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Shang-Ming Yu and Kwan-Hwa Lin (2002) Morphological alterations in the trachea of capsaicin-pretreated rat
during postnatal development. Zoological Studies 41(1): 13-22. The purpose of this study was to investigate
morphological changes of the mucosa layer of the trachea in rats pretreated with capsaicin neonatally.
Paraformaldehyde-lysine-periodate- and osmium-fixed plastic sections were prepared from 17 capsaicin pre-
treated rats and 15 controls and studied at the light microscopic level. The results indicate that no significant
differences occurred in the mean cross-sectional epithelial thickness of the tracheal mucosa between 1 wk after
neonatal capsaicin treatment (20.40 = 0.48 ym) and sham treatment (21.80 = 0.80 ym). Cross-sectional
epithelial thickness (18.81 £ 0.39 ym) continued to show no significant difference through 2 wk after neonatal
capsaicin treatment, but the epithelial thickness significantly (p < 0.05) increased at 2 wk after sham treatment
(40.05 £ 1.80 ym). Furthermore, cross-sectional epithelial thickness also significantly (p < 0.05) increased at 1
mo after sham treatment (41.24 £ 1.20 pm) compared to that with neonatal capsaicin treatment (24.79 = 0.54
um). At the light microscopic level, large vacuoles were strikingly prominent in the tracheal epithelium at 1 wk
after neonatal capsaicin treatment, as were many small vacuoles at 2 wk. Another striking change was that api-
cal cytoplasmic blebbing of goblet cells had increased moderately at 2 wk after neonatal capsaicin treatment
and had increased markedly at 1 mo. Substance P-like immunoreactivity (IR) was not discernible at 1 wk after
sham or capsaicin treatment. Substance P-like IR was slightly immunolabeled at 2 wk and increased markedly
at 1 mo after sham treatment. In contrast, substance P-like IR was not immunolabeled at either 2 wk or 1 mo
after neonatal capsaicin treatment. The present study suggests that neonatal capsaicin treatment results in epi-
dermal thinning of the trachea during postnatal development. The blockade of the elastic fibers containing sub-
stance P-like IR implies involvement of the elastic fibers in the histologic response to capsaicin's effect on the
depletion of substance P. Moreover, formation of apical cytoplasmic blebbing of goblet cells indicates hindrance
by capsaicin of mucus secretion and clearance. http://www.sinica.edu.tw/zool/zoolstud/41.1/13.pdf
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In mammalian anatomical airways, immuno-
cytochemical labeling has localized many bioac-
tive peptides to cells and/or sensory nerve end-
ings. These peptides include substance P
(Wharton et al. 1979, Springall et al. 1990,
Bauman et al. 1999), neuropeptide tyrosine (NPY)
(Sheppard et al. 1984a), bombesin (Wharton et al.
1978), cholecystokinin (Ghatei et al. 1982), leu-
enkephalin (Cutz et al. 1981), calcitonin (Becker et
al. 1980), calcitonin-gene related peptide (Cadieux
et al. 1986, Holzer 1988, Luts et al. 1990),

dopamine-R-hydroxylase (Sheppard et al. 1983),
S-100 (Sheppard et al. 1983), protein gene pro-
duct 9.5 (Baluk et al. 1992), and neuron-specific
enolase (NSE) (Sheppard et al. 1984a, b). These
neuropeptides may act as neurotransmitters or
modulators in the central and peripheral nervous
systems. Sensory fibers containing these neu-
ropeptides, especially substance P and related
tachykinins, have been found to have strong
actions on vascular permeability and airway
smooth muscle contraction (Nilsson et al. 1977),
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glandular secretions (Lundberg et al. 1988, Kuo et
al. 1990), and possibly ciliary motion (Uddman and
Sundler 1986). It is also known that such effects
are reduced after administration of substance P
antagonists (Lundberg et al. 1983a), or tachykinin
antagonists (Morimoto et al. 1992, Murai et al.
1992), or pretreatment with capsaicin, an extract
of the pungent red pepper (Lundberg and Saria
1983). Previous investigations have demonstrated
that substance P-like immunolabeling is localized
in the epithelium and bronchial smooth muscle of
the lower respiratory tract (Lundberg et al. 1984).
Capsaicin pretreatment reduces the number of
substance P-immunoreactive axons in the trachea.
Numerous studies have also demonstrated that
neonatal capsaicin treatment causes degeneration
of the sensory neurons of the vagus nerve (Jancsé
et al. 1977, Gamse et al. 1980) and depletion of
substance P in the vagus nerve (Jessell et al.
1978, Gamse et al. 1981a). In addition, neonatal
capsaicin treatment desensitizes pain receptors of
the sensory nerve to chemical stimuli (Jancso
1955) and prevents neurogenic inflammatory
responses (Jancso et al. 1967). It has further
been shown that, in the rat, the epithelial thickness
of the skin is reduced after denervation (Chiang et
al. 1998, Hsieh and Lin 1999). No evidence has
been reported of changes of the pseudostratified
epithelial thickness of tracheal mucosa after sen-
sory denervation. It is of interest to reexamine by
light microscopy morphological alterations and to
correlate these changes in epithelial thickness of
the tracheal mucosa by morphometry with
responses to neonatal capsaicin pretreatment dur-
ing postnatal development.

