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Background:  Ultrasonic  vocalizations  (USV)  of mice  are  produced  in and  emitted  by  the  larynx.  However,
which  anatomical  elements  of  the  mouse  larynx  are involved  and  to which  aspects  of USV  they  contribute
is  not  clear.

Frequency  and  amplitude  parameters  of mice,  deficient  in  the  clock  gene  Period1  (mPer1−/− mice)  are
distinguishably  different  compared  to  C3H  wildtype  (WT)  controls.  Because  structural  differences  in  the
larynx  may  be a  reason  for the  different  USV observed,  we  analyzed  laryngeal  anatomy  of mPer1−/− mice
and  WT  control  animals  using  micro-computed-tomography  and  stereology.
Results:  In  mPer1−/− mice,  we found  laryngeal  cartilages  to  be normally  arranged,  and  the  thyroid,  ary-
artilage
icro-computed-tomography

tereology

tenoid  and  epiglottal  cartilages  were  similar  in diameter  and  volume  measurements,  compared  to WT
mice.  However,  in  the  cricoid  cartilage,  a significant  difference  in  the dorso-ventral  diameter  and  volume
was evident.
Conclusion:  Our  findings  imply  that  laryngeal  morphology  is  affected  by  inactivation  of the clock  gene
Period1  in  mice,  which  may  contribute  to their  abnormal  USV.

©  2019  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The vertebrate larynx evolved from a simple sphincter that
rotects the lower airways to a complex structure with protec-
ive, respiratory and phonatory function (Harrison, 2009; Paulsen,
967). Though laryngeal morphology varies between species, the
asic anatomy is preserved in mammals (Harrison, 2009).

.1. Anatomy of the larynx

The larynx belongs to the upper respiratory tract. Its primary
unction is protection of the airways from aspiration of particles
nd food. The laryngeal cavity contains the laryngeal vestibule, the
lottis with the vocal folds, and the infraglottal cavity. The laryngeal
keleton is composed of three paired and three unpaired cartilages.
he skeletal elements are connected by joints, ligaments and mem-

ranes (Harrison, 2009; Paulsen, 1967). Intrinsic laryngeal muscles
pen and close the vocal folds and regulate their tension (Harrison,
009).

∗ Corresponding author.
E-mail address: bahlmann@med.uni-frankfurt.de (O. Bahlmann).

1 Equal first authors.

ttps://doi.org/10.1016/j.aanat.2019.01.009
940-9602/© 2019 Elsevier GmbH. All rights reserved.
Although the principle rodent (murine) laryngeal framework is
similar to the human larynx, there are anatomical variations. Com-
pared to humans, a structure unique to some rodents including
mice and rats is the ventral pouch or sac, which bulges ventrally,
cranial to the vocal cords. Also a U-shaped alar cartilage is posi-
tioned at the entrance of the ventral pouch (Alli et al., 2013; Inagi
et al., 2016; Riede et al., 2017; Sagartz et al., 1992; Thomas et al.,
2009) present in rats (Sagartz et al., 1992; Thomas et al., 2009) and
mice (Sagartz et al., 1992; Thomas et al., 2009) and presumably
other small rodents.

1.2. Sound production in mammals

In mammals, vocal folds serve the larynx for sound produc-
tion. Thereby, the adducted vocal folds are set into vibration by
an airstream from the lung. The vocalization tract spans from the
larynx to the lips. However, the spectrum of sound production of
mammals is diverse, with e.g. ultrasonic sounds in bats or infrasonic
sound production in whales (Fitch and Hauser, 2003).

The acoustic frequency range, i.e. the frequencies humans per-

ceive, span from 20 Hz to 20 kHz. Frequencies below or above this
range are called infra- and ultrasonic sounds, respectively. USV are
produced by rats, mice and other rodents, and some whales and
bats. USV are used for echolocation, navigation, and prey capture.

https://doi.org/10.1016/j.aanat.2019.01.009
http://www.sciencedirect.com/science/journal/09409602
http://www.elsevier.com/locate/aanat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aanat.2019.01.009&domain=pdf
mailto:bahlmann@med.uni-frankfurt.de
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hey also serve for social interaction, which is well investigated in
ats and mice (Harrison, 2009; Roberts, 1975a).

