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1 | INTRODUCTION

Rats are commonly used as experimental laboratory models in basic
research. They are ideal models for vocal fold-related research in lar-
yngology because their characteristics are similar to those of
humans.? Several studies have been conducted on rat vocal folds,
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Abstract

Obijective: To evaluate the vocal fold histological characteristics during different
postnatal periods in rats, especially older rats.

Methods: Sprague-Dawley rats aged 4 days, 4 and 12 weeks, and 12 and 24 months
were used for the experiment. Five larynges were obtained for each age and cut into
5-um consecutive sections. The expression of Ki-67 was assessed using immunohis-
tochemistry to examine cell proliferation. Elastic van Gieson staining was used to
detect the collagen and elastin concentrations. The cell type was determined using
multicolor immunofluorescence.

Results: Ki-67 was not expressed in the macula flava (MF) of 12-week-, 12-month-, and
24-month-old adults. Collagen fibers in the lamina propria (LP) increased with age. The
elastic fiber concentrations in the LP decreased significantly at 24 months (p < .01) but
remained stable in the MF. All posterior MF cells showed strong glial fibrillary acidic pro-
tein and vimentin-positive reactions with weaker expressions of CD68 and a-smooth mus-
cle actin (x-SMA). The myofibroblasts (x-SMA-positive) and macrophages (CD68-positive)
in the LP of the 24-month-old rats were significantly the highest (p < .01).

Conclusion: The extracellular matrix in the LP increases with age, presenting as an
increase in collagen with the loss of elastin, which may be due to myofibroblast pro-
liferation. Moreover, the cellular properties or extracellular matrix components of the

mature MF in rats are comparable to those in humans.
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including those on vocal fold scarring,® injuries and wound healing,*~®
and anatomical structure.”®

Fundamental knowledge of the microstructure of rat vocal folds
is a meaningful prerequisite for animal studies. The structure of the
rat larynx has been well studied,” and detailed information on the
basic structure and epithelial distribution in the normal larynx of an
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adult rat has been provided. The embryogenesis and development of
the larynx have also been examined histologically. In rats, the larynx is
identifiable at 17 embryonic days and well developed at birth.” During
postnatal development from neonate to adult, the macula flava
(MF) was observed as a mass of cells at the anterior and posterior of
the vocal fold, and collagen type | and hyaluronic acid were denser in
the MF.1° Although these studies have examined the development of
the rat larynx from the embryo stage to adulthood, none have specifi-
cally performed histological characterization across different postnatal
periods, especially in aged rats.

Changes in aged vocal folds can cause presbyphonia in humans,
negatively impacting communication and quality of life. Increased
stiffness of the vocal fold mucosa, thyroarytenoid muscle atrophy,
increased collagen deposition and decreased hyaluronan concentra-
tions are observed in older adult vocal folds.'''2 The clarification of
the physiology of aged rat vocal folds is necessary, which may facili-
tate the development of presbyphonia treatments. However, data on
changes during different postnatal periods (from neonatal to aged) in
rats are rare. A study investigated changes in the expression and
deposition of collagen and hyaluronan between young, adult,
and elderly rat vocal folds.>® However, this study did not differentiate
between the various portions of vocal folds and did not investigate
the distribution of elastin during different postnatal periods.

Therefore, this study aimed to establish a detailed histological
description of the microstructures of rat vocal folds at different post-
natal periods (neonate, pre-sexually mature, young, adult, and aged).
Firstly, we investigated the proliferative state of the cells including
epithelial and posterior MF cells. Secondly, we compared the changes
in elastic and collagen fibers of the different portions of vocal folds
including the lamina propria (LP) and the posterior MF area. We also
observed the cell distribution of the posterior MF cells, macrophages,
and myofibroblasts especially in aged rats, which, to our knowledge,

has not been studied previously.

2 | METHODS

21 | Animals

Twenty-five larynges were obtained from male Sprague-Dawley
breeder rats: five were 4 days old (neonate) and weighed 9.9 + 0.7 g;
five were 4 weeks old (pre-sexually mature) and weighed 108.4
+ 4.2 g; five were 12 weeks old (young) and weighed 357.4 + 4.0 g;
five were 12 months old (adult) and weighed 424.6 + 6.3 g; and five
were 24 months old (aged) and weighed 650 + 9.3 g. The animal exper-
imental protocol was approved by the Animal Care and Ethics Commit-

tee of the Department of Laboratory Animal Science, Fudan University.

2.2 | Tissue preparation

The rats were euthanized using an overdose intraperitoneal injection

of 0.3% pentobarbital sodium, and the larynges were immediately

excised. Whole larynges were preserved in 4% paraformaldehyde at
4°C for 24 h, decalcified, embedded in paraffin. The sections were
made in the horizontal plane (parallel to the vocal fold) with consecu-
tive slices (5-um thick). Each slice contained the complete bilateral
vocal folds, including LP and MF.

