
Frontiers in Neurology 01 frontiersin.org

Developmental deglutition and 
intrinsic tongue muscle 
maturation phenotypes in the 
Ts65Dn mouse model of Down 
syndrome
Tiffany J. Glass 1*, Benjamin A. Chatwin 1, Erin H. Fisher 1, 
Kabao K. Hang 1, Qiuyu Yang 2, Riley Brutto 1, Rohan Waghray 1 
and Nadine P. Connor 1,3

1 Department of Surgery, Division of Otolaryngology, University of Wisconsin, Madison, WI, United 
States, 2 Department of Surgery, Statistical Analysis and Research Programming Core, University of 
Wisconsin, Madison, WI, United States, 3 Department of Communication Sciences and Disorders, 
University of Wisconsin, Madison, WI, United States

Introduction: Down syndrome (DS) is associated with difficulties with feeding 
during infancy and childhood. Weaning, or transitioning from nursing to 
independent deglutition, requires developmental progression in tongue function. 
However, little is known about whether postnatal tongue muscle maturation 
is impacted in DS. This study tested the hypothesis that the Ts65Dn mouse 
model of DS has developmental delays in deglutition, comprised of differences 
in eating and drinking behaviors relative to euploid controls, coinciding with 
atypical measures of intrinsic tongue muscle microanatomy.

Methods: The Ts65Dn mouse model of DS and euploid controls were evaluated 
at 7 days of age (p7; nursing), p21 (weaning), and p35 (mature deglutition) 
(n = 13–18 mice per group). Eating behavior, drinking behavior, and body weight 
changes were quantified in p21 and p35 mice through the use of automated 
monitoring over 24 h. Intrinsic tongues of mice at all three ages were sectioned 
and stained to permit quantification of the sizes of the four major intrinsic tongue 
muscles. Transverse intrinsic tongue muscles were evaluated for myofiber size 
(average myofiber cross sectional area (CSA) of all fibers, MyHC2a fibers, MyHC 
2b fibers, and minimum Feret fiber diameter), and percentage of MyHC isoforms 
(%MyHC2a + fibers, and %MyHC 2b + fibers) in anterior, middle, and posterior 
regions.

Results: Ts65Dn showed significant differences from euploid in deglutition 
measures. Compared to euploid, Ts65Dn also showed differences in intrinsic 
tongue muscle microanatomy and biology. Specifically, Ts65Dn intrinsic 
tongues had smaller transverse muscle myofiber size measures than control in 
the anterior and middle tongue, but not in the posterior tongue.

Conclusion: Differences in intrinsic tongue muscles coincide with feeding 
phenotypes in the Ts65Dn mouse model of DS.

KEYWORDS

Down syndrome, Ts65Dn, mouse, intrinsic tongue, feeding, deglutition, maturation, 
weaning

OPEN ACCESS

EDITED BY

Anna Maria Lavezzi,  
University of Milan, Italy

REVIEWED BY

Teresa Pitts,  
University of Missouri, United States
Matthew J. Fogarty,  
Mayo Clinic, United States
Lara DeRuisseau,  
University of Health Sciences and pharmacy, 
United States

*CORRESPONDENCE

Tiffany J. Glass  
 glass@surgery.wisc.edu

RECEIVED 08 July 2024
ACCEPTED 25 November 2024
PUBLISHED 11 December 2024

CITATION

Glass TJ, Chatwin BA, Fisher EH, 
Hang KK, Yang Q, Brutto R, Waghray R and 
Connor NP (2024) Developmental deglutition 
and intrinsic tongue muscle maturation 
phenotypes in the Ts65Dn mouse model of 
Down syndrome.
Front. Neurol. 15:1461682.
doi: 10.3389/fneur.2024.1461682

COPYRIGHT

© 2024 Glass, Chatwin, Fisher, Hang, Yang, 
Brutto, Waghray and Connor. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 11 December 2024
DOI 10.3389/fneur.2024.1461682

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2024.1461682&domain=pdf&date_stamp=2024-12-11
https://www.frontiersin.org/articles/10.3389/fneur.2024.1461682/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1461682/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1461682/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1461682/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1461682/full
mailto:glass@surgery.wisc.edu
https://doi.org/10.3389/fneur.2024.1461682
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2024.1461682


Glass et al. 10.3389/fneur.2024.1461682

Frontiers in Neurology 02 frontiersin.org

1 Introduction

Down syndrome (DS) is a developmental disorder in which 
atypical tongue movement or positioning can contribute to 
impairments of speech (1–3), breathing (4), feeding (5, 6), and 
swallowing (7). These challenges can alter health, communicative 
function, and quality of life (8, 9). There are currently relatively few 
evidence-based treatments for developmental deficits associated with 
tongue function in DS, and despite a longstanding awareness that 
differences in tongue movement can occur in DS, postnatal maturation 
of the lingual system in DS has rarely been studied from a basic 
biological standpoint.