Rodents vocalize with frequencies both audible and not audible
USV) for humans. The sounds rodents produce span five octaves
nd the USV range up to 110 kHz. The upper frequency hear-
ng limit of rodents is higher than the human limit (Heckman
t al., 2016; Heffner and Heffner, 2007). Zippelius and Schleidt
ecognized emitted sounds between 70 and 80 kHz in a young
ouse under discomforting conditions like cooling and touching

Zippelius and Schleidt, 1956). Indeed, fostering mouse mothers
nd fathers react to new-born USV with approaching and car-
ng behaviour (Liu et al., 2013). USV are also an integral part of
odent courtship behaviour (Hammerschmidt et al., 2009; Wöhr
nd Schwarting, 2010). Besides the behavioural state, the genetic
ackground (mouse strain), age and gender affect USV (Arriaga
nd Jarvis, 2013; Barnes et al., 2016; Heckman et al., 2016). Mouse
odels of various types of neurological disorders, e.g., Forkhead-

ox-Protein P2 (FOXP2) related language and speech disorders,
how specific patterns of USV (Scattoni et al., 2009).

.3. Aim of the present study

A study on USV emitted by new-born mice deficient in the clock
ene period1 (mPer1−/− mice) while separated from their mothers
pup isolation calls) and by adult male mPer1−/− mice confronted
ith a female (female induced male USV) showed altered frequency

nd amplitude parameters, compared to WT  controls. Compared
o WT  mice, mPer1−/− mice showed a trend towards lower fre-
uency in USV calling and mean peak amplitude was  significantly
igher at day 10 (Bechstein et al., 2014). Based on this work, we

nvestigated in the present study the morphology of the laryngeal
keleton, which may  help to explain the differences in USV call
arameters.

. Materials and methods

.1. Per1−/− and wildtype mice

Per1−/− and wildtype C3H/HeN mice (WT) were sacrificed at
2 weeks of age. Perfusion fixation was carried out as described
reviously (Jilg et al., 2010).

.2. Ex vivo micro-CT

Specimens were immersed overnight in 4% PFA and subse-
uently scanned in the micro-CT (Skyscan 1176, Bruker micro-CT,
ontich, Belgium) with the following settings: 50 kV, 0.5 mm alu-
inium filter, 500 �A source current, exposure time 875 ms,  9 �m

sotopic resolution, 7 projection images per 0.3◦ rotation step, rota-
ion range 180◦ and a field of view (FOV) covering the entire neck.

Volumetric data was reconstructed with the NRecon/InstaRecon
BR Server — Premium software (Skyscan, Kontich, Belgium/

nstaRecon, Champaign, Illinois, USA). Image analysis, segmenta-
ion of micro-CT data and quantification of vocal tract length (VTL),
hyroid and cricoid cartilage were performed with the Imalytics
reclinical Software (Gremse-IT, Aachen, Germany) (Gremse et al.,
016). Discrimination of calcified cartilage and bone was achieved
y applying fixed thresholds. Landmarks for the vocal tract length
ere chosen as described elsewhere (Inagaki et al., 2012). Briefly,
he VTL was measured between the tip of the nose and the ros-
ral edge of the thyroid cartilage. Illustration was performed with
maris Imalytics or Syngo.via Cinematic Rendering (Siemens, Erlan-
en, Germany).
 Annals of Anatomy 223 (2019) 43–48

2.3. Histology and stereology

After micro-CT investigation, specimens were stored in 70% iso-
propanol and further dissected for morphological investigation.
The dissected larynx specimens were consecutively immersed in
15% and 30% sucrose for one day and finally placed in O.C.T. Com-
pound (Tissue Tek, Hartenstein, Würzburg, Germany). Afterwards,
specimens were positioned in a freezing mould. The mould was
filled with O.C.T. and frozen on dry ice. The frozen block was sec-
tioned at 12 �m and every tenth section was  harvested. Sections
were stained with Haematoxylin.