2.3 | Staining methods

Vocal fold tissue was examined using routine hematoxylin and eosin
staining. Elastic van Gieson (EVG) staining was used to detect the col-
lagen and elastin concentrations. The slides were examined under the
Leica DM1000 LED Microscope (Germany) and digitalized by slide
scan system KF-PRO-120 (Ningbo, Zhejiang, China) via SlideViewer
v1.5.5.2 software (Ningbo, Zhejiang, China).

2.4 | Immunohistochemistry

To detect the proliferative state of the cells, we determined the
expression of Ki-67 (proliferation marker) via immunohistochemistry
(IHC). Antigens were retrieved using citrate buffer (pH 6.0). Block
antigen with 3% BSA. Afterward, the tissue samples were incubated
with the primary anti-Ki-67 (Abcam ab16667; 1:200) overnight at
4°C. After incubation with the secondary antibody horseradish peroxi-
dase (HRP) goat anti-rabbit 1gG (Beyotime A0208, 1:200) at room
temperature (20-26°C) for 1 h, 3,3'-diaminobenzidine and hematoxy-

lin staining were performed.

2.5 | Immunofluorescence

The cell type was determined using multicolor immunofluorescence.
The glial fibrillary acidic protein (GFAP) is a Schwann cell specific
marker of the MF cells.**** Vimentin is positive for MF cells,**° fibro-
blasts, myofibroblasts, and macrophages. The a-smooth muscle actin
(a-SMA) is a marker for myofibroblasts. CD68 is a macrophage-
specific marker.

Immunofluorescence was performed on 5 um-thick sections of
paraformaldehyde-fixed paraffin-embedded rat larynges. Antigens
were retrieved using 10 mM citrate buffer (pH 6.0). The endogenous
peroxidases were inhibited for 25 min using 5% hydrogen peroxide in
methanol. Aspecific binding sites were blocked with 3% BSA. Rabbit
monoclonal anti-GFAP primary antibody (Abcam ab68428; 1:1000)
was incubated overnight at 4°C and detected using antimouse HRP-
conjugated polymer secondary antibodies (Agilent Technologies) for
50 min at room temperature. HRP was visualized via tyramide signal
amplification using AlexaFluor570-conjugated tyramides (Akoya Bio-
sciences, FP1488001KT, 1:200 dilution). After incubation with a new
citrate buffer, the same protocol was applied to the anti-vimentin pri-
mary antibody (Abcam ab8978; 1:1000), which was visualized with
AlexaFluor520-conjugated tyramide (Akoya Biosciences, FP1487001KT,
1:200 dilution); anti-CD68 primary antibody (Abcam ab283654; 1:1000),
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which was visualized with AlexaFluor690-conjugated tyramide (Akoya
Biosciences, FP1497001KT, 1:200 dilution); and anti-a-SMA primary
antibody (Abcam ab7817; 1:1000), which was visualized with Alexa-
FP1495001KT,
1:200 dilution). Finally, the cell nuclei were stained with 4’6-diamidin-2-
phenylindol (DAPI, Beyotime, c1002). Sections were treated with an

autofluorescent quenching solution (Servicebio G1221, Wuhan, China)

Fluor620-conjugated tyramide (Akoya Biosciences,

and mounted in a fluorescence mounting medium (Servicebio G1401,
Wuhan, China). The slides were digitized using a Pannoramic MIDI scan-
ner (3DHistech).

2.6 | Statistical methods

Image analysis was performed using Image) (Fiji) software (National
Institutes of Health, Bethesda, MD, USA) for Ki-67 values as percent-
age positive cells of the epithelium area. Cells were counted by the
Image) software based on the criteria provided in the reference.l”
Digitized EVG staining slides of each species were examined. The pos-
terior MF area and three different random locations in the LP were
chosen for measurement by the Image) software. We set the Image
Type to RGB Stack, selected the Red panel and set the same threshold
to avoid cell nuclei while capturing elastic fibers. The percentage elas-
tic fiber area was calculated as follows:

FIGURE 1

percentage elastic fiber area = (elastic fiber pixel area

- visual field pixel area) x 100

The proportion of the measurement area accounted for by the colla-
gen area was also calculated. We set the Image Type to HSB Stack,
selected Saturation panel and set the same threshold to capture collagen.