The tongue is a complex muscle system comprised of several 
different interdigitating muscles, and early childhood is a time of rapid 
change and growth in both oromotor functions involving the tongue 
(10), as well as in the anatomy that is integral to these functions (11). 
The four primary muscles comprising the intrinsic tongue are the 
superior longitudinal (SL), inferior longitudinal (IL), transverse, and 
verticalis (12). The SL acts to raise the tongue tip and shape the 
superior tongue surface into a concavity. The IL acts to lower 
the tongue tip and shape the superior tongue surface into a convexity. 
The IL and SL can also shorten the tongue (12). The verticalis flattens 
the tongue, while the transverse muscle narrows and elongates the 
tongue. In humans, these muscles work in concert to help carry out 
the very complex and rapid lingual movements involved in speech and 
feeding (13, 14). However, it is unclear how each of these four intrinsic 
tongue muscles mature after birth in a way that coincides with the 
postnatal acquisition of the discrete tongue muscle capabilities at the 
ages in which expansion of tongue functions for speech development 
and feeding are achieved. While DS is strongly associated with 
impairments of speech and feeding, and differences of intrinsic tongue 
and muscle biology have sometimes been reported to occur in DS (15, 
16), it is unclear whether and how maturation of intrinsic tongue 
muscles are atypical in DS.

Skeletal muscles encompass considerable biological diversity, 
including a wide range of muscle-specific functional properties (17). 
In typical post-natal development, these properties change over time 
with activity levels and age (18). Myosin heavy chain (MyHC) proteins 
are functionally integral to muscle contraction. MyHC isoforms are 
indicators of muscle fiber type, with MyHC 2a, 2x, and 2b prevalent 
in fast-contracting myofibers, and MyHC I present in slow myofibers. 
Of these MyHC isoforms, MyHC 2b may be expressed in murine 
tongue myofibers that are fastest-contracting, but may also have less 
endurance, or greater fatiguability. A diversity of MyHC expression 
profiles occurs in muscles throughout the body and distinct MyHC 
profiles in muscles are sometimes used as indirect indicators of muscle 
fiber types, contractile properties, and muscle fatiguability (19, 20).

In typical development, MyHC profiles of cranial muscles 
correlate with different stages of postnatal oromotor maturation (21–
25). The tongue undergoes significant alterations of the MyHC profiles 
before and after weaning (26–28). Analysis of gross anatomical 
subdivisions of the intrinsic tongue in young mice has suggested that 
not only does the biology of the intrinsic tongue change with weaning, 
but that different tongue regions change in different ways during this 
time period (26, 27). Further, a prior study in humans with DS is 
compatible with the possibility that the tongue in DS may contain 
altered proportions of fast myofibers relative to typical controls (15, 
29). However, it remains to be confirmed in controlled studies that DS 

causes significant differences in tongue MyHC profiles. Furthermore, 
the maturational course of MyHC phenotypes in the tongue in DS 
is unclear.

Mice have several fundamental attributes of tongue form and 
function similar to those of humans (30, 31). Mice are also amenable to 
translational functional outcome measures that have correlates to 
clinical measures used to quantify dysfunction of tongue movement in 
humans (32, 33). Experience in prior studies indicates 1 week, 3 weeks, 
and 5 weeks of age in mice correspond to suckling, weaning, and 
mature oromotor function (21, 34). Efforts to standardize murine 
research for pre-clinical studies of muscle function have identified these 
ages in mice to correspond to human developmental ages of early 
infancy, 6 months, and 10–11 years, respectively (35, 36). Quantification 
of functional and biological measures of the intrinsic tongue at these 
timepoints may provide a standardized translational framework for 
evaluation of typical and atypical lingual maturation. Ideally, this could 
support improved mechanistic explanations of normal lingual 
developmental milestones and greater experimental precision of studies 
investigating the muscular underpinnings of disorders in which 
maturation of tongue movement is delayed, aberrant, or absent.

