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Summary. The distribution and abundance of substance 
P (SP) and calcitonin gene-related peptide (CGRP) 
immunoreactive nerve fibers in four different regions of 
the laryngeal mucosa were compared between normoxic 
and chronically hypoxic rats (10% O2 and 3.0-4.0% CO, 
for 3 months). In the chronically hypoxic laryngeal 
mucosa, the number of SP and CGRP fibers within and 
just beneath the epithelium, and around the laryngeal 
gland was increased in comparison with those in the 
normoxic controls. Especially in the epiglottic and 
arytenoid regions, the number of intraepithelial SP fibers 
was increased remarkably. Most intraepithelial SP and 
CGRP fibers penetrated into the epithelium to extend to 
the lumina1 surface. There was no distinct difference in 
the distribution and abundance of these peptidergic 
fibers in the mucosa of the normoxic and chronically 
hypoxic vocal cord regions. These results suggest that 
the increased density of SP and CGRP fibers within the 
epithelium of the upper laryngeal mucosa is  a 
predominant feature of hypoxic adaptation, and this may 
be involved in airway protection, swallowing, and other 
functions in the chronically hypoxic environment. In 
addition, the increased SP and CGRP fibers around the 
laryngeal gland suggest an enhanced mucous secretion, 
and this may participate in the airway defense 
mechanism in low O2 conditions. 
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Introduction 

The larynx is a major interface between a potentially 
hostile air environment and the lung. The occurrence and 
distribution of substance P (SP) and calcitonin gene- 
related peptide (CGRP) immunoreactive nerve fibers in 
the airway mucosa have been reported in various 
mammals. In the airway system, intraepithelial SP- and 
CGRP-containing fibers are generally accepted to be 
involved in the sensory systems (Jancso et al., 1967; 
Lundberg et al., 1984; Uddman et al., 1985; Cadieux et 
al., 1986; Domeiji et al., 1991; Tanaka et al., 1993), and 
are considered to be related to local defense mechanisms 
concerned in vasomotion and glandular secretion 
(Lundblad, 1984). Chronic hypoxic exposure can cause 
various changes in the respiratory system. For example, 
ventilation is increased with chronic hypoxia, and this 
can be partly explained by changes in the afferent 
component of ventilatory chemoreflexes (Vizek et al., 
1987). 

Recently, Kusakabe et al. (1996) and Matsuda et al. 
(1998) reported that the density of SP and CGRP fibers 
significantly increases in the nasal and tracheal mucosa 
of chronically hypoxic rats. This indicates that increased 
peptidergic innervation in the upper and lower airway 
mucosa may be a predominant feature of sensory 
adaptation to chronic hypoxia. This leads us to suppose 
that a similar adaptation occurs in the laryngeal mucosa, 
because the larynx is a potent reflexogenic area of the 
upper airway which receives abundant sensory 
innervation. 

In the present study, the distribution and relative 
abundance of S P  and CGRP immunoreactive nerve 
fibers in the laryngeal mucosa were compared between 
normoxic and chronically hypoxic rats, and a possible 
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role of peptidergic innervation in a low O2 environment 
is discussed. 

Materials and methods 

Chronic hypoxic exposure 

Rats were placed in an air-tight acrylic chamber 
(50x50~60 cm) with two holes. One hole, located at the 
top of a side wall of the chamber, was connected to a 
flowmeter (MODEL-1203, KOFLOC, Japan) to deliver 
a hypoxic gas mixture (10% O2 in N2 and 3-4 % CO2: 
total 10 Llmin) into the chamber. The CO2 was added to 
the hypoxic gas mixture at the concentration of 3-4% 
because this much was necessary to maintain an arterial 
partial pressure of CO2 close to that measured during the 
control period. The flow of air, N2, and CO2 was 
regulated by the flowmeter and the 0 2  and CO2 levels 
within the box were monitored with a gas analyzer 
(Respina 1H26, NEC San-ei, Japan). The second hole 
was located at the bottom of the opposite wall of the 
chamber and was used to flush out the gas mixture. The 
temperature within the chamber was maintained at 
25 "C. This hypoxic condition was confirmed to be 
isocapnic to the rats in our previous study (Hayashida et 
al. 1996). Nine rats were exposed chronically in this 
chamber for three months with food and water available 
ad libiturn. Nine Control rats were housed for three 
months in the same chamber ventilated by air at the 
same flow rate. The chamber was opened for 10 min 
every 3 days for husbandry. 

