although cytokine mRNA
levels are elevated throughout the conducting airway tree of
HDMA-challenged animals, the distal airways (terminal and
respiratory bronchioles) exhibit the most pronounced upregu-
lation [73].

Airway generation-specific remodelling
Intrapulmonary proximal and distal bronchi of sensitised and
challenged monkeys have focal mucous goblet cell hyperpla-
sia, thickening of the BMZ, hypercellularity in the epithelium
and subepithelial connective tissue, and increases in smooth
muscle and bronchial microvessels [6, 66]. These changes are
site-specific and vary greatly within various portions of the
airway wall in the same airway generation, between airway
generations in an individual sensitised and challenged
animal, and from animal to animal in the sensitised and

TABLE 2 Comparison of species differences in cells of the
trachea

Parameter Human Monkey Mouse

Wall

Smooth muscle Present Present Present

Cartilage Present Present Present

Submucosal glands Present Present Present (proximal 1/3)

Epithelium

Thickness mm 50–100 20–30 11–14

Cells per mm basement

membrane

303¡20

181¡51 215

Mucous goblet cells % 9 17 ,1

Serous cells % ,1 ,1

Clara cells % ,1 49

Ciliated cells % 49 33 39

Basal cells % 33 42 10

Other cells % 8 1

Data from references [9, 13–18].

TABLE 3 Comparison of species differences in
carbohydrate content of Clara (C) and
mucous (M) cells in tracheal epithelium

Parameter Human Monkey Mouse

Abundance + + + + + +/-

Periodic acid Schiff + (M) + (M) + (M)

¡/- (C)

Alcian blue + + (M) + (M)

- (C)

High iron diamine + and - (M) + and - (M) - (M)

And - (M) - (C)

+: positive abundance or staining, with the quantity of + shown representing the

intensity; -: negative abundance or staining. Compiled from references [14, 18, 19].
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challenged group. A mouse model of allergic airways did not
show airway generation-specific remodelling using airways
microdissection-based sampling, but did show changes in the
proximal airways that were significantly different from control
mice [74].

Epithelial changes in asthma
A characteristic of asthma is the sloughing of sheets of
columnar epithelium from the airways, leaving basal cells
attached to the basal lamina [75–77]. The desmosomal
attachments between sloughed epithelial cells are intact,
suggesting that failure of the desmosomal attachment between
basal and columnar cells is responsible for sloughing of airway
epithelium in asthmatic subjects [78, 79]. Recently it was
shown that a reduction in the anchoring mechanisms between
columnar cells and basal cells does exist in the airways of
asthmatic humans [80, 81]. Whether this change combined
with the inflammatory and immune cell trafficking is
responsible for cell sloughing is not known. To study this
response, an animal model must be used that includes a
multilayered epithelium, resembling the human epithelium,
with abundant basal cells throughout the majority of the
airway tree. Basal cells are more sparsely distributed in mice
than in the rhesus monkey.

Goblet cell hyperplasia is also a characteristic of asthmatic
airways [67, 82]. Goblet cells are generally not sloughed from
the airways, as are the ciliated cells, suggesting that they are
more firmly attached to the basal cells. In asthma and other
chronic airway diseases, the number of goblet cells increase
and ciliated cells decrease, suggesting that the process of
differentiation following repair of cell loss has been compro-
mised. A mouse model of allergic airways showed that a 75%
decrease in Clara cells and a 25% decrease in ciliated cells were
completely compensated for by an increase in mucus cells [74].
Consequently, by day 22, 70% of the total epithelial cell
population in the proximal airways was mucus cells. Electron
microscopy illustrated that Clara cells were undergoing

metaplasia to mucus cells and 1:5 to 1:10 of the mucus cells
were proliferating. Epithelial cell death (necrosis or apoptosis)
did not appear to be the stimulus driving epithelial prolifera-
tion and the increase in mucus cell numbers was primarily a
result of Clara cell metaplasia. These epithelial changes were
not significant in the distal mid-level airway and bronchiole. In
contrast, chronic exposure to OVA (2 consecutive days per
week for 12 weeks) resulted in goblet cell hyperplasia into the
distal airways of mice [63]. It does appear, however, that the
epithelial changes in the airways of allergic mice are unique to
the high number of Clara cells in their epithelium.