MATERIALS AND METHODS
Light microscopy

Sprague-Dawley rats were administered a
single subcutaneous injection of capsaicin (50
mg/kg body weight, prepared in a vehicle of 10%
ethanol, 10% Tween 80, and 80% isotonic saline)
on the 2nd day of life. Pups from other litter mates
injected with the same volume of vehicle or those
untreated served as controls (n = 15). At 1 wk (n
=6), 2wk (n=6), and 1 mo (n = 5) after capsaicin
treatment, animals were killed by decapitation.
The number within brackets indicates the number
of animals in that age group used for this study.
The middle portion of each trachea was removed
after decapitation and fixed in McLean and

Nakane fixative (1974) followed by osmium fixa-
tion (Yu 1993a, b) in 0.1 M phosphate buffer
overnight at 4 ‘C. Superficial mucus was removed
by gently rinsing and shaking with 0.1 M phos-
phate buffer prior to fixation. After fixation, tissues
were washed in 0.1 M phosphate buffer, immersed
in 1% osmium tetroxide, dehydrated in a graded
ethanol series to absolute ethanol, immersed in
propylene oxide, infiltrated with Epon-
Araldite/propylene oxide (1:1), and cured in freshly
prepared Epon-Araldite resin. After polymeriza-
tion, the plastic tissues were sectioned at 1-2 ym
with glass knives on an ultramicrotome for light
microscopy. Sections were mounted on slides
within a circle marked with a diamond pen.
Sections were then stained with toluidine blue.

Immunocytochemistry

The plastic-embedded tissues were sectioned
at 1-2 um with glass knives on an ultramicrotome
for immmunocytochemical staining. Sections were
deplasticized in saturated sodium hydroxide in
absolute alcohol (1:3) for 7 min, immersed in 3%
hydrogen peroxide, and incubated in 10% normal
goat serum (NGS) in phosphate-buffered saline
(PBS) for 10 min. Immunocytochemical staining
was performed as follows: (1) incubation in rabbit
anti-substance P (A/SP, diluted 1:50-1:100,
BioGenex Laboratories, San Ramon, CA, USA) for
14-16 h, in 0.01 M PBS; (2) incubation in biotiny-
lated goat anti-rabbit 1IgG (Vectastain kit, Vector
Labs, Burlingame, CA, USA) for 2 h; (3) incubation
in ABC reagent (avidin-biotin-peroxidase complex,
Vectastain kit, Vector Labs) for 2 h; (4) treatment
with 3, 3'-diaminobenzidine tetrahydrochloride
(Sigma, St. Louis, MO, USA, 0.3 mg/ml) in 0.05 M
Tris buffer containing 0.002% hydrogen peroxide,
pH 7.6 until immunoreactive sites were visible. All
incubations were carried out at room temperature.
Finally, sections were dehydrated in ethanol,
cleared in xylene, and covered with a coverslip.

In control samples, the 1st antibody, A/SP,
was replaced by (1) normal rabbit serum or (2)
PBS.

Morphometry

Quantitative measurements of the plastic sec-
tions (thickness 1-2 um) were made using the
Image-Pro Plus Data Analysis Program (Media
Cybernetics, Silver Spring, MD, USA). No correc-
tion was made for shrinkage between fresh tissue
and structures measured through the WinFast
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T230 TV video system in the plastic sections. All
data were stored in the computer and analyzed by
SPSS for Windows. Statistical comparisons of
cross-sectional area in multiple groups were made
using one-way analysis of variance (one-way
ANOVA). Post hoc analysis for significance
between any 2 groups used the Student-Newman-
Kuels test.