All experiments with animals were performed in 
accordance with the "Principles of laboratory animal 
care" (NIH publ. no. 86-23, revised 1985) and with the 
"Guiding Principles for the Care and Use of Animals in 
the Fields of Physiological Sciences" published by the 
Physiological Society of Japan. 

Tissue preparation 

The animals were intraperitoneally anesthetized with 
sodium pentobarbital (0.05 mgtg). Anesthetized animals 
were perfused through the heart with heparinized saline, 
followed by Zamboni's fixative solution, 0.2% picric 
acid and 4% paraformaldehyde in 0.1M phosphate- 
buffered saline (PBS) at pH 7.4. A laryngeal segment 1 
cm long was dissected out, and postfixed in the same 
fixative solution for 24 h. After a brief washing in PBS, 
the specimens were transferred to 30% sucrose in PBS at 
4 "C for 24 h. They were cut serially at 16 p m  on a 
cryostat, and mounted in three series on poly-L-lysine- 
coated slides. 

lmmunohistochemistry 

The sections were processed for immunohisto- 
chemistry according to the peroxidase-antiperoxidase 
(PAP) method. Prior to PAP treatment, sections were 
dipped in a fresh 0.3% solution of hydrogen peroxide in 

methanol for 30 min to inhibit endogenous peroxidase 
activity. After washing in 0.3% Triton X-100 in 0.1M 
PBS (PBST), sections were treated for 1 h with protein 
blocking agent (Immunon, Pittsburgh, USA) at room 
temperature to block nonspecific protein binding sites. 
Then they were incubated at 4 "C for 24 h with rabbit 
polyclonal antisera against S P  (1:1500; Cambridge 
Research Biochemicals, Northwich, UK), and CGRP 
(1:1500; Cambridge Research Biochemicals, Northwich, 
UK). After rinsing in 3 changes of PBST, sections were 
transferred for 3 h to anti-rabbit IgG (Organo Technica, 
Durham, USA) diluted to 1:200 with PBST at room 
temperature. Then they were rinsed in 3 changes of PBS, 
and were transferred for 1.5 h to rabbit PAP complex 
(Jackson Immuno Research, West Grove, USA) diluted 
1:200 with PBS at room temperature. After rinsing in 3 
changes of PBS, preparations were transferred to 0.1M 
Tris-HC1 buffer at pH 7.8 for 10 min, and then the 
peroxidase activity was demonstrated with 3,3'-diamino- 
benzidine. This immunostaining procedure has been 
detailed in a previous report (Kusakabe et al., 1991). 
Some sections were also stained with hematoxylin eosin 
for general histology. 

Controls 

The reaction for SP and CGRP was verified by 
treating sections with primary antiserum which had been 
inactivated by overnight incubation with 50-100 pM of 
its respective peptide. 

Results 

To compare the immunoreactivity for SP and CGRP 
in the normoxic and chronically hypoxic rats, the 
segment of the larynx was classified into four regions: 
the laryngeal surface of the epiglottis (Fig. 1A); the 
arytenoid region (Fig. 1B); the dorsal wall of the 
ventricle; and the membranous part of the vocal cords 
(Fig. 1C). Immunoreactivity for SP and CGRP was 
recognized in the nerve fibers distributed in the mucosa 
of these four regions, although there were some 
differences in the distribution and abundance of 
immunoreactive fibers. These immunoreactive fibers had 
many varicosities. In the laryngeal mucosa of the 
normoxic control rats, many or a moderate number of SP 
and CGRP fibers formed a plexus just beneath the 
basement membrane in the epithelium of the epiglottis 
(Fig. 2A, 2C), arytenoid region (Fig. 3A, 3C), and dorsal 
wall of the ventricle (Fig. 4A, 4C), and some branches 
penetrated into the epithelium to extend to the lumina1 
surface. In these regions, CGRP fibers within the 
epithelium were more numerous than S P  fibers.  
Subepithelial SP and CGRP immunoreactive fibers were 
less numerous in the membranous part of the vocal cords 
(Fig. 5A, 5C) than in the other three regions, and there 
were no intraepithelial immunoreactive fibers in this 
region (Fig. 5A, 5C). Some SP and CGRP fibers were 
also observed around the laryngeal gland in the 
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Table 1 .  Distribution and relative abundance of SP and CGRP fibers in the normoxic and hypoxic larynx. 

