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Rats exposed by inhalation to hexamethylphosphor-
amide (HMPA) at concentrations of 50, 100, 400, and
4000 parts per billion (ppb) for 6-24 months revealed
nasal tumors and squamous metaplasia with inflamma-
tion in the nasal epithelium, but no changes were ob-
served at 10 ppb. The ciliated cells were most susceptible
to HMPA, showing degenerative changes, with abnor-
mal cilia and extensive deciliation. The desquamated
nasal epithelium was repaired initially by undifferen-
tiated mucus or microvillous cuboidal cells, and subse-
quently the lining cells were replaced with squamous
cells migrating upward from the basal layer. In the early
stage of squamous metaplasia, thickened nasal epitheli-
um revealed indifferent cells, undifferentiated glandu-

BECAUSE HEXAMETHYLPHOSPHORAMIDE
(HMPA) is a powerful organic solvent and has low
acute toxicity, it has been extensively used in research
laboratories and plastic industries.1 It has also been
widely tested as a chemosterilant for insects and
other organisms.2-5 The toxic effects of oral adminis-
tration were degeneration in the renal tubules,6 bron-
chopneumonia,7 and testicular atrophy.8 Oral admin-
istration of HMPA showed synergistic effects on
Mycoplasma pulmonis and enhanced the incidence of
murine pneumonia and rhinitis.9 Nasal tumors devel-
oped in the rats exposed to HMPA by inhalation at
concentrations of 4000, 400, 100, and 50 parts per
billion (ppb) for 7-24 months.10",

Nasal tumors related to occupational exposure
have been reported in workers in the furniture in-
dustry,12'3 shoe industry, 14 5 and nickel refineries.'6,17
Formaldehyde,"8 bis(chloromethyl)ether,19 chloro-
methyl methyl ether,20 and other industrial chemi-
cals21-24 are known to cause nasal tumors in experi-
mental animals. In spite of the fact that man has been
exposed to some of these chemicals by occupational
exposure for many years, there are no epidemiologic
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lar cells, transitional cells from glandular to squamous
cells, poorly differentiated squamous cells, and inter-
mediate cells showing features of glandular and squa-
mous differentiation. Subsequently, the undifferenti-
ated glandular cells were replaced mainly with the
squamous or intermediate cells. The undifferentiated
glandular cells appeared to be biphasic reserve cells
capable of differentiating to glandular or squamous
cells. The intermediate cells appeared to be derived
from the undifferentiated glandular cells and converted
into keratinizing squamous cells. Numerous secretory
vesicles and mucus droplets were observed in the squa-
mous cells adjacent to the keratinized area and keratin
plates. (Am J Pathol 1982, 106:8-19)

studies indicating carcinogenicity in the nasal cavity
of man. Few reports concerning ultrastructural
studies on the normal and abnormal mucosa of the
rats are available, although rats have been used ex-
tensively for many years in inhalation toxicity
studies. This investigation was conducted to elucidate
the ultrastructural alterations of the nasal respiratory
epithelium exposed to HMPA, with emphasis on the
pathogenesis of preneoplastic squamous metaplasia.

Materials and Methods

Experimental Design

Experiment 1

A total of 960 Charles-CD Sprague-Dawley-
derived male and female rats was divided into eight
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equal groups of 120 males and 120 females. Group 1
male and group 2 female rats were exposed to air and
served as controls. Sixty of the 120 males (Group 3)
and 60 of the 120 females (Group 4) were exposed to
HMPA at a concentration of 50 ppb (parts per billion)
for 1 year and were placed in the holding rooms. The
remaining 60 males and 60 females were exposed con-
tinuously for 2 years. Group 5 males and Group 6
females were exposed at a concentration of 400 ppb
for 10 months. Group 7 males and Group 8 females
were exposed at a concentration of 4000 ppb for 9
months. After 3 months' exposure necropsy was per-
formed on 18 rats from each group. At 8 months' ex-
posure, 6 rats were sacrificed, respectively, in Group
3 male and Group 4 female rats. After 1 year of ex-
posure 20 rats in Groups 3 and 4 were sacrificed with
20 rats from control Groups 1 and 2. Remaining rats
in all groups were sacrified after two years exposure.