The digitized multicolor immunofluorescence slides were exam-
ined, and cell counts were performed using ImageJ software with the
same threshold. The number of macrophages (CD68-positive) and
myofibroblasts (a-SMA-positive) per section of the LP, excluding the
anterior and posterior MF, was determined. The percentage of posi-
tive cells was calculated for five slices from each animal (4- and
12-week-old, and 12- and 24-month-old rat), and the data were aver-
aged for statistical analysis.

In this study, every vocal fold data of each laryngeal slice was
analyzed (n = 10 for each subgroup). Data analyses were performed
using SPSS Statistics software (version 20.0; IBM Corp, Armonk, NY,
USA). Normality (Shapiro-Wilk test) and homogeneity (Levene's test)
tests were performed. If the data conformed to the normal distribu-
tion and homogeneity of variance, a paired t-test or one-way ANOVA
was used to analyze the Ki-67 values and collagen and elastic fiber
concentrations. Otherwise, the Wilcoxon or Kruskal-Wallis test was
used. The p-values <.05 denoted statistical significance.

(B)

“S
: £ 4 o)
Eas .

o . v > d

B S AT .

rrrsd i EEEEEE"S

*kk
;\;80- ; !
= 704
Z 60 ns
230 —
) kK
s —
< 20+
£
3
=
S 10
-
~
£
ok
¥ o

sﬁe 00‘.6 0&*_‘.» Q‘&f) (\6\9
& & o' &O
* v >

(A-E) Representative immunohistochemistry of Ki-67 of 4 days, 4 and 12 weeks, and 12 and 24 months, respectively (Black

arrow: Ki-67 positive cells in the macula flava); (F) Ki-67 values in the epithelium area (***p < .01, ns p > .05).
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3 | RESULTS
Ki-67 was expressed in the MF regions of the 4-day- and 4-week-old
rats, but not in those of the 12-week-, 12-month-, and 24-month-old
rats (Figure 1). In addition, vocal fold epithelial cells were proliferated
at different ages (Figure 1). The Ki-67 values in the epithelium were
analyzed (Figure 1F). The expression of Ki-67 was the highest at
4 days (p < .01), and it decreased significantly at 24 months (p < .01).
No significant differences were observed at 4 weeks, 12 weeks, and
12 months (p = 0.17).

EVG staining revealed that the elastic fibers were blue and black,
the collagen fibers were red, and the background was yellow (Figure 2).
Collagen fibers in the LP area were arranged in parallel in the 4-week-,
12-week- and 12-month-old rats, but disordered in the 24-month-old
rats. The collagen concentrations increased in the LP and posterior MF
with age (p < .01). The elastic fiber concentrations of the MF were sig-
nificantly higher than those of the LP (p =.02). Notably, the elastic
fiber concentrations of the LP decreased significantly at 24 months
(p = .01), whereas they remained stable in the posterior MF.

Immunofluorescence-positive reactions revealed a strong positive
reaction of GFAP and vimentin in the posterior MF cells of all

" "_.

©

FIGURE 2

different periods, with weaker expressions of CD68 and «-SMA
(Figure 3). Moreover, immunofluorescence revealed the absence of
apparent MF cell aggregation in the posterior LP of the neonatal rats.

The number (CD68-positive) of cells increased in the LP area of
the 24-month-old rats (Figure 4); the percentage of cells was higher
than that at the other time points (Table 1). In addition, the myofibro-
blasts (a-SMA-positive) in the LP area of 24-month-old rats were sig-
nificantly the highest (Table 1).

4 | DISCUSSION

The rat is an important animal model for studying the pathophysiology
of vocal folds. Embryogenesis and the development of the rat larynx
have been well-analyzed in previous studies.” ° However, histologi-
cal characterization across different postnatal periods was seldom
studied, especially in aged rats. In our study, we investigated cell pro-
liferation using IHC and the distribution of elastic and collagen fibers
using EVG staining during different postnatal periods. In addition, we
investigated the cell distribution, especially in the posterior MF cells,

macrophages, and myofibroblasts using immunofluorescence.
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(A-E) Representative Elastic van Gieson staining of 4 days, 4 and 12 weeks, and 12 and 24 months, respectively; (F) collagen and

elastic fiber levels in different postnatal periods. (LP, lamina propria; MF, macula flava; C, collagen fiber; E, elastic fiber).
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FIGURE 3 Representative immunofluorescence of GFAP, vimentin, CD68, and a-SMA in the posterior macula flava: Blue stains the nucleus.
Red is marked with GFAP protein staining. Green is marked with vimentin protein staining. Pink is marked with CDé8 staining. Purple is marked
with a-SMA staining. a-SMA, a-smooth muscle actin; GFAP, glial fibrillary acidic protein.

FIGURE 4 Representative immunofluorescence of CD68, a-smooth muscle actin (a-SMA), and vimentin in the lamina propria of 24 months
rat: (A) DAPI; (B) CD68 positive marker; (C) a-SMA-positive marker; (D) vimentin positive marker; (E) merge.