SP 

Normoxia Hvpoxia 

CGRP 

Normoxia Hvooxia 

Epiglottis. Laryngeal side 
I E + 
SE +++ 

Arytenoid 
IE 
SE 

Ventricle. Dorsal wall 
I E 
SE 

Vocal cord 
IE 
SE 

Laryngeal gland + +++ + +++ 

Grading of frequency of immunoreactive nerve fibers: + , very few; +, few; ++, moderate number; +++, many; ++++, abundant. IE: intraepithelium; 
SE: subepithelium. 

Fig. 1. Hematoxylin-eosin-stained sections showing three different regions, the epiglottis (A), arytenoid (B), and vocal cords (C), of the normoxic larynx. 

Epiglottis HY PISP 

Fig. 2. SP and CGRP immunoreactive nerve fibers in the laryngeal surface of the epithelium of the normoxic ( ~ o r m ,  A and C) and chronically hypoxic 
(HYP, B and D) epiglottis. Note the remarkable increase in the number of intraepithelial SP fibers in the chronically hypoxic epiglottis. 



Fig. 3. SP and CGRP irnrnunoreactive 
fibers in the arytenoid region of the 
norrnoxic (Norm. A and C) and 
chronically hypoxic (HYP, B and D) 
larynx. The number of SP and CGRP 
fibers within the epithelium of the 
chronically hypoxic arytenoid region is 
increased remarkably. 

fibers in the 

norrnoxic 
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submucosa (Fig. 6A, 6C). The relative abundance of the 
intra- and subepithelial SP and CGRP immunoreactive 
fibers of normoxic laryngeal mucosa is summarized in 
Table 1. 

In the chronically hypoxic laryngeal mucosa, intra- 
and subepithelial S P  and CGRP fibers were more 
numerous than in the normoxic mucosa (Figs. 2B-4B). 
Especially in the epiglottis and arytenoid region, the 
number of intraepithelial SP fibers was remarkably 
increased, and most intraepithelial SP and CGRP fibers 
extended almost to the lumina1 surface (Figs. 2B, 3B). 
There was no distinct difference in the abundance of SP 

and CGRP fibers in the membranous part of the vocal 
cords between the normoxic and chronically hypoxic 
larynx. The number of SP and CGRP fibers around the 
laryngeal gland in the chronically hypoxic mucosa was 
also increased in comparison with that in the normoxic 
mucosa (Fig. 6B, 6D). The relative abundance of SP and 
CGRP immunoreactive fibers of chronically hypoxic 
laryngeal mucosa is also summarized in Table 1. 

Discussion 

Recently, Kusakabe et al. (1996) and Matsuda et al. 