The Ts65Dn mouse model of DS has been a widely-used model 
that recapitulates several phenotypes of DS, including craniofacial, 
motor, and swallowing phenotypes (37–41). Ts65Dn has previously 
been shown to demonstrate a variety of phenotypes applicable to 
feeding and swallowing differences associated with DS in humans (39, 
42). Therefore, the current study used the Ts65Dn mouse model of DS 
and sibling euploid controls to test a central hypothesis that DS is 
associated with developmental delays in maturation of the tongue 
neuromuscular system. Specifically, it was hypothesized that DS would 
cause delays in acquisition of eating and drinking skills at p21 and p35, 
coinciding with genotype-specific alterations of MyHC profiles in the 
intrinsic tongue. Both functional oromotor and tongue tissue analysis 
measures were used to evaluate tongue maturation at discrete postnatal 
developmental timepoints representative of nursing, weaning, and 
mature deglutition, to define aspects of tongue function characteristic 
of typical oromotor development in mice, as well as to reveal how DS 
affects maturation of these muscles. Automated home-cage monitoring 
technology was used to collect multiple measures of eating and 
drinking behavior of mice continuously for 24 h to provide indicators 
of tongue muscle function, and comprehensive microscopy of intrinsic 
tongue muscles at the ages studied permitted evaluation of 
microanatomical measures indicative of tongue muscle biology. In this 
way, both functional and biological measures of the intrinsic tongue 
were evaluated during a time period of rapid oromotor development 
in a mouse model of a developmental disorder associated with 
pediatric feeding challenges.

2 Methods

2.1 Mice

All live animal work was performed in accordance with a protocol 
approved by the University of Wisconsin School of Medicine and 
Public Health institutional animal care and use committee (IACUC). 
Experimental mice were generated from breeding pairs of Ts65Dn 
mice obtained from Jackson Laboratories, comprised of either a 
female Ts65Dn mouse (stock number 005252) mated to a male 
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euploid control C57BL/6JEiJxC3Sn.BLiA-Pde6b+/(DnJ)F1 mouse 
(stock number 003647), or a female Ts65Dn mouse (005252) mated 
to a euploid male control mouse from the same stock number 
(005252). Mice were genotyped through Transnetyx. To reduce risks 
for investigator bias, mice were assigned alphanumeric identifier codes 
prior to genotyping, and alphanumeric codes were used throughout 
the study to identify mice, tissue samples, and data files. Mice were 
housed in standard microisolator cages with dimensions of 7 × 5 × 11 
inches, at a density ranging from 2 to 4 weaned mice per cage, and 
were kept on a reverse light cycle with the dark period from 9:00 am 
to 9:00 pm. Room temperature and humidity were facility regulated 

to maintain a range of 68–79°F and 30–70%, respectively. All breeding 
mice and progeny throughout the study were maintained on Harlan 
Teklad chow diet #7913 and had ad libitum access to water bottles with 
metal spouts. Breeding pairs were monitored daily for new litters. 
Litter sizes averaged 5 pups per litter but ranged from 1 to 11 pups. No 
mice were excluded from the study due to litter size. As described in 
Figure  1, mice from litters were arbitrarily assigned to either 
euthanasia and tissue collection at postnatal day (p)7, p21-22, or 
p35-36, or else automated behavioral phenotype analysis at p21 or p35 
followed by euthanasia and tissue collection the following day. For 
euthanasia and tissue collection, mice were euthanized through CO2 

FIGURE 1

Experiment design. Eu = euploid, Ts = Ts65Dn, p = postnatal day of age, M = male, F = female, MyHC = Myosin Heavy Chain Isoform.
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at p21-22, or p35-36. Mice at p7 were euthanized through CO2 
followed by decapitation, or through acute hypothermia and a cardiac 
injection of Euthasol. Following euthanasia, mice were weighed, and 
tongues were removed in their entirety at the level of the hyoid bone, 
frozen in Optimum Cutting Temperature (OCT) compound in plastic 
cassettes and stored at −80°C prior to further processing. Tongue 
muscles were not stretched or pinned during freezing, and instead 
were frozen in their natural state, free of physical manipulation other 
than proper positioning in the cassette.