Airway wall matrix/basement membrane
A characteristic of asthma is a massive increase in BMZ
thickness [83]. The BMZ is the central structure of the EMTU
[4, 84]. Exchange of information between the epithelium and
fibroblasts occurs via the basal lamina: the lamina lucida, the
lamina densa and the lamina reticularis. The BMZ is a region
specialised for the attachment of the epithelium with the
matrix [85, 86]. Epithelial cells are attached to the lamina
densa, which in turn is attached to the underlying collagen of
the lamina reticularis. The lamina reticularis is especially
pronounced under the respiratory epithelium of large con-
ducting airways, where it may be several micrometres thick
and composed of heterogeneous fibres (collagens type I, III and
V). Attenuated fibroblasts beneath the BMZ are thought to
synthesise the collagen components of the BMZ [4, 5, 84].
Remodelling of the epithelial BMZ, such as occurs in asthma,
involves increased deposition of collagen in the BMZ [28, 87,
88]. Thickening of the BMZ is thought to protect against airway
narrowing and air trapping [89].

The BMZ has a number of functions in the EMTU. Besides
being specialised for attachment of epithelium with the
extracellular matrix, it also has the following functions: 1) it
serves as a barrier; 2) it binds specific growth factors,
hormones and ions; 3) it is involved with electrical charge;
and 4) it plays a critical role in cell–cell communication [90, 91].
Heparan sulphate proteoglycans (perlecan) and chondroitin
sulphate proteglycans (bamacan) are an intrinsic part of the
BMZ that are involved with most of its functions [92]. Binding
and storage of growth factors by perlecan (mainly FGF-2) is
also an important function of the BMZ. FGF-2 is the main
growth factor stored in the BMZ through binding with
perlecan, an intrinsic constituent of the BMZ. FGF-2 is a
ubiquitous multifunctional growth factor that has a variety of
functions as a regulator of growth and differentiation. It is
thought to be stored in the BMZ for rapid cellular responses to
changes in local environmental conditions. FGF-2 forms a
ternary signalling complex with the cell surface receptors
FGFR-1 and syndecan-4. In the airway, these receptors are
found only on basal cells [93].

The following occurs in the rhesus monkey: 1) FGF-2 is
associated with synthesis of the BMZ in development and
injury; 2) perlecan regulates FGF-2 and is necessary for normal
development of the BMZ; and 3) the molecular signal associated
with a thick BMZ persists during recovery [94]. However, the
role of FGF-2 released from the BMZ and its interactions with
basal cells of the airway epithelium has not been determined. In
chronic exposure to OVA, mice show markedly increased levels

TABLE 4 Comparison of species differences in proximal
intrapulmonary airways

Parameter Human Monkey Mouse

Wall

Smooth muscle Present Present Present

Cartilage Present Present Absent

Submucosal glands Present Present Absent

Epithelium

Thickness mm 40–50 27 8–16

Cells per mm basement

membrane NA 175 109

Mucous goblet cells % 10 15 ,1

Serous cells % 3 5 ,1

Clara cells % 61

Ciliated cells % 37 47 36

Basal cells % 32 32 ,1

Other % 18 2 2

Data from references [9, 13–15, 17, 18]. NA: not available.
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of transforming growth factor (TGF)-b and subepithelial fibrosis
throughout the airway tree [62].

Mesenchymal cells
Attenuated fibroblasts are a distinct morphological category of
cells lying directly under the epithelium of the conducting
airways of humans and rhesus monkeys [28, 84]. They exist as
a layer of large flat cells covering ,70% of the BMZ [84]. In the
bronchi of normal humans, these cells also exist as a
discontinuous layer comprised of attenuated fibroblasts and
myofibroblasts. In asthmatics, the number of myofibroblasts in
this fibroblast layer is more than double that of normal
individuals and the cell layer is more than twice as far from the
epithelial basal lamina due to subepithelial fibrosis [28]. The
functional role of this layer of cells is not known. Attenuated
fibroblasts play a pivotal role in the pathogenesis of asthma
based upon morphological evidence of subepithelial fibrosis in
asthmatic human airways and the well-known role of collagen
produced by these cells in tissue compliance and mechanics.
The same appears to be the case for the rhesus monkey.