RESULTS
Morphometry: quantitative analysis

As shown in figure 1, there were no signifi-
cant differences in the mean cross-sectional
epithelial thickness of the tracheal mucosa
between 1 wk after neonatal capsaicin treatment
(20.40 £ 0.48 ym) and sham treatment (21.80 *
0.80 ym). Cross-sectional epithelial thickness
(18.81 £ 0.39 um) continued to show no signifi-
cant difference through 2 wk after neonatal cap-
saicin treatment, but epithelial thickness had sig-

nificantly (p < 0.05) increased at 2 wk after sham
treatment (40.05 £ 1.80 ym). Furthermore, cross-
sectional epithelial thickness had also significantly
(p < 0.05) increased at 1 mo after sham treatment
(41.24 = 1.20 ym) compared to that after neona-
tal capsaicin treatment (24.79 = 0.54 ym).

Light microscopy

At 1 wk after sham treatment, light microscop-
ic observations revealed that the pseudostratified
mucosal epithelium of the trachea consisted of 4
cell types: basal cells, intermediate cells, goblet
cells, and ciliated cells. Ciliated cells contained
many cilia and a slightly pale cytoplasm. The gob-
let cells contained slightly intensely stained cyto-
plasm and lacked cilia. Basal cells rest on the
basement membrane. At the light microscopic
level, the basement membrane was located at the
junction between the respiratory pseudostratified
columnar ciliated epithelium and the lamina pro-
pria. Intermediate cells were located slightly
above the basal cell layer. At 1 wk after sham
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Fig. 1. Mean cross-sectional epithelial thickness of the trachea with standard error of mean. * denotes p < 0.05 for data compared with
the control (sham-treated) group, + denotes p < 0.05 for data compared with the capsaicin-treated group.
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treatment, ciliated cells were randomly distributed
between goblet cells (Fig. 2a). At 2 wk after sham
treatment, the mucosa of the trachea had formed
dome-shaped protuberances among which were
intermingled ciliated and goblet cells. The mucos-
al epithelium of the trachea was thicker at 2 wk
than that at 1 wk. Ciliated cells possessed promi-
nent cilia, and their cytoplasm was faintly stained.
The ciliated cells extended from the basement
membrane to the luminal surface of the epithelium.
Goblet cells contained intensely basophilic cyto-
plasm. Goblet cells tapered off near the apical
surface or at the base. Most goblet cells showed
a slight dome at the upper surface and extended
from the apical epithelial surface to the basal cell
layer. Basal cells and intermediate cells remained
in their positions (Fig. 2b). At 1 mo after sham
treatment, the mucosal surface of the trachea was
mainly covered by the prominent cilia of ciliated
cells. Goblet cells were deeply interposed
between the ciliated cells in the mucosal epitheli-
um and occasionally contained blebbings of cyto-
plasm on the apical surface. The cytoplasm con-
tinued to be faintly stained in ciliated cells and
intensely stained in goblet cells (Fig. 2c). At 1 wk
after neonatal capsaicin treatment, the mucosal
surface was covered by ciliated and goblet cells.
Many large vacuoles were found in the spaces
between the cells (Fig. 2d). At 2 wk after neonatal
capsaicin treatment, apical blebbing of the cyto-
plasm of goblet cells had increased moderately. In
addition to the large vacuoles, many small vac-
uoles were also observed among ciliated cells and
goblet cells. These small vacuoles were located
beneath the apical surface. All epithelial cells
revealed an intensely basophilic cytoplasm. The
epithelial thickness of the trachea was not well
developed in comparison with that of the sham-
treated ones (Fig. 2e). At 1 mo after neonatal cap-
saicin treatment, apical blebbing of the cytoplasm
of goblet cells had increased markedly. The
epithelial thickness of the trachea was moderately
developed. This epithelial thickness was mea-
sured from the bottom of the apical blebbing of
goblet cells to the basement membrane. The
large and small vacuoles were slightly reduced in
both size and number at this stage. The cyto-
plasm became faintly stained in ciliated cells and
intensely stained in goblet cells (Fig. 2f).

Substance P-like immunoreactivity

Substance P-like immunopositive dot-like
structures appeared and were localized in the lam-

ina propria of the tracheal mucosa. Under elec-
tron microscopic investigation, these densely dot-
ted structures were revealed to be elastic fibers
(Yu, unpubl. data).

No discernible substance P-like immunoreac-
tivity (IR) was immunolabeled in the trachea at 1
wk after sham treatment (Fig. 3a). At 2 wk after
sham treatment, substance P-like IR was slightly
immunolabeled in the trachea (Fig. 3b).
Furthermore, at 1 mo after sham treatment, sub-
stance-P-like IR had markedly increased in the tra-
chea (Fig. 3c). However, no discernible substance
P-like IR was immunolabeled in the trachea at 1
wk (Fig. 3d), 2 wk (Fig. 3e), or 1 mo (Fig. 3f) after
neonatal capsaicin treatment.