2.2 Eating and drinking behavior 
phenotyping

Mice were evaluated through automated home cage eating and 
drinking behavioral phenotype analysis at 21–22 days of age and 
35–36 days of age. In these experiments mice were provided with the 
same type of water and chow (Harlan Teklad chow diet #7913) as used 
for the standard colony maintenance. These experiments were 
conducted in the same animal housing room as used for general 
colony housing of all mice in the study, and were conducted by 
workers who were also involved in daily monitoring of mice for 
routine husbandry purposes. Automated eating and drinking 
phenotyping experiments were initiated during the dark cycle, 
between 12 pm and 4 pm. Behavioral phenotype experiments were 
initiated by placing mice in a Noldus PhenoTyper home cage (Noldus 
PhenoTyper, Wageningen, the Netherlands), with no acclimation time 
provided prior to the initiation of a 24-h span of data collection. The 
reason separate acclimation periods were not provided prior to data 
collection in the Noldus PhenoTyper cage is that novelty in food and 
hydration encounters, as well as novelty of the environment in which 
weaning occurs, is intrinsic to the experience of weaning for many 
human children. Mouse eating and drinking behavior in the Noldus 
PhenoTyper cage was quantified with a lickometer, feeding monitor 
with an infrared beam-break, and Ethovision™ XT software, versions 
16 and 17 (Supplementary Figure S1). The floor of the PhenoTyper 
home cage was raised to ensure all mice in the study were easily able 
to reach the food and water without rearing on hind limbs, and the 
shaft of the water nozzle was insulated to ensure only contact between 
the mouse and the metal tip of the nozzle would activate the 
lickometer. Each data acquisition session for this experiment totaled 
24 h of data collection comprised of eight consecutive 3-h trials. To 
prevent social isolation and promote animal welfare during data 
collection, each data acquisition session comprised of two mice of the 
same age [postnatal day 21 (p21) or postnatal day 35 (p35)], same sex 
(male or female), and same genotype (euploid or Ts65Dn) residing in 
the cage together. During the twenty-four-hour period, the system 
recorded every time one of the mice accessed food or water. Each 
session was manually reviewed to detect behavioral artifacts, such as 
activation of the food hopper beam break with a tail rather than 
through eating, and to manually correct for artifact in each trial 
period as needed. Collected measures included the frequency of food 
acquisition (number of times a food hopper beam break was 
activated), eating duration (duration of beam break), the number of 
water licks, and the duration of water licks, defined as the duration of 
time any part of the mouse, including the tongue, touched the water 
spout. Mouse weight, water volume, and food weight were quantified 
immediately before and immediately after each 24-h experiment. 

Mouse weight was recorded individually for each mouse, but all other 
data points for measures for which mice were evaluated in pairs were 
comprised of the pooled values of both mice in the pair.

2.3 Tissue sectioning and staining

A cryostat was used to section intrinsic tongues along a 
mid-sagittal plane of the tongue. Five to seven 10-μm sections were 
obtained for each intrinsic tongue sample. Tissue staining was 
performed as described in an on-line protocol validated for this study 
(43). Slides were blocked in 1% bovine serum albumin (BSA) and 
0.1% Triton-X 100 in phosphate-buffered saline (PBS). Slides were 
incubated at 4°C overnight with Developmental Studies Hybridoma 
Bank (DSHB) primary antibodies mouse IgM BF-F3, mouse IgG1 
SC-71, as well as PBS (these three applied at 1:1:1), and Sigma-Aldrich 
antibody rabbit anti-laminin (applied at 1:200). BF-F3 and SC-71 were 
used for the detection of myosin heavy chain isoform (MyHC) 2b and 
2a, respectively. On the following day, the slides were rinsed three 
times with PBS and incubated at room temperature for 1 h with 
secondary antibodies in 10% normal goat serum (NGS) in PBS. The 
secondary antibodies used were goat anti-mouse IgM Alexa Fluor 350, 
A31552 (applied at 1:50), goat anti-mouse IgG1 Alexa Fluor 568, 
A21124 (applied at 1:300), and goat anti-rabbit IgG Alexa Fluor 633, 
A21071 (applied at 1:250). Slides were rinsed with PBS three times and 
coverslipped with ProLong™ Gold (Thermo Fisher Scientific) 
mounting media. Each staining run included mouse soleus muscle as 
a biological positive control for MyHC 2a and negative control for 
MyHC 2b, and mouse EDL muscle as a biological positive control for 
MyHC 2b. Each staining iteration also included technical negative 
control intrinsic tongue sections comprised of omission of primary 
antibodies. Slides were stored at 4°C prior to imaging.

2.4 Microscopy acquisition

An Olympus Bx53 epifluorescence microscope with a motorized 
stage controlled through CellSens software (Olympus) was used to 
image the tissue sections. For each image acquisition session, optimal 
image exposure settings for each fluorescence channel were determined 
using the biological and technical control slides. For each mouse, one 
intrinsic tongue section was imaged in its entirety, using a 20x objective 
to generate a composite image of the entire tongue section by stitching 
together multiple fields of view. Tongue tissue sections selected for 
imaging and analysis were confirmed to extend from the tip of the 
anterior intrinsic tongue to the end of the posterior intrinsic tongue, 
and to have been sectioned in a mid-sagittal plane such that transverse 
intrinsic tongue myofibers in cross-section alternated with verticalis 
muscle fibers in longitudinal orientation. Microscopy data and 
protocols associated with this study are available on the SPARC Portal 
(RRID: SCR_017041): https://doi.org/10.26275/ol8k-rau8.

