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Comparative Pathology of the Nasal
Mucosa in Laboratory Animals
Exposed to Inhaled Irritants
by Jack R. Harkema*

The nasal cavity is susceptible to chemically induced iinjury as a result of exposure to inhaled irri-
tants. Some responses ofthe nasal mucosa to inhaled toxicants are species specific. These species-related
differences in response may be due to variations in structural, physiologic, and biochemical factors,
such as gross nasal cavity structure, distribution ofluminal epithelial cell populations along the nasal
airway, intranasal airflow patterns, nasal mucociliary apparatus, and nasal xenobiotic metabolismamong
animal species. This paper reviews the comparative anatomy and irritant-induced pathology ofthe nasal
cavity in laboratory animals. The toxicologist, pathologist, and environmental risk assessor must have
a good working knowledge of the similarities and differences in normal nasal structure and response
to injuryamong species before they can select animal models for nasal toxicity studies, recognize toxicant-
induced lesions in the nasal airway, and extrapolate experimental results to estimate the possible effects
of an inhaled toxicant on the human nasal airway.

Introduction
Asthe portal ofentry to the respiratory tract, the nasal

cavity is a prime site for injury induced by inhaled tox-
icants. Although the nasal cavity functions to modify in-
spired air and protect the lower respiratory tract from
high concentrations of potentially harmful toxicants, it
has been shown, both in humans and in laboratory ani-
mals, that this organ is also susceptible to chemical-
induced irnury as a result ofexposure to inhaled toxicants
(14). In order to make reasonable predictions of the
potential pathologic effects of inhaled irritants on the
human upper airway, there must be an understanding
of the differences and similarities in gross, microscopic,
and ultrastructural anatomy amonghumans and labora-
tory animals. Before adequate extrapolations of obser-
vations from animal inhalation studies to human toxici-
ty can be made, it must also be determined if there are
significant species differences in the morphologic
response of the nasal airway to the toxicant.
The purposes ofthe present article are to review some

basic structural differences and similarities in the nasal
airways among common laboratory animal species
(primarily differences between the Fischer 344/N rat and
the macaque monkey), and to emphasize some impor-
tant morphologic similarities and differences between
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the nasal cavity of the human and that ofthe laboratory
animal. Examples from the literature illustrating the
acute and subchronic histopathologic responses of the
nasal mucosa of various animal species to inhaled ir-
ritants will also be presented to demonstrate species
similarities and differences in nasal response to injury.

Gross Anatomy
Major structural differences among animal species in

the gross anatomy of the nasal cavity have been empha-
sized in previous reviews of comparative nasal anatomy
(5-9). Species differences in the architecture ofthe nasal
cavity probably result in variations in intranasal airflow
patterns that may affect regional deposition of inhaled
toxicants, and they partially determine the species-
specific cell populations at risk. Nasal cavity volume has
been determined using silicone rubber casts of the air-
ways of rat (0.4 cm3), beagle dog (20 cm3), and rhesus
monkey (8 cm3). The volume of the human nasal cavity
was estimated to be 25 cm3 by using computer tomo-
grams of the nasal airways from human cadavers (10).
Using data from airway cross-sectional measurements
obtained from magnetic resonance images, the nasal
cavity volume of one human subject was 16 cm3 (R. A.
Guilmette, personal communication).
In addition to the obvious size differences of the nasal

cavity among species, there are also striking variations
in the complexity of turbinate structures projecting into
the nasal lumen. This results in tremendous differences



J R. HARKEMA

in the luminal surface area and in the surface area-to-
volume ratio. The total surface area of a 16-week-old
F344 rat has been reported to be approximately 1340
mm2 (11), while that of the rhesus monkey is approx-
imately 6200 mm2 (12). The human nasal cavity surface
area has been determined to be approximately 18,100
mm2 (12). The calculated surface area-to-volume ratio
of the macaque monkey (775 mm2/cm3) is much slower
to that of the human (820 mm2/cm3), than it is to that
of the rat (3350 mm2/cm3). The architectural differences
in the nasal passage of humans, macaque monkeys, and
rats are illustrated in Figure 1.
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FIGURE 1. Diagrammatic representation of the exposed mucosal sur-
face of the nasal lateral wall and turbinate of the rat, bonnet
monkey, and human. Distribution of the four epithelial populations
is also shown. SS, squamous epithelium; TE, transitional (non-
ciliated, cuboidal) epithelium; RE, respiratory epithelium; OE,
olfactory epithelium; N, nares; HP, hard palate; NP, nasopharynx;
ST, superior turbinate; MT, middle turbinate; IT, inferior turbinate-
ET, ethmoid turbinate; NT, nasal turbinate; MX, maxilloturbinate.