DISCUSSION

Substance P (SP), a tachykinin, putatively
functions as a sensory neurotransmitter and may
play a role in mediating neurogenic inflammation
in the airways (Baluk et al. 1992, Maggi et al.
1993, Lundberg 1996). Substance P in the rat
originates in the nodose and jugular ganglia
(Uddman and Sundler 1986). SP-immunoreactive
(IR) nerve fibers are located at the base of the
epithelium of the tracheal mucosa (McDonald et
al. 1988). The vagal nerves contain many SP-IR
nerve fibers (Lundberg et al. 1978 1980).
Electrical stimulation of the vagus nerves increas-
es vascular permeability in rat trachea presumably
by releasing substance P or other tackykinins from
sensory nerve endings (Lundberg et al. 1983).
The vagal nerves are depleted of their SP con-
tents by capsaicin pretreatment (Gamse et al.
1981b), which appears to result in selective
degeneration of chemosensitive C-fiber afferents
(Jancso et al. 1977). Surgically evoked degenera-
tion of a single vagal trunk causes a decrease in
neurogenic inflammation produced by the irritant,
capsaicin, in the bronchi of the rat (Huang et al.
1995). Previous investigations have demonstrated
that SP-IR axons are very slender and long and
are arranged in a network located close to the
bases of epithelial cells or between epithelial cells
through thick sections. Our study employed
paraformaldehyde-lysine-periodate- and osmium-
fixed plastic semi-thin sections (thickness 1-2 um)
for substance P-like immunocytochemical staining.
Such a semithin sectioned tissue preparation
entirely differs from paraffin sections or whole
mounts used previously. Although the survival
and positive immunoreactive labeling of hormone
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Fig. 2. Light micrographs of tracheal epithelium. (a) At 1 wk after sham treatment, the epithelial layer of the mucosa of the trachea is
composed of 4 cell types: basal cells (double arrows), intermediate cells (double arrowheads), goblet cells (arrowhead), and ciliated
cells (arrow). The intercellular space was not discernible. (b) At 2 wk after sham treatment, the mucosa of the trachea had formed
dome-shaped protuberances among which were intermingled ciliated cells (arrow) and the goblet cells (arrowhead). (c) At 1 mo after
sham treatment, the mucosal surface of the trachea was mainly covered by the cilia of ciliated cells (arrow), and goblet cells (arrow-
head) were interposed among the ciliated cells. Note the apical blebbing of the cytoplasm of the goblet cell (double arrows). (d) At 1
wk after neonatal capsaicin treatment, the mucosa was covered by ciliated cells (arrow) and goblet cells (arrowhead). Note the large
vacuoles in the intercellular space (asterisk). (e) At 2 wk after neonatal capsaicin treatment, the apical blebbing (arrowhead) had
noticeably increased. Note the large vacuoles (asterisk) and small vacuoles (double arrowheads) between ciliated cells (arrow) and
goblet cells. (f) At 1 mo after neonatal capsaicin treatment, blebbing of the cytoplasm of goblet cells (arrowhead) had markedly
increased. Note that the large vacuoles (asterisk) and the small vacuoles are reduced in size. EP: epithelium; LP: lamina propria. Bar
=10 ym.
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Fig. 3. Substance P-like immunoreactivity (IR) in the trachea. (a) No discernible substance P-like IR was immunolabeled in the tra-
chea at 1 wk after sham treatment. (b) Substance P-like IR (arrows) was slightly immunolabeled in the trachea at 2 wk after sham
treatment. (c) Substance-P-like IR (arrows) had markedly increased in the trachea at 1 mo after sham treatment. However, no dis-
cernible substance P-like IR was immunolabeled in the trachea at 1 wk (d), 2 wk (e), or 1 mo (f) after neonatal capsaicin treatment. EP:
epithelium; LP: lamina propria. Bar =25 ym.
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antigens and protein markers has been demon-
strated in these osmium-fixed, plastic-embedded
tissues (Yu 1993a, b), owing to the limited content
of substance P, immunolabeled nerve endings
were barely detectable in these semithin sections.
In this study, substance P-like immunoreactivity
definitely survived the harsh treatment and heat
involved in osmium tetroxide fixation and epoxy
embedding. Immunopositive dots appeared and
were localized in the lamina propria. Under elec-
tron microscopic investigations, these dense dot-
ted structures were identified as elastic fibers (Yu,
unpubl. data). The functional significance of elas-
tic fibers containing substance P-like immunoreac-
tivity in capsaicin-pretreated rat trachea during
postnatal development needs to be elucidated in
the future.