2.5 Image analysis for intrinsic tongue 
muscles

The program FIJI (44) was used to measure muscle section 
area of the superior longitudinal (SL), inferior longitudinal (IL), 
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transverse/verticalis (T/V), and the full intrinsic tongue muscles 
in one tissue section from each mouse (Figure 2). Each muscle 
was identified within the intrinsic tongue based on its relationship 
to anatomical landmarks in the tongue (45) (including dorsal 
epithelium, ventral mucosa, lingual salivary glands, central 
lingual nerves and vessels) and myofiber properties such as 
myofiber orientation and myofiber staining characteristics. The 
SL muscle was identified as immediately below the dorsal tongue 
epithelium, and immediately superior to the T/V, and extends the 
length of the IT. The T/V muscle was identified as immediately 
inferior to the SL muscle and superior to the lingual nerve, artery, 
and vein. The IL muscle is immediately above the ventral tongue 
mucosa, and below the T/V muscle, ending posteriorly at the 
region the genioglossus enters the intrinsic tongue, adjacent to 
the frenulum. In some sections, a group of myofibers was 
observed above the IL and below the lingual nerve, artery, and 
vein. These myofibers were tentatively anticipated to 
be extensions of extrinsic tongue muscles or an indeterminate 
category and were not analyzed.

To evaluate interrater reliability of intrinsic tongue muscle size 
analyses, intrinsic tongue images were analyzed separately by two 
independent raters. Pearson correlation coefficients (r) were 
determined to be between 0.82 and 0.95, indicating excellent rater 
agreement, for the measures of intrinsic tongue length, intrinsic 
tongue area, T/V area, and SL area. However, the Pearson 
correlation coefficient of IL area was determined to be 0.62 or only 
moderate to fair agreement between raters. Therefore, images for 
which two raters substantially disagreed in identification of IL area 
were independently reviewed by a third experienced rater and rater 
discussions to confirm final values for IL area. Images in which 
sectioning plane deviated from midsaggital to parasaggital along 
the length of the section were excluded from analysis of intrinsic 
tongue muscle size measures.

2.6 Image analysis for myofibers of the 
transverse muscle

In Adobe Photoshop, each intrinsic tongue image was 
manually divided into three separate regions of equal length to 

separate anterior, middle, and posterior regions for analysis 
(Figure 3A). Tongues were separated into these three regions for 
analysis because it has been reported that anterior, middle, and 
posterior intrinsic tongue regions differ in their muscle biology 
and physiology (46, 47). The anterior limit of the tongue was 
defined as the tongue tip. The posterior limit of the tongue was 
defined as the region anterior to the sublingual salivary glands, 
and/or anterior to the transition to smooth mucosa on the dorsal 
tongue. The middle region of the tongue was defined to contain 
the frenulum (the region where the limit of ventral tongue 
mucosa is reached). The distance between the anterior tongue tip 
and the posterior border of the tongue was measured, and this 
distance was used to separate the image into three equal sections 
of the anterior, middle, and posterior regions. This strategy 
ensured that the relative sizes of each region were scaled 
appropriately to each individual tongue, while also ensuring 
reproducible and standardized identification of anatomical 
regions across all experimental groups. Next, transverse muscle 
fibers were isolated by manually removing SL, IL, and verticalis 
fibers of the intrinsic tongue. This resulted in anterior, middle, 
and posterior images of the tongue that contained only transverse 
muscle fibers (Figure 3B).

Each regional image of the tongue was analyzed using the 
MATLAB application SMASH as previously described (48) to quantify 
the size and MyHC isoform expression of each transverse muscle fiber 
(Figure 3C). Between several hundred and a few thousand transverse 
myofibers were analyzed for each region of each tongue 
(Supplementary Figure S2) to generate a mean value for measures of 
each tongue region of each mouse. Minimum feret diameter (the 
shortest distance across a myofiber) and cross-sectional area (CSA) 
were the measurements used for the size of myofibers (48), the borders 
of which were identified by the laminin staining. MyHC staining was 
used to determine the percentages of myofibers that were positive for 
each MyHC isoform. At the end of SMASH processing, each of the 
three regions of a tongue (anterior, middle, and posterior) generated 
a set of six datapoints for each mouse resulting in a total of 18 different 
myofiber measures for each mouse. These were the average minimum 
feret diameter, average CSA, percentage of myofibers that were 
positive for MyHC 2a and their average CSA, and percentage of 
myofibers that were positive for MyHC 2b and their average CSA, 