Experiment 2

A total of 800 Charles-CD Sprague-Dawley-derived
male and female rats was divided into eight equal
groups of 100 males and 100 females. Group 1-A
males and Group 2-A females were exposed to air
and used as controls. Group 3-A male and group 4-A
female rats were exposed to HMPA at 50 ppb. Group
9 male and Group 10 female rats were exposed to
HMPA at a concentration of 10 ppb for 2 years. Fif-
ty of the 100 males (Group 11) and 50 of the 100
female rats (Group 12) were exposed to HMPA at a
concentration of 100 ppb for 6 months. The remain-
ing 50 males and 50 females were exposed continu-
ously for 13 months. Twenty rats in Group 3-A male
and 4-A females were sacrificed after 1 year of ex-
posure. All rats were sacrificed at the end of 2 years'
exposure and subjected to microscopic examination,
except Group 3-A male and group 4-A female rats.
The lung, trachea, thyroid, pituitary, adrenal, testis,
and kidney were fixed in Bouin's solution, and all re-
maining organs and tissues were fixed in 1O0o for-
malin solution. After the nose was fixed in Bouin's
solution and decalcified, three coronal sections from
the anterior nasal cavity and two coronal sections
from the posterior nasal cavity were prepared for
light-microscopic examination. The sections were
stained with hematoxylin and eosin, periodic acid-
Schiff (PAS), alcian blue, and modified trichrome
stain. The nasoturbinates and nasal septum of 1 male
and 1 female rat from each group at different sacrifice
periods were subjected to electron-microscopic exam-
ination. For electron-microscopic examination, the
excised tissues were fixed in 3%o glutaraldehyde for
approximately 1 hour. They were then rinsed in Mil-
lonig's phosphate buffer, postfixed for 2 hours at 4 C

in 1%o osmium tetroxide, dehydrated in alcohol, and
embedded in Epon. Sections (1 pI thick), stained with
toluidine blue, were utilized in locating areas for elec-
tron-microscopic examination.

Results

Light Microscopy

The incidence and severity of the rhinitis, squa-
mous metaplasia of the nasal epithelium, and nasal
tumors showed a definite dose-response in the rats at
50, 100, 400, and 4000 ppb, but no changes were
found at 10 ppb (Table 1). Most nasal tumors occurred
in the respiratory epithelium of the anterior nasal
cavity and invaded ventral nasal bone or the posteri-
or nasal cavity. The primary tumor of olfactory
epithelium in the ethmoturbinates was relatively rare.
Early stage tumor development was often found in
the respiratory epithelium of nasoturbinates, nasal
septum, or olfactory epithelium of the ventral nasal
cavity, but less often in the respiratory epithelium of
maxilloturbinates. Most of the nasal tumors were
squamous cell carcinomas (Figures 2, 6, 7, and 8)
that had developed from metaplastic epithelium
(Figure 1) or subepithelial nasal gland (Figure 5).
Adenoid squamous cell carcinomas (Figure 4) were
also formed from metaplastic respiratory epithelium
(Figure 7), subepithelial gland, and Stenson's gland,
(Figure 3) located adjacent to the maxillary sinus. In
early stages of squamous metaplasia, hyperplastic
cellular aggregates were observed in the basal cell
layer. The respiratory epithelium became markedly
thickened by stratification of columnar and cuboidal
cells without hyperkeratosis (Figures 10 and 11). Sub-
sequently, the epithelium was replaced with flattened
squamous epithelium with hyperkeratosis. PAS-
alcian-blue-positive material was observed in the
metaplastic cells, and the intensity of the staining was
markedly decreased in the keratinized squamous
epithelium (Figure 1). The metaplastic lesions of
nasal gland integrated into the squamous metaplasia
that had developed from the respiratory epithelium
and formed large metaplastic lesions.