Neonatal capsaicin treatment reduces the
bronchoconstrictor response elicited in the adult
guinea pig by electrical field stimulation of the
vagus nerve (Martling et al. 1984). A distinct popu-
lation of primary sensory neurons involved in
mediation of chemogenic pain in the capsaicin-
pretreated neonate rat has also been shown to
selectively degenerate (Jancsé et al. 1977). It is
possible that capsaicin interferes with the synthe-
sis and release of neurohumor in pain-sensitive
nerve terminals or neurons. At the electron micro-
scopic level, the fine structure of primary sensory
neurons is severely impaired, including swollen
mitochondria, disorganization of the cisternae, and
dilation of the perinuclear cisternae as well as that
of cisternae of the rough endoplasmic reticulum.
Axonal degeneration is accompanied by the
appearance of many glial cells. However, cap-
saicin treatment does not induce degeneration of
primary sensory neurons in the adult rat. These
selective degenerations in capsaicin-pretreated rat
are initiated by the release of substance P from
peripheral branches of sensory nerve fibers
(Lembeck and Holzer 1979, Rosell et al. 1981).
Substance P stimulates pulmonary airway mucus
secretion (Gonzales and Ballard 1989) and is also
the mediator of the axon reflex in cutaneous tissue
(Gamse et al. 1980). A previous ultrastructural
study (Rhodin 1966) shows that lateral surfaces of
basal cells send fine cytoplasmic processes into
the narrow intercellular space in which free senso-
ry nerve endings also terminate. The results of
our study indicate that large and small vacuoles
seem to be located in the intercellular space.
These vacuoles were markedly increased at 1 and
2 wk after neonatal capsaicin treatment.
Vacuolization has been shown in the nerve tissue

and vacuoles corresponding to swollen vacuolated
presynaptic terminals after ischemic injury (Garcia
et al. 1993). A likely explanation for this alteration
is that capsaicin causes depletion of substance P
from elastic fibers and pheripheral branches of
sensory nerve fibers. Therefore, formation of vac-
uoles indicates the site of degenerated nerve ter-
minals. Previous studies have established that
denervation causes a significant thinning of the
denervated epidermis of the skin (Hsieh and Lin
1999). This epidermal thinning was reversed by
epidermal reinnervation 3 mo after denervation.
They suggested that skin innervation exerts an
influence on the proliferation of keratinocytes and
the thickness of the epidermis. A similar mecha-
nism may have influenced thinning of the mucosal
epithelium after neonatal capsain treatment seen
in our study. Capsaicin denervation may hinder
the proliferation and differentiation of mucosal
epithelial cells (including basal cells, intermediate
cells, ciliated cells, and goblet cells) during postna-
tal development.

The results of our study demonstrate that
cytoplasmic blebbing on the apical surface of gob-
let cells is formed and maintained after neonatal
capsaicin treatment. Previous scanning electron
microscopy findings indicated that globular mucin-
containing secretory products are trapped within
the cilia of the ciliated cells after neonatal cap-
saicin treatment (Yu and Lin 1995). It has been
postulated that capsaicin presumably hinders
mucus secretion and interferes with the removal of
inhaled particles by the mucociliary clearance
mechanism. The impairment and blockade of
mucus secretion closely parallels the disappear-
ance of substance P-like immunoreactivity in
neonatally capsaicin-pretreated trachea.
Alteration of the apical cytoplasmic blebbing pro-
vides evidence to support capsaicin impairment of
the delicate balance of mucus secretion and clear-
ance in tracheal mucosa.

In conclusion, the present study suggests that
neonatal capsaicin treatment results in thinning of
the tracheal epithelium during postnatal develop-
ment. In addition, vacuolization may be involved
in the degeneration of sensory nerve endings and
in the impairment of proliferation and differentia-
tion in epithelial cells of the tracheal mucosa.
Furthermore, formation of apical cytoplasmic bleb-
bing of goblet cells is probably due to hindrance of
mucus secretion and clearance by capsaicin.

Acknowledgments: This work was support-
ed by the National Science Council (grants nos.



20 Zoological Studies 41(1): 13-22 (2002)

NSC89-2314-B-010-031, NSC89-2320-B-010-
156), Taipei, Taiwan, R.O.C., and the correspond-
ing author was presented an award by the Medical
Research and Advancement Foundation in memo-
ry of Dr. Chi-Shuen Tsou.