FIGURE 2

Manual image segmentation for intrinsic tongue muscle measurements. Left panel: Inset magnifications of the superior longitudinal (SL), inferior 
longitudinal (IL), transverse / verticalis (T/V) muscles show differences of myofiber orientation and staining properties of each muscle. Right panel: 
Microscopy images of intrinsic muscles were digitally segmented to permit quantification of length and muscle areas.
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FIGURE 3

Quantitative image analysis strategy for transverse muscles from intrinsic tongue tissue sections. (A) Intrinsic tongue sections are imaged in their 
entirety. For the purposes of analyses, the anterior border of the intrinsic tongue was defined at the tongue tip (1), and the posterior border of the 
intrinsic tongue (2) was defined as the location where the dorsal epithelium transitioned to smooth mucosa, and/or at the location of the sublingual 
salivary glands. These landmarks were used to set the region which was manually divided into three image files; anterior, middle, and posterior. (A1) 
Zoomed image excerpt from the middle region of intrinsic tongue shown in panel A. Asterisks (*) indicate the transverse muscle columns, alternating 
with verticalis muscle fibers indicated with arrows. (B) Each image file was manually processed to isolate myofibers of the transverse muscles, and to 
remove areas of mechanical artifacts. (B1) Zoomed image excerpt from the middle region of the intrinsic tongue shown in panel B. (C) The Matlab 
application SMASH was used to identify myofibers, shown here in arbitrary pseudocolor. (C1) Zoomed excerpt from the middle region of the intrinsic 
tongue shown in panel C.

analyzed separately for anterior, middle, and posterior regions of the 
transverse muscle.

2.7 Statistical analysis

2.7.1 Analysis of body weight, eating, and drinking 
behavior

Body weight, eating, and drinking behavior were analyzed by 
3-way ANOVA to evaluate significant effects for genotype, age, and 
sex, and significant interactions between genotype, age, and sex. 
Tukey’s post-hoc tests were performed to evaluate differences between 

subgroups solely when significant interactions between independent 
variables were present.

2.7.2 Analysis of intrinsic tongue anatomy
Multivariate linear regression models were used to evaluate the 

impacts of genotype, age, and sex on the intrinsic tongue muscle 
measures, as well as transverse intrinsic myofiber measures. Further, 
since weight and age were highly associated and not appropriate to 
be included in one model, subgroup analysis of each age group was 
performed with covariates of weight, genotype, and sex. The intrinsic 
tongue muscle measures evaluated were area and size measurements 
of SL, IL, and combined areas of transverse and verticalis (T/V) 
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muscles (mm2), tongue length (mm),tongue section area (mm2), and 
the relative proportion (%) of tissue section area that was comprised 
of SL, IL, T/V muscles. Transverse myofiber analysis included six 
different outcome measures of the transverse intrinsic tongue 
myofibers (average Minimum Feret fiber diameter, average myofiber 
cross sectional area (CSA), CSA of MyHC 2a + fibers, CSA of MyHC 
2b + fibers), and MyHC measures (% MyHC 2a + fibers, and % MyHC 
2b + fibers).

For this study, power analyses of related measures in prior work 
determined that a target sample size of 13 mice per group, for a total 
of 156 mice, would be sufficient to detect genotype-specific differences. 
However, final sample numbers for each experimental measure varied 
slightly due to factors such as incidental attrition, sporadic technical 
artifact, or equipment malfunction. Statistical analyses were 
performed at significance level of 0.05 a priori, using software R 
(version 4.2.1) and GraphPad Prism (version 10.2.3).

3 Results

3.1 Eating and drinking behavior 
phenotyping

Body weight was measured in mice at p7, p21-22, and p35-36 
because slow weight gain is frequently regarded clinically as symptom 
of feeding difficulties in children with DS (49, 50). Prior to p7, 
mortality in Ts65Dn litters was recorded, and suggested a low to 
moderate incidence of neonatal death (Supplementary materials S3). 
In evaluation of body weight, there was a significant interaction 
between genotype and age [F (2, 144) = 5.872, p = 0.0035], and a 
significant independent effect for sex [F (1, 144) = 58.47, p < 0.0001]. 
Tukey’s post-hoc analysis indicated significantly lower weights in 
female Ts65Dn relative to euploid controls at 21–22 (p = 0.012) and 
p35-36 (p < 0.0001; Figure 4A). In evaluation of weight changes over 