Electron Microscopy

The ciliated cells revealed denudation of the cilia
and abnormal compound cilia showing several to
more than 12 axial filament complexes (Figure 9).
The compound cilia were enclosed within the cyto-
plasmic projections. Degenerating ciliated cells
(Figure 9) exhibited mitochondrial swelling, focal
disruption of cytoplasmic membrane, and cystic
dilatation of the cisternae in rough endoplasmic
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Figure 1-Squamous metaplastic epithelium of the nasal septum shows PAS-positive material (arrows). Note tiny PAS-positive droplets
(slender arrow) in the keratinized layer of squamous metaplasia. (PAS, x 100) Figure 2-Nasoturbinate reveals squamous cell carcinoma
(SC) in the respiratory epithelium and adenoid squamous cell carcinoma (AD) in the subepithelial gland showing PAS-positive material (ar-
rows). Note intact respiratory epithelium adjacent to the adenoid squamous cell carcinoma. (PAS, x 100) Figure 3-Hyperplastic
Stenson's gland located adjacent to the maxillary sinus shows squamous metaplasia. (H&E, x 250) Figure 4-Adenoid squamous cell car-
cinoma shows both glandular and squamous structure. The lumen (L) of glandular acini replaced by squamous cells shows desquamated
epithelial cells, homogenous eosinophilic material, and cellular debris. Some glandular acini are obliterated by squamous cells (arrows). (H&E,
x 250)

reticulum (RER). Similarly, the goblet cells showed
sloughing microvilli, cytoplasmic disruption, and
large lakes of RER cisternae containing electron-
lucent granules. When degenerating ciliated and
mucus cells were sloughed, the epithelium was in-

itially repaired by poorly differentiated mucus cells
(Figure 10) showing scanty mucus droplets or
cuboidal cells (microvillous cells) showing well-
developed Golgi complex, RER, and microvilli. Sub-
sequently, the epithelial cells were replaced with

AJP * January 1982
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Table 1-Incidence of Squamous Metaplasia and Nasal Tumor in Rats Exposed to HMPA

Group

1,2 1-A, 2-A* 9, 10* 3, 4 11, 12* 5, 6 7, 8

Exposure concentration (ppb) 0 0 10 50 100 400 4000
Number of rats 240 200 200 240 200 240 240
Number of tissue examined 231 194 196 235 196 228 228
Squamous metaplasia 7 12 16 58 112 171 189

(3.0%) (6.2%) (8.2%) (24.7%) (57.1 %) (74.7%) (82.9%)
Number of tissue
samples examined 196 200 200 194 200 219 215

Papilloma 0 0 0 9 (4.6%) 6 (3.0%) 13 (5.9%) 11 (5.1%)
Adenomatoid polyp 0 0 0 0 1 (0.5%) 0 0
Epidermoid carcinoma 0 0 0 24 (12.4%) 59 (29.5%) 137 (62.6%) 120 (55.8%)
Adenoid squamous carcinoma 0 0 0 4 (2.1%) 5 (2.5%) 21 (9.6%) 41 (19.1%)
Adenocarcinoma 0 0 0 1 (0.5%) 1 (0.5%) 2 (0.9%) 2 (0.9%)
Transitional carcinoma 0 0 0 1 (0.5%) 1 (0.5%) 3 (1.4%) 4 (1.9%)
Undifferentiated carcinoma 0 0 0 0 2 (1.0%) 2 (0.9%) 1 (0.5%)
Pleomorphic (mixed) tumor 0 0 0 0 0 2 (0.9%) 0

Total tumor/group 39/194 (20.0%) 75/200 (37.5%) 180/219 (82.2%) 179/215 (83.3%)
* Group belongs to second experiment. Groups with odd numbers are males and even numbers, females.

poorly differentiated cuboidal cells showing scanty
cellular organelles and microvilli. The ciliated cells
were not found in the regenerated epithelial cells. In
the stage of squamous cell stratification, the superfi-
cial microvillous cells showed cytoplasmic edema, de-
generative changes in the cellular organelles, and de-
squamation. The desquamated microvillous cells
were replaced with cuboidal or flattened squamous
cells migrating upward. The epithelial surface was
covered completely by squamous cells showing either
blunt cytoplasmic processes or undulated smooth cy-
toplasmic membrane. There were undifferentiated
cells, poorly differentiated glandular cells, transition-
al cells from glandular to squamous cells, intermedi-
ate cells showing features of glandular and squamous
differentiation, and squamous cells on the basal lami-
na. In some areas, the thickness of epithelium in-
creased markedly by stratification of poorly differen-
tiated glandular cells. Subsequently, the glandular
cells were replaced mostly by transitional cells and
poorly differentiated squamous cells.