Micrographs of the sections were taken with a Neofluar
1.25/0.035 ocular lens (Zeiss, Oberkochen, Germany). Images were
loaded into ImageJ (Schindelin et al., 2012). For stereology, the
image contrast was  enhanced, a point grid was  overlaid and test
points on cartilage tissue counted. The volume of the laryngeal
cartilages was  estimated by the number of points multiplied with
the area per point and the distance between sections (Yoruk et al.,
2009).

For 3D inspection of laryngeal anatomy, in a WT  larynx, the
cartilages were manually segmented and the larynx was  recon-
structed in Fiji/ImageJ Volume Viewer (Schindelin et al., 2012)
(Plugin: http://imagej.net/plugins/volume-viewer.html).

2.4. Statistical analysis

Statistical analyses were performed by Studentś t-test. Values of
p < 0.05 were considered statistically significant (GraphPad Prism,
La Jolla, USA).

3. Results

3.1. Ex vivo micro-CT

Micro-CT enabled visualization of the hyoid bone, thyroid and
cricoid cartilage (Fig. 1a–c). Arytenoid and epiglottal cartilage could
not be visualized by micro-CT. VTL, measured between the tip of
the nose and the rostral edge of the thyroid cartilage, was not
significantly different between mPer1−/− and WT mice (Fig. 2a).
Micro-CT enabled diameter quantification of calcified thyroid and
cricoid cartilage (Fig. 2B–D). In WT  and mPer1−/− mice, the thyroid
and cricoid cartilage diameter (right-left) did not differ between
both mouse genotypes. However, micro-CT revealed a significantly
reduced dorso-ventral diameter of the cricoid cartilage in mPer1−/−,
compared to WT animals (Fig. 2d).

3.2. Histology and stereology

Random sectioning of the laryngeal skeleton started at the level
of the uppermost tracheal ring. The serial sections covered the
dorsal plate of the cricoid cartilage. This cartilage formed a ring
and articulated with the thyroid cartilage. The following sections
showed the typical horseshoe shape of the thyroid. Further section-
ing covered the arytenoid cartilages and ended just after the top of
the epiglottis, at the beginning of the palate. In the larynx sections,
basic anatomy of the laryngeal skeleton was the same for mPer1−/−

and WT  mice (Figs. 3 and 4).
In the stereological analysis, there were no significant differ-
ences in the thyroid, arytenoid and epiglottal cartilage volume
estimates. The stereological volume estimate of the cricoid carti-
lage, on the contrary, was significantly larger in mPer1−/− mice,
compared to WT mice (p < 0.05) (Fig. 3a–d).

http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
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Fig. 1. Micro-CT imaging of the murine skull and larynx.
(A)  and (B) Volume rendering of the skull and larynx in a WT mouse using Cinematic Rendering. (C) Segmented laryngeal skeleton and allocation of laryngeal cartilages using
Imalytics Preclinical. (1) Hyoid bone, (2) thyroid cartilage, (3) cricoid cartilage, (4) tracheal ring(s).

Fig. 2. Quantification of vocal tract length and laryngeal diameters in micro-CT.
(A) Vocal tract length (WT: N = 7; mPer1−/−: N = 7), measured from tip of the nose to the rostral edge of the thyroid cartilage in a WT mouse. (B–D) Segmentation of the thyroid
and  cricoid cartilage (WT: N = 9; mPer1−/−: N = 8). Measures of cartilaginous diameters depicted with dashed lines. The statistical comparison showed that the dorso-ventral
(D–V)  diameter of the cricoid cartilage was  smaller in mPer1−/− mice, compared to controls (p < 0.05). Data are shown with mean and standard deviation. Scale bar in (A)
2.5  mm and (B–D) 1 mm.
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Fig. 3. Stereology of the larynx.
Volume of the cricoid (A), thyroid (B), arytenoid (C) and epiglottal cartilage (D) with corresponding exemplary histological cross sections in a WT mouse (WT: N = 3; mPer1−/−:
N  = 5). The numbers indicate the position in a series of 26 sections through the larynx from
in  its largest extend. The ventral sac out pouches the laryngeal lumen in (B) and (C) (open
larger,  compared to control mice (p < 0.05). Data are shown with mean and standard devi