The mechanism of increased smooth muscle associated with
asthma in humans is unknown. However, TGF-b1 is associated
with airway smooth muscle remodelling in the OVA mouse
model of allergic airways disease [62, 95]. Smooth muscle
hypertrophy and hyperplasia is a characteristic of the
distribution of airway smooth muscle in remodelling airways
in humans [96]. Type 1 asthmatics have increased smooth
muscle mass only in large bronchi, mainly due to hyperplasia.
Type II asthmatics have smooth muscle thickening from large
bronchi to small bronchioles, due to both hypertrophy and
hyperplasia. It is not known whether these differences are due
to co-exposure to air pollution, a phenotypic difference in
myocytes by airway level or differences in the impact of the
allergen response on different stages of post-natal airway
development. Increases in airway smooth muscle may increase
airway contractility as is found in airway hyperresponsiveness
[97, 98] and in airways taken from asthmatic patients [99]. The
same is true for infant rhesus monkeys with allergic airways
disease, which also exhibit altered orientation and increases in

muscle bundle mass [100]. Increased airway smooth muscle is
a hallmark of asthma but whether environmental factors, such
as HDMA allergen or ozone exposure, can cause this increase
by altering development in neonates or repair in adults can
best be defined in a species with an extensive period of post-
natal airway development, such as the rhesus monkey.

Bronchial vasculature
Bronchial and pulmonary vasculatures are important path-
ways where growth factors and nutrients that are needed for
lung growth and maturation, and inflammatory cells are
delivered to the lung. The bronchial vasculature of the EMTU
contributes to the development of the human asthma pheno-
type via microvascular leakage and delivery of inflammatory
mediators and leukocytes in the airways, and is a prerequisite
for airway remodelling in bronchial asthma. Studies in patients
with asthma have described an increase in bronchovascular
density; in conjunction with this finding, patients with asthma
have been shown to have elevated vascular endothelial growth
factor (VEGF) in their sputum and VEGF-producing cells in the
mucosa assessed by endobronchial biopsy [101]. Transgenic
mice that overproduce VEGF have a two-fold increase in
tracheal vascular density and an enhanced Th2 immune
response to allergen [102]. Although the role of VEGF as an
important mediator for the angiogenic events in allergic
asthma is established, the cellular and molecular mechanisms
that regulate VEGF and its receptors’ expression are not well
defined. Airway physiology and vascular density have been
linked in multiple different studies. It is thought that increased
vascularity leads to bronchial constriction and airway narrow-
ing [103, 104]. Even patients with impaired left ventricular
function have been shown to have increased airway hyper-
reactivity [105]. Rhesus monkeys with HDMA-induced allergic
airways also show an increase in airway generation-specific
bronchovascular density [6].

These studies [6, 66, 72] demonstrate that allergic asthma can be
produced experimentally in a nonhuman primate, the rhesus
macaque monkey, using a recognised human allergen, house
dust mite, and provides a valuable model for human asthma.

TABLE 5 Comparison of species differences in terminal bronchioles

Parameter Human Monkey Mouse

Wall

Cartilage Absent (bifurcation) Absent (bifurcation) Absent

Smooth muscle Present Present Present

Submucosal glands Absent Absent Absent

Epithelium

Thickness ? ? 7–8

Cells per mm basement membrane ? ? ?