REFERENCES

Baluk P, JA Nadel, DM McDonald. 1992. Substance P-
immunoreactive sensory axonsin the rat respiratory tract:
a quantitative study of their distribution and role in neuro-
genic inflammation. J. Comp. Neurol. 319: 587-598.

Bauman NM, D Wang, DM Jaffe, AD Sandler, ES Luschei.
1999. Effect of intravenous substance P on laryngeal
adductor activity in young dogs. Ann. Oto. Rhinol. Laryn.
108: 112-118.

Becker KL, KG Monaghan, OL Silva. 1980. Immunocytochemical
localisation of calcitonin in Kulchitsky cells of the human
lung. Arch. Pathol. Lab. Med. 104: 196-198.

Cadieux A, DR Springall, PK Mulderry, J Rodrigo, MA Ghatei,
G Terenghi, SR Bloom, JM Polak. 1986. Occurrence, dis-
tribution and ontogeny of CGRP immunoreactivity in the
rat lower respiratory tract: effect of capsaicin treatment
and surgical denervations. Neuroscience 19: 605-627.

Chiang HY, IT Huang, WP Chen, HF Chien, CT Shun, YC
Chang, ST Hsieh. 1998. Regional difference in epidermal
thinning after skin denervation. Exp. Neurol. 154: 135-
147.

Cutz E, W Chan, NS Track. 1981. Bombesin, calcitonin and
leuenkephalin immunoreactivity in endocrine cell of
human lung. Experientia 37: 765-767.

Gamse R, P Holzer, F Lembeck. 1980. Decrease of substance
P in primary afferent neurones and impairment of neuro-
genic plasma extravasation by capsaicin. Brit. J.
Pharmacol. 68: 207-213.

Gamse R, SE Leeman, P Holzer, F Lembeck. 1981a.
Differential effects of capsaicin on the content of somato-
statin, substance P and neurotensin in the nervous sys-
tem of the rat. Naunyn-Schmiedeberg's Arch.
Pharmocol. 317: 140-148.

Gamse R, A Wax, RE Zigmond, SA Leeman. 1981b.
Immunoreactive substance P in sympathetic ganglia: dis-
tribution and sensitivity towards capsaicin. Neuroscience
6: 437-441.

Garcia JH, Y Yoshida, H Chen, Y Li, ZG Zhang, J Lian, S
Chen, M Chopp. 1993. Progression from ischemic injury
to infarct following middle cerebral artery occlusion in the
rat. Am. J. Pathol. 142: 623-625.

Ghatei MA, MN Sheppard, DJ O'Shaughnessy, TE Adrian, GP
McGregor, JM Polak, SR Bloom. 1982. Regulatory pep-
tides in the mammalian respiratory tract. Endocrinology
111: 1248-1254.

Gonzales LW, PL Ballard. 1989. Hormones and Receptors. In
D Mssaro, ed. Lung cell biology. New York: Marcel
Dekker, pp. 539-589.

Holzer P. 1988. Local effector functions of capsaicin-sensitive
sensory nerve endings: involvement of tachykinins, calci-
tonin gene-related peptide and other neuropeptides.
Neuroscience 24: 739-768.

Hsieh ST, WM Lin. 1999. Modulation of keratinocyte prolifera-
tion by skin innervation. J. Invest. Dermatol. 113: 579-
586.

Huang HT, SH Huang, YG Luor. 1995. Postvagotomy changes
in neurogenic plasma extravasation in rat bronchi. J.
Autonom. Nerv. Syst. 55: 9-17.

Jancso N. 1955. Speicherung. Stoffanreichrung im
Retikuloendothel und in der Niere. Budapest: Akadémiai
Kiadé.

Jancsd N, A Jancsé-Gabor, J Szolcsanyi. 1967. Direct evi-
dence for neurogenic inflammation and its prevention by
denervation and by pretreatment with capsaicin. Brit. J.
Pharmacol. Chemother. 31: 138-151.

Jancsé G, E Kiraly, A Jancs6-Gabor. 1977. Pharmocologically
induced selective degeneration of chemosensitive prima-
ry sensory neurones. Nature 270: 741-743.

Jessell TM, LL lversen, AC Cuello. 1978. Capsaicin-induced
depletion of substance P from primary sensory neurones.
Brain Res. 152: 183-188.

Kuo HP, JAL Rohde, K Tokuyama, PJ Barnes, DF Rogers.
1990. Capsaicin and sensory neuropeptides stimulation
of goblet cell secretion in guinea-pig trachea. J. Physiol.
431: 629-641.

Lembeck F, P Holzer. 1979. Substance P as neurogenic media-
tor of antidromic vasodilation and neurogenic plasma
extravasation. Naunyn-Schmiedeberg's Arch. Pharmacol.
310: 175-183.