Differences in overall nasal lumen size and shape
presumably contribute, in various degrees, to species dif-
ferences in nasal airflow patterns (7,13,14), regional in-
tranasal deposition of inhaled particles, and the dose of
the toxicant to various epithelial cell populations along
the luminal surface. Physiologic factors, such as respira-
tory rate, minute volume, and the amount of oral breath-
ing are also critical in estimating the dose to various nasal
epithelial cell populations.

Nasal Epithelial Populations
Species differences are found not only in the gross ar-

chitecture of the nasal cavity, but also in the epithelial
populations lining the cavity. There are differences
among animal species in the distribution of the nasal

epithelial populations and the types of cells within these
defined populations. Although there are differences,
there are also similarities in nasal mucosa. The most
important species similarity that must be recognized by
the experimental morphologist is that all commonly used
laboratory animals have four specifically defined
epithelial regions. These regions include: stratified
squamous epithelium (SE) in the nasal vestibule; ciliated,
pseudostratified respiratory epithelium (RE) in the main
cavity ofthe nasal airway; anarrow region of nonciliated,
cuboidal, transitional epithelium (TE) lying between the
SE and RE in the proximal or anterior aspect of the main
chamber; and olfactory epithelium (OE), located in the
dorsal or dorsoposterior aspect ofthe nasal cavity. Major
differences in the regional distribution of these popula-
tions and relatively minor variations in the types of cells
exist among animal species. A diagrammatic represen-
tation of the distribution of these four epithelia in
humans, bonnet monkeys (Macaca radiata), and Fischer
344/N rats is shown in Figure 1, which also illustrates
the differences in relative proportions of the different
epithelia between primates and rats. Olfactory epithe-
lium, for example, covers a greaterpercentage of the rat
nasal cavity than of the nasal cavities of monkeys or
humans. Approximately 50% of the nasal cavity surface
area in 16-week-old F344 rats is lined by OE, 46.5% by
RE, and 3.5% by SE (11). Similar morphometric deter-
minations have not been made for primates, but the pro-
portion ofthe surface area covered by OE is considerably
less (9). In the monkey the relative areas of RE and OE
are greater than in humans because of the marked ex-
tension ofthe ethmoid turbinate into the airspace (15,16).
Another morphologic difference in nasal epithelial

distribution between primates and rats is the restriction
ofTE in rats to the anterior lateral wall ofthe nasal cavity.
In monkeys and humans, TE is present on both the lateral
and septal walls ofthe anterior nasal cavity (16-18). Since
it has been shown in previous inhalation studies that TE
may be particularly sensitive to irritant exposure (1,2),
it is important to recognize the location of this epithelium
in laboratory animals and to critically examine this tissue
for microscopic lesions when animals are exposed to in-
haled irritants.
In addition to differences in distribution of specific

epithelia in the nasal cavity, there are some differences
in the cellular composition and/or structural makeup of
the various nasal epithelia. Although the morphologic
composition of the SE and OE does not differ significant-
ly among laboratory animal species (most of the differ-
ences are in distribution rather than cellular content in
these epithelia), there are important histologic differ-
ences in TE and RE between some laboratory species.
TE in the macaque monkey has been characterized as
a stratified (4-5 cells in thickness), nonciliated, cuboidal/
columnar, epithelium with luminal cells covered by
microvillli (Plate 1A). Five epithelial cell types, including
goblet cells, luminal nonciliated cells with few secretory
granules, luminal nonciliated cells without secretory
granules, small mucous granule cells, and basal cells, are
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found in TE of the macaque monkey (16). Although the
TE of rodents is also nonciliated, it is pseudostratified
(1-2 cells in thickness) and normally composed of basal
cells and cuboidal cells with no or few secretory granules
(19). Plate 2 illustrates this epithelium on the ventral
margin of the rat nasal turbinate.
Luminal nonciliated cells without secretory granules