Mucous goblet % 0

Serous cells % 35 ,20 0

Clara cells % 60–80

Ciliated cells % 52 ,50 40–20

Basal cells % ,1 ,10 ,1

Other % 13 , 5 0

?: not known. Data from references [8, 11, 14, 16, 22].
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Design-based stereological approaches to the
tracheobronchial airways
A common problem observed in lung stereology is profile
counting of cells as a representation of cell number. An
example of the problems associated with profile counting
either per unit area or per unit length of the epithelial basal
lamina was demonstrated during development of the bronch-
iolar epithelium in rabbits (table 6) [106]. Ciliated cells have
nuclei with a larger volume than nonciliated bronchiolar cells
during most of bronchiolar development. This volume
difference results in more ciliated cell profiles than nonciliated
cell profiles simply because of the size difference. This
significant bias can introduce as much as a 6% overestimation
error in the number of ciliated cells, even though they
represent only a third of the cell population. Whether estimates
are made based on numbers per airway generation or total
numbers within the lung, design-based methods should be
used and insurance should be made that the numbers
represent the whole unit (either airway generation or lung).
More efficient design-based methods for estimation of cell
numbers are now available using a ‘‘disector’’ [107]. These are
used widely to provide accurate estimates of cell numbers
during injury and repair of conducting and distal airways [108,
109]. These methods are critical because, as illustrated in
table 6, profile counts are not equivalent to number counts in
three-dimensional volume and should be avoided as an end-
point because of their inherent bias. The disector approach can
be used with thick sections and viewed with a brightfield or
laser confocal microscope that optically focuses through the
section [109]. The usual section thickness is 30–50 mm and a
short depth of focus (usually ,1 mm) is essential to optically
section the tissue using a light microscope. A length gauge is
required to record the distance moved in the Z direction. This
unbiased counting method, called an optical disector, is direct
and efficient, provided an unbiased counting frame is used
[110] and the counting frame concept is extended by excluding
structures counted on either the top or bottom of the counting
cube. The reference volume (V(r)) is estimated by point-
counting an optical section at the top of the disector that
provides a reference area that is multiplied by the distance
travelled in the Z direction for counting structures. The

following formula is used to estimate the number of features
of interest per reference volume:

NV(i,r)5Q-
i/Ar?h (1)

where Q-
i is the feature count, Ar is the reference area and h is

the height of the disector. An optical disector requires feature
identification because of lack of resolution and, therefore,
immunohistochemistry is often used to identify specific cell
types. A physical disector is used when higher resolution and
morphological characteristics are relied on for feature identi-
fication (fig. 4). In general, disector height should not be
.0.75 h of the smallest feature to be counted. The same
formula is used as for the optical disector previously
discussed. The sections of a physical disector are as thin as
possible for the greatest resolution, and the top section is used
as the counting section. The bottom section is used as the look-
up section. Only those features intersecting the counting
section are counted; thus, the height of the disector is the
thickness of the counting section and the distance to the look-
up section. An unbiased counting frame is also used on the
counting section [110]. A disector count can be combined with
a fractionator to provide an unbiased estimate of the total
number of features in the lung or airway generation:

n5(1/bsf)?(1/ssf)?(1/asf)?(1/hsf)?Q- (2)

where the fractions are as follows: bsf: block sampling fraction;
ssf: section sampling fraction; asf: area sampling fraction; hsf:
height sampling fraction; and Q-: feature count within the
sampled fraction.

The smooth fractionator [111] can be used to sample the entire
lung [112] or subcompartments of the lung, such as specific
airway generations (fig. 5). Airways are best sampled using
vertical sections because this allows identification of the
epithelial and interstitial compartments from an apical to basal
arrangement, respectively. In vertical sections, the orientation
of the tissue is known relative to the stereological probe so that
orientation bias is correctable [113]. When vertical sections are
used for airways, a cycloid test system (stereological probe
with a known orientation) can be used to provide correct
estimates of surface and length (the two measures that are
orientation dependent). The smooth fractionator is unbiased

TABLE 6 The nuclear size and percentage of nonciliated and ciliated bronchiolar epithelial cells at 30 days of gestation and 4
and 17 weeks of post-natal age in rabbits