Fig. 4. Volume reconstruction of the larynx.
Manual segmentation and reconstruction of 26 histological cross-sections through
the larynx in a WT mouse. Images were segmented, coloured and aligned in Adobe
Photoshop CS and loaded in Fiji/ImageJ Volume Viewer (Plugin: http://imagej.net/
plugins/volume-viewer.html). Dorsal view on the cricoid in green, thyroid in red,
arytenoid in yellow and epiglottal cartilage in cyan. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
a

4

m
o
o

opening and travels through a second hole downstream (Dornfeld,
2017). The first opening is likely formed by the glottis (Johnson
rticle).

. Discussion

In this study, we found that the basic anatomy of the larynx of
Per1−/− was similar to WT  mice. However, micro-CT and stereol-
gy displayed a smaller dorso-ventral diameter and a larger volume
f the cricoid cartilage in mPer1−/− mice, compared to WT  controls.
 caudal to cranial. The corresponding cartilage, depicted by filled arrows, is shown
 arrow). In the statistical analysis, the volume estimate of the cricoid cartilage was
ation. Scale bar 1 mm.

4.1. Limitations

Micro-CT is mostly used to image bone tissue (Clark and Badea,
2014). In contrast, imaging non-calcified soft tissue is difficult
because it yields low contrast (Clark and Badea, 2014). Thus, in
a study on the larynx of several rodent species, the tissue was
iodinated for 13–17 days before scanning (Riede et al., 2017), a
technique known to produce higher contrast in soft tissues (Clark
and Badea, 2014). In the present study, using a test specimen, we
evaluated iodination, but we were not able to increase the con-
trast in the tissue. Though we  tried various threshold values in the
segmentation process, we were unable to visualize the arytenoid
cartilages and the epiglottis. However, in the histological analysis,
all laryngeal cartilages could be investigated.

4.2. Laryngeal morphology in mPer1−/− mice

Laryngeal dimensions significantly influence the production of
voiced sounds. For instance, there are differences between females
and males in average fundamental frequency correlating with
laryngeal size. The length and shape of the vocal tract are also
crucial for the production of formant frequencies (Harrison, 2009).
Apart from voiced sounds, laryngeal dimensions will also affect USV
in the mouse.

In rodents, early studies identified the larynx as the source of
USV (Riede, 2011; Riede et al., 2017; Roberts, 1975a). Frequency
recordings of rodents in air and light gases (heliox) suggested that
the mechanism for USV production must be different from the
way voiced sounds are produced by vibrating vocal folds, hence,
a hole-tone (birdcall) mechanism was proposed (Roberts, 1975a,
1975b; 1975c). In a hole-tone mechanism, an air jet leaves a circular
et al., 2010; Sanders et al., 2001). An aperture formed by the tongue
pressed against the palate or, alternatively, the epiglottis in a semi-

http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
http://imagej.net/plugins/volume-viewer.html
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pened position could provide the second opening (Brudzynski
nd Fletcher, 2010). However, some recent experiments in heliox
hallenged the hole-tone whistle mechanism for USV sound pro-
uction (Berquist, 2013; Riede, 2011). Applied to our results, a
educed dorso-ventral diameter of the cricoid in mPer1−/− mice
ight approximate the two openings and thereby affect the USV

attern.
Recently, alternative mechanisms for USV production were pro-

osed. In the intralaryngeal planar-impinging-air-jet model, USV
re produced by an air jet impinging on a planar plane formed
y the thyroid cartilage or parts of the epiglottis, in conjunction
ith a feedback mechanism. (Mahrt et al., 2016). Transferred to

ur findings, the altered laryngeal morphology in mPer1−/− mice
ight change the impingement length and contribute to the aber-

ant frequency parameters observed in mPer1−/− mice (Bechstein
t al., 2014).