Lundberg JM. 1996. Pharmacology of cotransmission in the
autonomic nervous system: integrative aspects on
amines, neuropeptides, adenosine triphosphate, amino
acids and nitric oxide. Pharmacol. Rev. 48: 113-178.

Lundberg JM, E Brodin, A Saria. 1983a. Effects and distribu-
tion of vagal capsaicin-sensitive substance P neurons
with special reference to the trachea and lungs. Acta
Physiol. Scand. 119: 243-252.

Lundberg JM, T Hokfelt, A Anggéard, K Uvnas-Wallensten, S
Brimijoin, E Brodin, J Fahrenkrug. 1980. Peripheral pep-
tide neurons: distribution, axonal transport and some
aspects on possible function. Adv. Biochem.
Psychopharmacol. 22: 25-36.

Lundberg JM, T Hoékfelt, CR Martling, A Saria, C Cuello. 1984.
Substance P-immunoreactive sensory nerves in the lower
respiratory tract of various mammals including man. Cell
Tissue Res. 235: 251-261.

Lundberg JM, T Hokfelt, G Nilsson, L Terenius, JF Rehfeld, R
Elde, S Said. 1978. Peptide neurons in the vagus,
splanchnic and sciatic nerves. Acta Physiol. Scand. 104:
499-501.

Lundberg JM, A Saria. 1983. Capsaicin-induced desensitiza-
tion of airway mucosa to cigarette smoke, mechanical
and chemical irritants. Nature 302: 251-253.

Lundberg JM, A Saria, E Brodin, S Rosell, K Folkers. 1983. A
substance P antagonist inhibits vagally induced increase
in vascular permeability and bronchial smooth muscle
contraction in the guinea pig. Proc. Natl. Acad. Sci. USA
80: 1120-1124.

Lundberg JM, A Saria, L Lundblad, A Anggard, CR Martling, E
Theodorsson-Norheim, P Stjarne, T Hokfelt. 1988.
Bioactive peptides in capsaicin-sensitive C-fiber afferents
of the airways: functional and pathophysiological implica-
tions. In MA Kaliner, PJ Barnes, eds. The airways: neural
control in health and disease. New York: Marcel Dekker,
pp. 417-446.

Luts A, E Widmark, R Ekman, B Waldeck, F Sundler. 1990.
Neuropeptides in guinea pig trachea: distribution and evi-
dence for the release of CGRP into tracheal lumen.
Peptides 11: 1211-1216.

Maggi CA, R Patacchini, P Rovero, A Giachetti. 1993.



Yu and Lin - Morphology of Capsaicin-pretreated Rat Trachea 21

Tachykinin receptors and tachykinin receptor antagonists.
J. Auton. Pharmacol. 13: 23-93.

Martling CR, A Saria, P Andersson, JM Lundberg. 1984.
Capsaicin pretreatment inhibits vagal cholinergic and
non-cholinergic control of pulmonary mechanics in the
guinea pig. Naunyn-Schmiedeberg's Arch. Pharmacol.

325: 343-348.
McDonald DM, RA Mitchell, G Gabella, A Haskell. 1988.
Neurogenic inflammmation in the rat trachea. Il. Identity

and distribution of nerves mediating the increase in vas-
cular permeability. J. Neurocytol. 17: 605-628.

McLean W, PF Nakane. 1974. Periodate-lysine-paraformalde-
hyde fixative. A new fixative for immunoelectron
microscopy. J. Histochem. Cytochem. 22: 1077-1083.

Morimoto H, M Yamashita, A Matsuda, H Miyake, T Fujii. 1992.
Effects of fr 113680 and fk 224, novel tachykinin receptor
antagonists, on cigarette smoke-induced rat tracheal
plasma extravasation. Eur. J. Pharmacol. 224: 1-5.

Murai M, H Morimoto, Y Maeda, S Kiyotoh, M Nishikawa, T
Fujii. 1992. Effects of k224, a novel compound nk-1 and
nk-2 receptor antagonist, on airway constriction and air-
way edema induced by neurokinins and sensory nerve
stimulation in guinea pigs. J. Pharmacol. Exp. Ther. 262:
403-408.

Nilsson G, K Dahlberg, E Brodin, F Sundler, K Strandberg.
1977. Distribution and constrictor effect of substance P in
guinea-pig tracheobronchial tissues. In US von Euler, B
Pernow, eds. Substance P. New York: Raven Press, pp.
57-61.

Rhodin JAB. 1966. Ultrastructure and function of the human
tracheal mucosa. Am. Rev. Resp. Dis. 93: 1-15.