Fig. 5. SP and CGRP immunoreactive 
fibers in the membranous part of the 
normoxic (Norm, A and C) and chronically 
hypoxic (HYP, B and D) vocal cords. 
There are no conspicuous changes in the 
abundance of immunoreactive fibers. 
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(1998) reported that the density of intraepithelial SP- and 
CGRP-containing fibers in the chronically hypoxic rat 
tracheal and nasal mucosa was almost 1.5-3.0 times 
greater than in normoxic controls, and suggested that the 
increase in the intraepithelial SP and CGRP fibers may 
have resulted from increased branching of the nerve 
fibers just beneath the epithelium. In addition to the rat 
tracheal and nasal mucosa, the present study clearly 
showed the increase in the relative abundance of SP and 
CGRP fibers in the chronically hypoxic rat laryngeal 
mucosa. Especially in the laryngeal surface of the 
hypoxic epiglottis and arytenoid region, which are 
important for airway protection and respiration (Murano 
et al., 1993), the increase in the number of SP and CGRP 
fibers was conspicuous. Considered together with the 
previous findings in the chronically hypoxic rat tracheal 
(Kusakabe et al., 1996) and nasal mucosa (Matsuda et 
al., 1998), the increased density of intraepithelial SP- 
and CGRP-containing fibers suggests that this is a 
predominant feature of hypoxic adaptation throughout 
the upper and lower respiratory tracts. Because the 
intraepithelial SP- and CGRP-containing fibers in the 
respiratory tracts have been generally considered to be of 
a sensory nature (Jancso et al., 1967; Uddman et al., 
1985; Cadieux et al., 1986), the sensory mechanisms in 
the laryngeal mucosa may be more sensitive during 
chronic hypoxia. Fluid and tactile stimuli of the larynx 
elicit many reflexes including apnea, swallowing, and 
cough (Widdicombe, 1986). Thus, the larynx is an 
important segment for several defense mechanisms. We 
believe that the increased sensitivity may take part in 
these physiological functions in a low O2 environment. 

Especially in the epithelium of the laryngeal surface 

of the epiglottis and the arytenoid region, the increase in 
number of SP fibers was greater than in CGRP fibers. 
This is also in agreement with the recent findings in the 
chronically hypoxic rat tracheal (Kusakabe et al., 1996) 
and nasal mucosa (Matsuda et al., 1998). It is generally 
thought that SP and CGRP coexist in the sensory nerve 
fibers in the epithelium of the respiratory tracts 
(Martling et al., 1988; Dey et al., 1990; Grunditz et al., 
1994). On this basis, in the hypoxic rat nasal mucosa, we 
recently proposed that this difference in the rate of 
increase may depend on increased transcription of SP in 
the intraepithelial CGRP fibers, or may depend on 
increased translation of SP enhanced by chronic hypoxia 
(Matsuda et al., 1998). A similar mechanism may be 
present in the chronically hypoxic larynx. 

In contrast, SP and CGRP fibers were less numerous 
in both normoxic and chronically hypoxic vocal cord 
mucosa, and there were no intraepithelial SP and CGRP 
fibers. These findings may be explained by two previous 
studies which reported that the membranous part of the 
vocal cords is a vibratory structure in which no delicate 
sensory innervation is necessary (Hisa et al., 1992), and 
that SP and CGRP fibers are not involved in phonation 
(Murano et al., 1993). Therefore, the changes in the 
peptidergic innervation of the chronically hypoxic larynx 
may be restricted to the upper area for airway protection, 
respiration, swallowing, etc. To make this clear, it is 
necessary to perform further physiological studies of the 
chronically hypoxic larynx. 

In addition to the changes in the abundance of SP 
and CGRP fibers in the epithelia1 regions, their number 
around the laryngeal gland was also increased. The 
secretion from the mucous gland is an important defense 

Fig. 6. SP and CGRP fibers around the laryngeal gland in the submucosa of the normoxic (Norm, A and C) and chronically hypoxic (HYP, B and D) 
larynx. Arrows indicate the immunoreactive fibers. 
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mechanism for respiratory tracts. The secretion is 
controlled by an axon reflex (Lundblad, 1984), and a 
systemic administration of SP causes an increase in the 
secretion from the laryngeal submucosal glands (Haxhiu 
et al., 1991). On this basis, the present increased density 
of SP fibers around the laryngeal gland in the 
chronically hypoxic larynx strongly suggests that the 
secretion from the mucous gland is elevated in low O2 
conditions, although i t  is not yet clear whether CGRP is 
involved in the mucous secretion or not. 

In conclusion, the increased density of SP- and 
CGRP-containing nerve fibers within the epithelium of 
the laryngeal surface of the epiglottis, the arytenoid 
region, and the dorsal wall of the ventricle is  a 
predominant feature of hypoxic adaptation, and the 
raised peptidergic innervation may be involved in airway 
protection, swallowing, and other functions in a 
chronically hypoxic environment. In addition, the 
increased SP and CGRP fibers around the mucous gland 
may participate mainly in the airway defense 
mechanism. 
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