In the edge-tone model, an air jet released through the glottis
s directed at the alar edge of the ventral pouch, which results in
n undulating flow. In this model, constriction of the alar portion
f the thyroarytenoid muscle might change the distance between
he glottis and the alar edge and the size of the ventral pouch, and
hereby affect the frequency of USV (Riede et al., 2017).

We  determined the pouch volume in the two, respectively three
ections per specimen that showed cross sections of the alar car-
ilage (partial pouch volume), and we did not find a significant
ifference (data not shown).

In previous studies, whole body size and weight were reported
o be reduced in mPer1−/− compared to WT  mice (Bae et al., 2006;
echstein et al., 2014; Pilorz and Steinlechner, 2008). However,
maller sized mPer1−/− mice do not show a smaller larynx. In fact,
he cricoid’s volume is significantly larger, compared to WT  mice.
hese findings show that the larynx in mPer1−/− mice is relatively
arge in relation to whole body size and weight, which also might
ontribute to differences in USV patterns compared to WT  mice.

.3. Per1 in bone and cartilage tissue

Several gene/protein networks involved in laryngeal or tracheal
keletal development are up- or downregulated in previously gath-
red microarray data of mPer1−/− and WT  mice (Jilg et al., 2010;
awashdeh et al., 2014, 2016) (for details see Supplemental Table
). These are antagonists of the ß-catenin pathway (Dact1,2), genes
f the Fgf/Fgfr family (Fgf1,2 and 16;  Fgfr1,2 and 3), signal transducer
nd activator of transcription 3 (Stat3) and genes associated with
he wingless pathway (Wnt3, 9b,  10b and Wisp). Per1 is involved in
he development, maintenance and remodeling of bone tissue. E.g.,
n a study on bone mineral density (BMD) in women, Per1 polymor-
hisms were associated with BMD  in the lower lumbar spine (Kim
t al., 2014). Per1 is also involved in the biology of cartilage tissue
Yang and Meng, 2016). In a pre-chondrogenic cell line, Per1 was
ransiently upregulated by parathyroid hormone treatment (Hinoi
t al., 2006). Clock genes are also involved in gene expression in the
artilaginous rib growth plate, where they affect enchondral ossi-
cation (Takarada et al., 2017). However, in a study on the effect
f clock genes on bone formation, bone morphometric parameters
n the skeletal system of Per1−/− mice did not differ significantly
rom WT animals (Maronde et al., 2010). Above mentioned differen-
ially regulated genes might be candidates to start with in a further
tudy on the molecular mechanisms behind the influence of Per1
n (laryngeal) cartilage tissue.

Per1 is also expressed in epithelium and submucosal glands of
he larynx (Bando et al., 2007; Nishio et al., 2008). However, we

id not find published work on the expression of Per1 in laryngeal
artilage tissue. Apart from its effect on laryngeal morphology in the
ouse, it would be interesting to investigate the role of Per1 in the

uman larynx, because Per1 is discussed in aging processes (Pilorz
 Annals of Anatomy 223 (2019) 43–48 47

et al., 2009), and aging of the human larynx is well documented
showing a progressive ossification of the cartilage tissue in elderly
subjects (Claassen et al., 2014).

5. Conclusion

In conclusion, our results imply that inactivation of the clock
gene Period1 influences laryngeal morphology, which might con-
tribute to the abnormal USV patterns previously observed in
mPer1−/− mice. Microarray data helped us to identify genes which
are differentially regulated in mPer1−/− and WT  mice and which are
known to be involved in laryngeal development. Further studies
might reveal whether Per1 signaling in the murine larynx interacts
molecularly with some of these genes.
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