a 24-h period at weaning (p21-22) and at p35-36, there was a 
significant interaction between genotype and age [F (1, 112) = 14.49, 
p = 0.0002], in the absence of significant effects for sex, such that 
Ts65Dn lost weight in the 24 h after weaning when compared to 
euploid sibling controls. Post-hoc tests additionally indicated 
significantly lower weight in Ts65Dn females than euploid females at 
p21-p22 (p = 0.013; Figure 4B). Eating and drinking behaviors were 
quantified over 24 h at p21-22 and p35-36 (Figure 5A). While all 
experimental groups showed high levels of eating engagement at the 
initiation of the 24-h assay period, which may have been partly 
attributable to the transient novelty of the evaluation environment, 
there were significant differences between genotype groups in some 
measures of eating behavior.

There were significant differences due to genotype, age, and sex, in 
the absence of significant interactions between these factors, in the 
amount of food consumed over the 24-h evaluation period. Ts65Dn 
consumed significantly less food than euploid [F (1, 52) = 5.007, 
p = 0.03], female mice consumed significantly less food than male mice 
[F (1, 52) = 4.995, p = 0.03], and p21-22 mice consumed significantly less 
food than p35-36 mice [F (1, 52) = 94.47, p < 0.0001] (Figure 5B). In the 
measure of food acquisition behavior, or the number of times mice 
accessed the food, there was a significant effect for genotype, in the 
absence of significant effects for other factors and in the absence of 
significant interactions between other factors. Ts65Dn accessed food 
more frequently than euploid [F (1, 50) = 5.580, p = 0.022; Figure 5C]. In 
the measure of eating duration, or the amount of time mice spent eating, 
there was a significant effect for genotype, in the absence of significant 
effects for other factors and in the absence of significant interactions 
between other factors. Ts65Dn spent significantly more time eating food 
during the 24-h period than euploid [F (1, 50) = 12.60, p = 0.0009; 
Figure 5D]. Collectively, these data suggest that Ts65Dn differs from 
euploid in efficacy of eating at both p21 and p35. Ts65Dn ate less food 
than euploid, but accessed the food significantly more frequently than 
euploid, and spent significantly more time eating than euploid.

FIGURE 4

Ts65Dn have smaller body sizes than euploid, and weaning in Ts65Dn is associated with rapid weight loss. (A) Ts65Dn are smaller than Euploid, 
particularly in females at p21 and p35. n = 13/group. (B) Ts65Dn lose body weight at p21 in a 24-h period at weaning, but do not lose body weight 
when evaluated over a 24-h period at p35. Ts65Dn p21 males and females n = 16/group, Euploid p21 male n = 16/group, females 14/group.Ts65Dn p35 
male n = 14/group, females 12/group. Euploid p35 males and females n = 16/group. Each data point indicates one mouse. Bars show the group mean. 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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In the amount of water consumed, there was a significant effect 
for age in the absence of significant interactions between age, 
genotype, and sex, such that p35-36 mice consumed more water than 

p21-22 mice [F (1, 56) = 28.41, p < 0.0001]. While group means of 
water consumed by Ts65Dn at p21 were lower than euploid at p21, 
these differences did not achieve statistical significance (Figure 6A). 

FIGURE 5

Ts65Dn show feeding phenotypes at p21 (weaning) and p35 (mature deglutition). (A) Behavior related to eating and drinking was continuously 
monitored over 24 h and consolidated into eight consecutive 3-h trials for analysis. Data collection began in the dark cycle, transitioned to 12 h of a 
light cycle, and ended in the dark cycle. Values for males and females are pooled in this figure panel. Lines and error bars indicate the group means and 
SD. The x-axis is shaded to indicate the dark cycle (black), and trials that spanned the transition from dark to light cycle (gray). (B) Ts65Dn consume less 
food than euploid controls during a 24-h period at weaning, as well as at p35-36. Mice at p21 consume less food than mice at p35, and female mice 
consume less food than male mice. (C) Ts65Dn access food significantly more often than euploid. (D) Ts65Dn spend significantly more time eating 
than euploid controls. Each data point was generated by two mice of the same age, sex, and genotype. Sample sizes: p21: Ts65Dn M = 14, F = 16, p21 
Euploid M = 16, F = 16. P35: Ts65Dn M = 14, F = 14, p35 Euploid M = 16, F = 14. * = p < 0.05 ** = p < 0.01, *** = p < 0.001.