Rosell S, L Olgart, B Gazelius, P Panopoulos, R Folkers, J
Horig. 1981. Inhibition of antidromic and substance P
induced vasodilation by a substance P antagonist. Acta
Physiol. Scand. 111: 381-383.

Sheppard MN, SS Kurian, SC Henzen-Logmans, D Marahia, P
Cole, RA Rush, PJ Marangos, SR Bloom, JM Polak.
1983. Neurone-specific enolase and S-100: new markers
for delineating the innervation of the respiratory trachea in
man and other mammals. Thorax 38: 333-340.

Sheppard MN, PJ Marangos, SR Bloom, JM Polak. 1984a.
Neuron-specific enolase: a marker for the early develop-
ment of nerves and endocrine cells in the human lung.
Life Sci. 3: 265-271.

Sheppard MN, JM Polak, JM Allen, SR Bloom. 1984b.
Neuropeptide tyrosine (NPY): a newly discovered peptide
is present in the mammalian respiratory tract. Thorax 39:
326-330.

Springall DR, JAG Edginton, PN Price, DW Swanston, C Noel,
SR Bloom, JM Polak. 1990. Acrolein depletes the neu-
ropeptides CGRP and substance P in sensory nerves in
rat respiratory tract. Environ. Health Persp. 85: 151-157.

Uddman R, F Sundler. 1986. Innervation of the upper airways.
Regul. Peptides. 15: 1-23.

Wharton J, JM Polak, SR Bloom, MA Ghatei, E Solcia, MR
Brown, AGE Pearse. 1978. Bombesin-like immunoreac-
tivity in the lung. Nature 273: 769-770.

Wharton J, JM Polak, SR Bloom, JA Will, MR Brown, AGE
Pearse. 1979. Substance P-like immunoreactive nerves
in mammalian lung. Invest. Cell Pathol. 2: 3-10.

Yu SM. 1993a. Paraformaldehyde-lysine-periodate (PLP) and
osmium fixation for correlating light and electron immuno-
labeling of prolactin cells. J. Histotechnol. 16: 125-128.

Yu SM. 1993b. Prolactin immunoreactivity in the rat pituitary
glands: comparison of immunofluorescence, immunoper-
oxidase, and immunogold techniques. J. Histotechnol.
16: 323-328.

Yu SM, KH Lin. 1995. Scanning electron microscopy of cap-
saicin-pretreated trachea in the rat during postnatal
development. Histol. Histopathol. 10: 853-860.



22 Zoological Studies 41(1): 13-22 (2002)

EENZEREAEERELEREBSNEESEL
MBS

AMRNENERSVEROEKEENEZEREEZNREALEENNEBRENEZL - +TERKR
WREEN+OLEHRENZE RE=-RPE -#HaE - SMEBENHEECNEEERRE I
AABREMERBZE - HREET ADRRELENTHOEHEEREE KX BNREEENE—RBS
20.40 = 0.48um EEEEAEI BB AEAY 21.80 = 0.80um I MEBEEZEMNEZEE - R E LK TR EEE K&
MEEREENE_FEHHED 1881 = 0.39um BE—FEHBENEBEEMLNEZE - BHEE_BYHRE
A9 40.05 = 1.80um : Al BEZE MM EZR (p<0.05) - BE  RELNENTHEHEEEARKRNRRIER
HE—@EB% 41.24 = 1.20um > B2 G HA I BB 4H 24.79 £ 0.54uym FHBR B E BEBEE M EE (p < 0.05) ° f£5¢
BEMBET KRNZEEEREE BARIEFHREEZEATENEN HE_BAREFI/NEEE
- S—HEEFERE_ARBMRNMERNESEBEENENMLERSIBIN  BHE _BR Al S5
EMIEN - -EHRE RELENPYERRMEIEEETE 22 —BRAETFEEANHDS T2 _AKSRE
BRI ZFETRBIEN MAFE—ERK P YEREMEICBFTAIEZ MBI - AMm £ E5EHE
RELENPYEREZMBELLEEE B E_BFANE—BAEFAFEEIBHAEGTT BN
ERRREEL  VERENREREEY SN EENRELLEENR/) -KRNREEE SBPYE
BREMEEEE TN EEEERIS JERERNREEP WENINEER BE  MIKMEBENED
MEEBEENERWER  JEMRBIRD B FERA S Z R BRWEIHI AV G

FAREET - BRE - BRERIEE  BERES > PYE» RE -

'EITI B K B RS K MR AR A V) B R IR AT
‘HIEEABEERYIBAESR