Poorly differentiated glandular cells (Figures 11
and 12) revealed secretory droplets, well-developed
Golgi complex, and electron-lucent cytoplasm with
numerous lakes of RER containing electron-dense
granules. The cells were adjoined with poorly
differentiated squamous cells by a few desmosomes.
Transitional cells (Figures 12 and 14) from glandular
to poorly differentiated squamous cells were char-
acterized by electron-lucent cytoplasm, parallel
hyperplastic RER, dilated cisternae of RER with
electron-dense granules, interdigitated cytoplasmic
processes, and a few desmosomes. Poorly differenti-
ated squamous cells (Figure 11) showed electron-

dense cytoplasm, scanty tonofibrils, and short cyto-
plasmic processes with a few desmosomes, while
differentiated squamous cells were characterized by
electron-dense cytoplasm, abundant tonofibrils, gly-
cogen particles, and markedly interdigitated cyto-
plasmic processes with numerous desmosomes. The
intermediated cells (Figure 13) showed scanty tonofi-
brils, well-developed RER, dilated RER cisternae,
secretory vesicles or droplets, interdigitated cytoplas-
mic processes, and desmosomes. The indifferent cells
were larger than the basal cells and had light cyto-
plasmic density with scanty cellular organelles. The
basal cells were small and contained electron-dense
cytoplasm and relatively scanty cellular organelles.
Slightly interdigitated cytoplasmic processes of the
basal cells were adjoined with cells by poorly devel-
oped desmosomes.

In the later stages of nonkeratinized squamous
metaplasia, unlike the basal cells seen in the normal
or early stage of squamous metaplasia, the basal cells
transformed into more distinctively squamous cells
showing tonofibrils, numerous interdigitated pro-
cesses, and well-developed desmosomes. The epi-
thelium showed mainly stratification of poorly
differentiated squamous and intermediate cells. The
squamous cells in the basal layer had slightly wider
intercellular spaces and fewer tonofibrils and desmo-
somes than those of the squamous cells in the inter-
mediate layer. The squamous cells in the upper layer
were cuboidal or flattened, and the intercellular
spaces were narrower than those of the intermediate
layer.
The keratinized squamous epithelium revealed the

stratum basalis, spinosum, granulosum, and cor-
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Figure 5-Nasoturbinate shows squamous metaplasia in the respiratory epithelium and subepithelial nasal gland with cellular infiltration.
(H&E, x 250) Figure 6-Nasoturbinate reveals squamous cell carcinoma in the subepithelial nasal gland with thin layer of squamous
metaplasia of the respiratory epithelium and inflammatory cell infiltration. (H&E, x 250) Figure 7-The respiratory epithelium of nasal sep-
tum (S) shows glandular dysplasia (arrows) and squamous cell carcinoma (SC). (H&E, x 50) Figure 8-Right nasal cavity is obliterated by
squamous cell carcinoma (SC) showing extensive destruction of the nasal bone (B) and protrusion. N = nasoturbinate; M = maxilloturbinate;
S = nasal septum; J = Jacobson's organ; P = pulp of incisor tooth; D = nasolacriminal duct. (H&E, x 6)

neum. The squamous cells contained more tonofibrils
than the squamous cells in the stage of nonkeratinized
squamous metaplasia. The number of desmosomes,
tonofibrils, keratohyaline granules, and membrane-
bound granules was increased progressively toward
the upper layer in the stratum spinosum and

granulosum. The cytoplasm of intermediate cells in
the stratum granulosum was packed with numerous
secretory droplets and tonofibril bundles (Figure 15).
Occasionally numerous vesicles were accumulated in
the cytoplasm of nonkeratinized superficial squamous
cells. In the stratum corneum, the keratocytes showed