Nonciliated bronchiolar cells Ciliated cells

30 days 4 weeks 17 weeks 30 days 4 weeks 17 weeks

Dn mm 8.1 6.7 6.2 9.0 7.0 7.2

NL n per mm% 86 78 61 14 22 39

NA n per mm2 % 86 77 61 14 23 39

NV n per mm3 % 90 78 67 10 22 33

D3DR2D % -4 -1 -6# +4 +1 +6#

Dn: mean calliper diameter of epithelial cell nuclei; nL: number of nuclear profiles per length of airway; nA: number of nuclear profiles per area of epithelium; nV: number of

nuclei per volume of epithelium; D3DR2D %: the percentage of change from size-weighted estimates of nL and nA as compared with the unbiased estimate of nV [106].
#: significant difference between two-dimensional and three-dimensional estimates.
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because all the compartments of the airway or lung have an
equal chance of being sampled [111].

Statistical efficiency in lung stereology
Knowledge of the components comprising biological variation
in airways or the entire lung is the key to experimental design
(number of animals, tissue samples, fields per slide, frame size,
points and line length per test system to estimate a particular
structural feature). The equation for optimal statistical effi-
ciency in stereology is:

OCV2(ˆX )5CV2(X) + mean[CE2(ˆX)] (3)

where OCV2(ˆX) is the observed coefficient of variation,
CV2(X) is the true biological variation (unknown) and
mean[CE2(ˆX )] is the estimate of the sampling and stereo-
logical variation [114]. A general goal for optimal statistical
efficiency in stereology is to consider the coefficient of error of
the stereological variability (CE2 stereological) in relation to the
coefficient of variability of the biological variability (CV2

biological) as follows:

CE2
stereologicalf1/2(CV2

biological) (4)

Contributions to sampling and stereological variation to direct
volume estimates using the Cavalieri method have been
provided by CRUZ-ORIVE [115] and in a nomogram by
GUNDERSEN and JENSEN [116]. Contributions to stereological
variation for ratio estimators, such as volume, number, and

surface and length densities, have also been derived [117].
Some simple guidelines will usually suffice for stereological
sample size within an animal (primary sampling unit) as
follows: 100–200 probe interactions (e.g. point hits), 50 fields
and 10 blocks.

While 100–200 point hits per animal seems to be minimal
sampling, 50 fields and 10 blocks seems to be over-sampling
per animal. However, if the principle of doing more less well
[114] is applied, then samples are taken widely within the
organ, and 10 small blocks (selected by a smooth fractionator)
are embedded into one block; thus only one section is cut per
animal and the 50 fields and 100–200 point hits are sampled
throughout the 10 blocks [112]. This sampling approach is not
only precise but also highly efficient, especially when a
computer-assisted approach with an automated microscope
is used [118].

CONCLUSIONS
Stereological methods are extremely useful in defining changes
in the epithelial–mesenchymal trophic unit where all of the com-
partments interact with each other, especially in asthma. These
methods are also useful in comparisons between animals,
airway generations and regions within individual airway
generations. They allow comparisons of airway-specific
responses of compartments between different species, such as
humans, nonhuman primates and rodents. Through these
precise stereological measurements, it has been established that
the unique responses to inhaled allergens in nonhuman
primates make it the most appropriate animal model of human
asthma.

FIGURE 4. Two transmission electron micrographic 60-nm sections comprise

a 5-mm physical disector imaged using a transmission electron microscope. a)

Shows the counting section and b) the look-up section. Of the two ciliated cells in

the centre of a), the one on the right is counted because its nucleus is not present in

the look-up section, whereas the ciliated cell to the left is not counted because its

nucleus is present in the look-up section. Scale bars55 mm.

FIGURE 5. a) Fractionator sampling of a conducting airway generation

bisected longitudinally and laid flat with the luminal surface up to generate local

vertical sections. b) The bisected airway is cut into six strips of tissue. c) Using a

random start, every other strip is selected and the strips are cut into small blocks

that are cut following a random rotation of the cutting angle. d) Eight blocks are

selected using a random start and every other block is selected for embedding

and by maintaining vertical direction (V) in the embedding mould. V is indicated by

the arrow.
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