make up a relatively large proportion of the TE in
monkeys. These cells appear ultrastructurally similar to
nonciliated epithelial cells described in the rat (20,21)
and mouse (22). Luminal nonciliated cells in rodents,
however, have abundant apical accumulations of
agranula endoplasmic reticulum (aER), a feature not evi-
dent in similar cells in macaque monkeys. Relatively high
amounts of cytochrome P-450-dependent monooxy-
genase (usually associated with aER) have been reported
in the rat, rabbit, and dog nasal mucosa, covering the
anterior nasal cavity (23,24). The anterior aspect of the
dorsal concha of the dog nasal cavity, a region covered
by TE, has recently been shown to have higher metabo-
lizing activity for certain xenobiotic substrates than other
regions of canine nasal mucosa (25). It has also been
demonstrated that similar nonciliated cuboidal cells lin-
ing the maxilloturbinates in the anterior nasal cavity of
the rabbit contain certain cytochrome P-450 isozymes
not evident in adjacent RE (C. G. Plopper, personal com-
munication). It seems likely that these TE cells in rab-
bits, dogs, rats, and other rodents may play significant
roles in the metabolism of certain inhaled xenobiotics.
In contrast, the absence ofaER accumulation in the non-
ciliated cells of the TE in monkeys suggests that this
epithelium is not a major site of xenobiotic metabolism
in this species.
The small mucous granule cell (SMG) is a prominent

cell type in the TE of bonnet monkeys and is located in
the midepithelial layers between the apical and basal
cells. No such cell type has been described in the nasal
TE of rodents.
RE in all laboratory animal species is ciliated, pseudo-

stratified, and contains secretory cells with mucosub-
stances. There are, however, some subtle differences in
cellular components of this nasal epithelium among
species. In the rat, the RE is composed of six morpho-
logically distinct cell types: goblet cells, ciliated cells,
brush cells, nonciliated columnar cells, cuboidal cells, and
basal cells (20). Macaque nasal RE contains ciliated,
goblet, and basal cells like the rat, but it also contains
SMG cells and cells with intracytoplasmic lumina (16).
These latter epithelial cells contain within their cyto-
plasm unusual lumina lined by an uninterrupted mem-
brane where cilia and microvilli project into the center
of the lumen. It has been demonstrated morphometric-
ally that these unique epithelial cells proliferate in
response to long-term exposure to ozone (2). Similar cells
have not been described in the nasal RE of normal rats
but have been reported in rats exposed to formaldehyde
(26).
Four basic cell types (olfactory sensory cells, susten-

tacular cells, cells lining Bowman's duct, and basal cells)

comprise the OE of laboratory animals and man.
Although the OE in laboratory animals and humans are
similar in histologic appearance, there are significant dif-
ferences in the amount of xenobiotic-metabolizing ac-
tivity among species (27). For example, concentrations
of certain cytochrome P-450 isozymes in the olfactory
mucosa of monkeys have been reported to be approxi-
mately twice those in the olfactory mucosa of rats (28).
Such differences may be important in interpreting how
a species metabolically handles a certain inhaled
xenobiotic compared to another species.

It is not clear what impact species diversity in nasal
airway epithelial cells has, but it strongly suggests the
potential for wide variation in nasal function and
response to toxicant-induced injury. The following sec-
tions summarize some of the known responses of nasal
epithelium to inhaled irritants.

Acute Responses of Nasal
Transitional Epithelium to
Inhaled Irritants
SE and TE epithelia of the nasal cavity are assumed

to be exposed to near ambient concentrations of atmos-
pheric pollutants and may be particularly vulnerable to
inhaled irritants because of their proximal location in the
nasal airway. SE is more resistant to histologic alteration
than TE but can be eroded by extremely caustic toxicants
(29). TE can also be eroded by caustic substances but
commonly exhibits hyperplastic and/or metaplastic
changes in response to subchronic exposure to less ir-
ritating toxicants. These changes are usually preceded
and sometimes accompanied by acute inflammation with
an influx of neutrophils into the lamina propria, luminal
epithelium, and airway lumen.
Ozone is a common oxidant air pollutant that has been

experimentally demonstrated to induce epithelial hyper-
plasia and secretory cell hyperplasia in the TE of both
monkeys (2) (Plate 2B) and rats (19,30,31) (Plate 2B).
After 6 or 90 days of exposure to 0.15 or 0.30 ppm ozone,
bonnet monkeys had nasal TE changes that included in-
creases in luminal cells with secretory granules,
nonciliated-luminal cell degeneration and necrosis, intra-
epithelial inflammatory cell influx (6 days), SMG cell
hyperplasia, and dilated granular endoplasmic reticulum
(90 days). The latter feature (granular endoplasmic
reticulum with grossly dilated cisterna) is similar in histo-
logic appearance to what has been referred to as intra-
epithelial, eosinophilic, or hyaline globules in the TE and
RE of rats and mice exposed to gaseous irritants and less
frequently in untreated controls (29). The hyperplastic
and metaplastic responses induced by ozone were pres-
ent in TE in both the septum and lateral wall.
Ozone induces a similar response in the TE of rats after