AJP * January 1982
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Figure 9-A ciliated epithelial cell shows electron-lucent cytoplasm, mitochondrial swelling with disrupted cristae (arrow), cystic dilation of
RER cisternae (C), and focal disruption of cytoplasmic membrane (slender arrow). (x 7800) Inset-A cytoplasmic projection contains com-
pound cilia (arrow). (x 7800) Figure 10-An undifferentiated mucus cell reveals several mucus droplets (short arrows), microvilli (slender
arrows), relatively well-developed RER, and junctional complex (bent arrows). Note a cuboidal cell (C) showing relatively well developed RER,
scanty microvilli, and absence of mucus droplets. (x 7800) Inset-Superficial lining cells in early stage of squamous metaplasia are
cuboidal in shape, and the free surface of the cytoplasmic membrane is PAS-positive. (PAS method, x 400)

secretory droplets with scanty organelles and glyco-
gen aggregates, and some cornified plates contained
numerous secretory droplets (Figure 16).

Discussion

The ciliated cells appeared to be most susceptible
to HMPA exposure and showed degenerative changes

with deciliation. The ciliated cells were not seen in the
early repair stage of desquamated epithelium with
mucus and microvillous cells. Since ciliated cells are
normally the end stage of cell differentiation from the
basal cells, the destroyed ciliated cells are unable to
repopulate because of aberrant cellular differentia-
tion in the metaplastic process. Absence of ciliated

Vol. 106 * No5. I
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Figure 11-Note stratification of undifferentiated glandular cells (G) and poorly differentiated squamous cells (S). The undifferentiated glan-
dular cells reveal electron-lucent cytoplasm with lakes of RER cisternae (asterisks) and a few secretory droplets (large arrows). The poorly dif-
ferentiated squamous cells show electron-dense cytoplasm, markedly dilated RER cisternae (slender arrows), scanty tonofibrils (twisted ar-
row), a few secretory droplets (hollow arrows), and slightly interdigitated cytoplasmic processes with desmosomes (D). (x 5000) Inset-
Nonkeratinized squamous metaplasia shows stratification of columnar and cuboidal cells with lymphocytic infiltration. (H&E stain, x 250)

cells was described in epidermoid nasal carcinoma,"
carcinoma in situ of the bronchus," carcinoma of the
trachea induced by chemical carcinogen,27 and bron-
chial epithelium exposed to dust and chemical.28 In
this experiment the most striking finding was

numerous intermediate cells and numerous mucus
droplets in the keratin plates of keratinized
squamous metaplasia of nasal epithelium. Similar
intermediate cells were reported in mucoepidermoid
carcinoma,"-" epidermoid nasal tumors induced by

AJP * January 1982
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Figure 12-Higher magnification of undifferentiated glandular cell exhibits electron-lucent cytoplasm, Golgi complex (G), and lakes of RER
cisternae containing electron-dense granules (asterisks). The adjoining transitional cell has a tight junction (slender arrow), slightly electron-
dense cytoplasm, and parallel RER showing dilatated cisternae with electron-dense granules. (x 19,600) Figure 13-Intermediate cell
shows mucus droplets (M), tonofibrils (T), and interdigitated cytoplasmic processes with numerous desmosomes (D). Notice the large cystic
vesicles (V) filled with electron-dense granules. (x 7800)

a chemical carcinogen in hamsters,2" undifferentiated
uterine cancer,32 the opening of the bronchial
gland,33 and squamous metaplasia of tracheobron-
chial epithelium of hamsters treated with a car-
cinogen.34-36 Focal squamous metaplasia in the open-
ing of the bronchial gland revealed intermediate

goblet and squamous cells in a normal dog, rabbits,
and swine. The intermediate cells were interpreted as
a transformation of goblet cells into squamous cells
through a quantitative change of cytoplasmic com-
ponents, rather than a qualitative change. The source
of these altered "squamoid goblet cells" was con-