Ki-67 is a nuclear protein associated with the cell cycle. It is especially during acute wound healing. This is prominent on day 1 after
expressed during the G1, S, G2, and M phases of cell division but not injury.® In our study, the decreased expression of Ki-67 at 24 months

during the GO phase. Vocal fold epithelial cells actively proliferate, indicated diminished self-renewal of the epithelium. Notably, Ki-67
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TABLE 1
12 weeks, and 12 and 24 months rat.

Different postnatal periods

Percentage [minimum; maximum] of the macrophages (CD68-positive) and myofibroblasts (ax-SMA-positive) in the LP of 4 and

4 weeks
16.80 [13.68; 20.88]
22.47 [19.23; 23.53]

Cell type
Macrophages (CD68-positive)
Myofibroblasts (a-SMA-positive)

was not expressed in the MF area of the 12-week-, 12-month- and
24-month-old rats. These results suggest that the MF cells of adult
rats are GO-phase cells, which is consistent with the reports of previ-
ous studies involving adult humans.'*

The extracellular matrix of vocal folds comprises fibrous proteins,
interstitial proteins, and glycosaminoglycans. The density and spatial
arrangement of these elements, especially elastic and collagen fibers,
are important for the biomechanical properties and vibratory function
of the vocal folds.*® Voice disorders in older adults considerably
impact communication and quality of life.!? In humans, collagen | and
Il increase while elastin decreases in the LP of older adult vocal
folds.'2 An animal experiment revealed that collagen was dense in the
vocal folds of adult and aged rats.*®> However, collagen in the LP or
the MF was not quantified in this research. EVG staining revealed col-
lagen fibers in the LP area with arrangement disorders in aged rats.
The collagen concentrations increased in the LP area of aged rats,
whereas the elastic fiber concentrations decreased significantly.

The anterior and posterior MF is a special structure comprising dense
cells and a fibrous matrix at one end of the vocal folds.° In the older
adults, scanning electron microscopic analysis showed a higher concentra-
tion of fibers in the posterior MF than in the other region.?* The results of
this study indicated that the MF remains functional even in the senile lar-
ynx. In our study, we investigated the collagen and elastic fiber concentra-
tions in the posterior MF. The collagen concentrations increased with age
in the posterior MF. The elastic fiber concentrations remained stable in
the MF, whereas they decreased significantly at the LP of aged rats. Our
findings align with those of previous studies to some-extent. The MF may
remain functional in the vocal folds of aged rats.

Pierre Fayoux analyzed the characteristics and development of
the MF in human vocal folds.2° The posterior MF appeared between
13 and 15 weeks of amenorrhea and matured between 33 weeks of
amenorrhea to birth. However, our study revealed the absence
of apparent MF cell aggregation in the posterior LP of the vocal folds
of neonatal rats, and the MF was matured at 4-week-old rats. How-
ever, the maturation of the MF was unclear in this research. The
development of MF in vocal folds of rats from birth to 4 weeks needs
to be addressed in further research.

In our study, the posterior MF cells of all different postnatal
periods demonstrated a strong positive GFAP and vimentin reaction,
which is in agreement with previous studies.?¢ In addition, we found
that the posterior MF cells can weakly express CD68 and a-SMA,
which can be used for MF cells identification in vitro. The increased
fibrous matrix in the LP of the vocal folds in older individuals may be

largely attributed to production by fibroblasts. However, Carneiro

12 weeks
14.98 [12.27; 18.73]
12.39 [9.84; 14.21]

12 months
11.41[9.86; 13.27]
8.42 [6.80; 10.70]

24 months p
36.29 [32.18; 39.82] <.01
31.73 [29.89; 35.90] <.01

et al.?2 confirmed no statistical difference between the concentrations
of fibroblasts in the LP of the older adult and control groups. Myofi-
broblasts are largely responsible for synthesizing collagen | in wounds
and fibrosis.?® In 2009, Kumai et al.?* reported that myofibroblasts
were involved in vocal fold fibrosis. In the present study, the concen-
tration of myofibroblasts (a-SMA-positive) was the highest in the LP
area of 24-month-old rats. Thus, increased myofibroblasts may con-

tribute to excess fibrous matrix in the LP of older adult vocal folds.

5 | CONCLUSION

In the present study, we established a detailed histological description of
the structures of rat vocal folds across different postnatal periods. The
extracellular matrix in the LP increases with age, presenting as an
increase in collagen with the loss of elastin, which may be due to myofi-
broblast proliferation. Moreover, cellular properties or extracellular

matrix components of mature MF in rats are similar to those in humans.
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