7 days (6 hr/day) of exposure to 0.8 ppm (19,30). As in
the monkeys, the TE of ozone-exposed rats had increas-
ed numbers of cells and increased amounts of intraepi-
thelial mucosubstances after 7 days of exposure. Using
bromodeoxyuridine combined with immunohisto-

233



J R. HARKEMA

chemistry, it has been demonstrated that after 3 days
of exposure to 0.8 ppm ozone (6 hr/day), there is a mark-
ed increase (124 times that in air controls) in the number
of epithelial cells in the S-phase of the cell cycle, but
without concomitant epithelial hyperplasia. Johnson et
al. have recently demonstrated, using bromodeoxy-
uridine, that RE and OE also have increases in the
number of cells in S-phase after the same exposure to
ozone, but the increases are only 2 to4% of the increase
in TE (31). In addition, there was no progression of the
ozone-induced response to hyperplasia at 7 days in the
RE and OE as there was in the TE of these rodents.
Cigarette smoke is another irritant that can alter the

TE in rodents. Unlike ozone, which predominantly
induces a secretory cell hyperplasia, cigarette smoke ex-
posure results in squamous metaplasia along with
epithelial cell proliferation (32,33). Others have shown
that irritants differ considerably in their ability to induce
squamous metaplasia in laboratory rodents (29). Formal-
dehyde is one irritant that has been demonstrated to in-
duce squamous metaplasia in the nasal cavities of both
rodents and nonhuman primates (34-36).

It is important to remember that laboratory rodents
exposed to highly water-soluble, gaseous irritants most
often have lesions on the distal tips and lateral margins
of the naso- and maxilloturbinates and on the adjacent
lateral wall in the anterior aspect of the nasal cavity,
which are covered byTE (29). Ozone exposure (0.8 ppm,
6 hr/day for 7 days), for example, induced hyperplastic
lesions in TE of rats on the lateral wall and turbinates,
but the RE along the adjacent septum had no lesions (19).
Although only a few nasal irritant studies using non-
human primates have been reported (1,2,36), results
from these experiments indicate that irritant lesions are
also common in the anterior aspects of the nasal cavity
covered by TE, but are usually distributed on both the
septal and lateral walls.

they did have deciliation along the walls of the more
distal nasopharynx (19). The reasons for these species
differences are unknown, but they may be partially ex-
plained by differences in nasal airflow patterns, differ-
ing amounts of protective mucus overlying the nasal
mucosa, and/or varying sensitivities ofRE cells to ozone.
More elaborate studies must be specifically designed to
investigate the mechanisms responsible for these dif-
ferences in species responses within the RE.
Recent studies have demonstrated that the RE in both

rodents and monkeys is susceptible to subchronic ex-
posures to formaldehyde, which result in loss of goblet
cells and cilia, epithelial proliferation with or without
squamous metaplasia, and an associated inflammatory
response (34,36). These nonneoplastic lesions in the
anterior nasal cavity of rats occurred in the same regions
in which formaldehyde-induced nasaltumors were iden-
tified after chronic exposures to this irritant (34,38).
There is usually a distinct anterioposterior gradient in

the severity of lesions induced by inhaled water-soluble
irritants in laboratory animals. Although this is general-
ly true for intranasal regions, lesions of different char-
acter canbe found in the distal airways ofthe respiratory
tract, including the terminal airways within the lung.
Harkema et al. (38) have demonstrated that ozone-
induced lesions of nearly equal severity were evident in
both the anterior nasal cavity and the terminal and
respiratory bronchioles ofbonnet monkeys. Interestingly,
Monticello et al. (36) have recently demonstrated that
the same formaldehyde exposure regime (6 ppm for 5
days/week for 1 or 6 weeks), which induced lesions on-
ly in the anterior nasal cavity in rats, caused lesions in
the nasal cavity, larynx, trachea and carina of monkeys.
Based on these results, they suggested that the monkey
is more sensitive than the rat to the acute and subacute
effects of formaldehyde.