Vol. 106 * No. I
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Figure 14-Poorly differentiated squamous cells (S) reveal electron-dense cytoplasm, scanty tonofibrils (arrows), and markedly interdigitated
cytoplasmic processes (P) with a few desmosomes (D). The transitional cells (T) have electron-lucent cytoplasm showing scanty cellular
organelles, parallel RER, dilatated RER cisternae with electron-dense granules, and interdigitated cytoplasmic processes. (x 7800)

sidered to be altered mature goblet cells rather than
the basal cells.33 Similar intermediate cells were de-
scribed in the biopsy specimens and primary culture
of poorly differentiated carcinomas of the human
uterine cervix.32 The studies of squamous metaplasia
and carcinoma of tracheobroncheal epithelium in
humans and hamsters described the intermediate cells
and postulated that the squamous metaplasia occurred

by direct transformation of differentiated adult
mucus cells to adult squamous cells.34
The generally prevailing concept is that the meta-

plastic cells are derived from a new type of differenti-
ation of undifferentiated basal or reserve cells, rather
than direct transformation of an adult columnar cell
into an adult squamous cell.3540 The nasal epithelium
was subjected to continuous remodeling by destruc-

AJP * January 1982
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Figure 15-Notice the numerous aggregates of secretory vesicles (arrows) in the flattened squamous cells, showing tonofibrils (T), keratohya-
line granules (K), and numerous well-developed desmosomes (D). (x 7800) Figure 16-Keratocytes and keratin plates show numerous
secretory droplets (slender arrows), keratohyaline granules (white arrows), and tonofibrils (T). (x 7800)

tion and repairing processes during HMPA exposure.
The damaged respiratory epithelium was repaired in-
itially by undifferentiated mucus cells and microvil-
lous cuboidal cells. Subsequently, the superficial cells
were replaced with squamous cell migration from the
basal layer. In the early stage of squamous meta-
plasia, the epithelium was thickened by stratification

of undifferentiated glandular cells, transitional cells,
poorly differentiated squamous cells, and intermedi-
ate cells. Since the transitional cells are closely
associated and resemble the undifferentiated glandu-
lar cells, the transitional cells, apparently derived from
the undifferentiated glandular cells, differentiate to
squamous cells. The undifferentiated glandular cells

Vol. 106 * No. I
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seemn to be biphasic reserve cells that can differentiate
to either glandular or squamous cells. The intermedi-
ate cells, showing features of both glandular and
squamous differentiation, appear to be developed
from the undifferentiated glandular cells rather than
direct transformation of adult goblet cells to adult
squamous cells. The intermediate cells appeared with
undifferentiated glandular cells in the basal layer
when mature goblet cells in the superficial epithelium
were denuded following HMPA exposure. Mitotic ac-
tivity was observed in the basal cells and poorly
differentiated squamous cells but not in the goblet or
ciliated cells. The observation indicates that the
necrotic mucus or ciliated cells can be repaired only
by cellular differentiation from the reserve cells.
There was no clear-cut evidence indicating the direct
transformation of the adult mucus to squamous cells
at the damaged superficial epithelium.

In the rats exposed to HMPA, the morphologic
characteristics of the squamous metaplasia asso-
ciated with squamous cell carcinoma were indistin-
guishable from squamous metaplasia not associ-
ated with squamous cancer. It was also difficult to
distinguish the squamous cells of squamous meta-
plasia from those of well-differentiated squamous
carcinoma. Both squamous cells in the squamous
carcinoma and undifferentiated squamous cells in the
squamous metaplasia showed poorly developed
desmosomes, tonofibrils, cytoplasmic processes, and
glycogen particulates. However, some squamous
cells of the squamous carcinoma had prominent
nuclear atypia. In addition, a greater number of in-
termediate cells, mucus droplets in the keratin plates,
and intracellular or extracellular lumen showing
microvillous or squamous luminal cells with de-
squamated cells and cellular debris was seen in the
squamous carcinomas than in squamous metaplasia.43
Nuclear atypia was described in the squamous meta-
plasia of tracheal epithelium produced by a chemical
carcinogen" and mechanical injury.4' In the squa-
mous metaplasia of tracheal epithelium exposed to a
chemical carcinogen, the epithelial cells showed an
increased secretory activity and decreased desmo-
somes. Carcinoma in situ was characterized by
numerous intracellular and extracellular microcysts
with secretory material. Microinvasive carcinoma
revealed secretory activity with nuclear atypia and
laminated ergastroplasm.44
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