Acute Responses of Olfactory
Acute Responses of Nasal Respiratory Epithelium to Inhaled Irritants
FnithPIi. tva InhaIvaI Iurit:unta-r|Flul'UNNUNIN aw.uEuE..E.uuEE.uEEto
As in TE, lesions in RE may be superficial or extend

to the underlying lamina propria. Acommon superficial,
and often reversible, effect of irritants on RE involves
attenuation and/or loss of cilia along the luminal surface
in the anterior nasal cavity (Plate 3). This effect was fre-
quently seen in mice and rats exposed to chlorine gas
(37) and was a common alteration observed in monkeys
exposed to 0.15 and 0.30 ppm ozone for 6 or 90 days (8
hr/day) (2). Ciliated cell necrosis, secretory cell hyper-
plasia, inflammatory cell influx (after 6 days of exposure
only), goblet cells with dilated, granular endoplasmic
reticulum (after 90 days of exposure only), SMG cell
hyperplasia, and increased numbers of epithelial cells
with intracytoplasmic lumina were additional features
of RE in monkeys exposed to ozone (2).
In contrast, rats exposed to approximately twice the

concentrations of ozone as the nonhuman primates had
no evidence of cilia loss in the anterior nasal cavity, but

A more thorough and in-depth review ofcommon irri-
tant-induced alterations in OE is presented by Gaskell
in another article within this publication, and the reader
is referred to that report (39).
OE can be irnured not only by direct-acting gaseous

irritants such as chlorine (37), but also by indirect-acting
inhalants such as ferrocene (N. Gillett, personal com-
munication), 3-methylfuran (40), and dimethylnitro-
samine (41). High concentrations of cytochrome P-450-
dependent monooxygenases occur in OE. Ferrocene,
3-methylfuran, and dimethylnitrosamine are all meta-
bolized to toxic metabolites by these enzymes, and it is
these metabolites that account for the tissue specificity
of the toxic effects. Although the other nasal epithelia
may also be injured by xenobiotics activated by the cyto-
chrome-P-450 pathway, the OE usually tends to be the
most sensitive epithelium to these toxicants.

It is important for the pathologist to understand that
even though theOE may not differ significantly in histo-
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logic appearance among animal species, there are mark-
ed differences in the amount of xenobiotic metaboliz-
ing activity between species. The OE of rats, for exam-
ple, contains only about one-half the concentration of
cytochrome P-450 of that in the OE of monkeys (28).
Therefore, OE in monkeys and other primates may ex-
hibit more severe lesions in response to certain inhaled
xenobiotics than does rodent OE. To this author's knowl-
edge, no study has been reported that is designed
specifically to compare toxicant-induced olfactory le-
sions in monkeys and rodents.

Summary
This comparative overview of morphologic responses

of the nasal mucosa to irritant injury emphasizes the
complexity and diversity found in different species of
laboratory animals. Many of the differences in the
responses are the result of species variations in gross
architecture and epithelial distributions along this up-
per airway. More subtle cellular differences within the
various nasal epithelial populations also contribute to
differences in susceptibility to injury.
Although there are major anatomical differences

among laboratory animals, the toxicologist, pathologist,
and risk assessor must also recognize the species differ-
ences in breathing patterns (i.e., obligate nose breathers
versus nose and mouth breathers), mucociliary clear-
ance, and airflow patterns. These differences were not
addressed in this paper but undoubtedly contribute to
species differences in response.
A main point of this review is that there must be a

careful selection of animal models for toxicologic studies
of the nasal airway and the selection must be based on
a thorough working knowledge of species-specific mor-
phologic characteristics. In addition, care must be exer-
cised when interpreting animal data and extrapolating
these results to estimate the possible effects ofan inhal-
ed toxicant on the human nasal airway.
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PLATE 1. Light photomicrographs of transitional (A,B) and anterior
respiratory epithelium (A,C) and 0.15 ppm ozone (B, D) for 6 days.
Intraepithelial influx of neutrophils (arrow) is present in short-term
ozone-exposed tissues. L, lumen of nasal airway; G, glands within
lamina propria; BV, blood vessels; d, duct from subepithelial gland.
All tissue sections stained with toluidine blue. Used by permission
from Harkema et al. (2).

PLATE 2. (A) Transitional epithelium covering lateral, medial, and
ventral margins of nasal turbinate from a rat. (B) Hyperplastic
transitional epithelium covering nasal turbinate from a rat after
7 days of exposure (6 hr/day) to 0.80 ppm zone. L, lumen of nasal
airway; D, surface epithelium; B, base of turbinates; BV, blood
vessel. Tissues are stained with toluidine blue. Used by permission
from Harkema et al. (19).
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PLATE 3. Scanning electron micrographs of luminal surfaces of anterior respiratory epithelium from the nasal septum of monkeys ex-
posed to 0.00 ppm ozone (A) and 0.15 ppm ozone for 6 days (B), 0.15 ppm for 90 days (C), and 0.30 ppm ozone for 90 days (D). Sur-
faces exposed to 0.15 ppm or 0.30 ppm ozone had loss of cilia (arrowheads) and nonciliated cells with domed luminal surfaces (ar-
rows). Used by permission from Harkema et al. (2).
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