https://doi.org/10.3389/fneur.2024.1461682
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Glass et al. 10.3389/fneur.2024.1461682

Frontiers in Neurology 09 frontiersin.org

There were no differences between groups in the number of licks used 
for drinking during the evaluation period (Figure 6B). In evaluation 
of the amount of time mice spent in physical contact with the water 

spout, there were significant effects for age and sex, in the absence of 
significant effects for genotype or significant interactions between age, 
sex, and genotype. Mice spent less time in contact with the water spout 

FIGURE 6

Drinking behavior at p21 (weaning) and p35 (mature deglutition). Each data point was generated by two mice of the same age, sex, and genotype. 
(A) p21 mice consume less water than p35 mice controls during a 24-h period. (B) There are no significant differences between groups in the number 
of water licks during drinking over a 24-h period. (C) p21 mice spend less time in contact with the water spout than p35 mice, and female mice spend 
less time in contact with the water spout than male mice. Bars indicate the group means. Sample sizes: p21: Ts65Dn M = 14, F = 16, p21 Euploid 
M = 18, F = 18. P35: Ts65Dn M = 18, F = 18, p35 Euploid M = 16, F = 16. ** = p < 0.01, **** = p < 0.0001.

https://doi.org/10.3389/fneur.2024.1461682
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Glass et al. 10.3389/fneur.2024.1461682

Frontiers in Neurology 10 frontiersin.org

at p21 compared to p35 [F (1,50) = 45.81, p < 0.0001], and female 
mice spent less time in contact with the water spout than male mice 
[F (1,50) = 10.21, p = 0.002]. While group means of contact time for 
Ts65Dn were below those of euploid mice, these differences did not 
attain statistical significance (Figure 6C). While it is plausible that 
some of these measures may relate to mouse body size, evaluation of 
eating and drinking measures for significant correlations with 
individual mouse body weight were not performed because these 
behavioral analyses were conducted on pairs of mice, such that the 
accuracy of detection of relationships between individual body weight 
and paired eating and drinking measures was intrinsically limited for 
this experimental paradigm.

3.2 Intrinsic tongue muscle and myofiber 
analysis

Tissue staining and microscopy generated a dataset of 154 high-
resolution images of intrinsic tongue muscle sections of male and 
female mice of both genotypes at the three ages studied (p7, p21-22, 
and p35-36). Tissue section images were analyzed for measures of the 
overall size of the intrinsic tongue, as well as for the area of each of the 
four major intrinsic tongue muscles (Figure 7). Of the four major 
intrinsic tongue muscles, the T/V muscles were selected for expanded 
analysis of myofiber characteristics (Figure 8).

3.2.1 Intrinsic tongue muscle analysis
Intrinsic tongue muscle sizes increased significantly with age, such 

that p7 tongues were shorter than p21 tongues (p < 0.001), and p21 
tongues were shorter than p35 tongues (p = 0.004). Similarly, tongue 
tissue section areas were smaller in p7 mice than p21 mice (p < 0.001), 
and were also smaller in p21 mice than p35 mice (p < 0.001). 
Sex-specific differences were not detected. Compared to euploid, 
Ts65Dn genotype also resulted in significantly smaller values for all 
measures of intrinsic tongue muscle size such that Ts65Dn tongues 
were smaller than euploid tongues in measures of tongue section 
length (p < 0.001) and tongue section area (p < 0.001). However, 
because the Ts65Dn genotype can coincide with smaller overal body 
sizes than euploid at young ages, these measures were also analyzed 
with body weight as a co-variate to consider the possibility that tongue 
size differences in Ts65Dn are attributable to overall smaller body 
sizes. When analyzed with body weight as a covariate, genotype did 
not confer significant differences in these measures of tongue muscle 
size. While final sample sizes in this subgroup analysis were slightly 
less than the study target sample sizes, raising the possibility that 
subgroup analysis was slightly underpowered for the detection of 
genotype-specific differences, this outcome is also compatible with the 
possibility that tongue size differences between Ts65Dn and euploid 
may be at least partly attributable to genotype-specific differences in 
overall mouse size (Figures 7A,B).

Similarly, in analysis of the different intrinsic tongue muscles, 
muscle size increased significantly with age, in that between p7 and 
p21 there were significant increases in the area sizes of the SL 
(p < 0.001), T/V (p < 0.001), and IL (p < 0.001). Age was also 
associated with greater size from p21 to p35 of the SL (p = 0.011), T/V 
(p < 0.001), and IL (p = 0.037). Sex-specific differences in these 
measures were not detected. Upon intitial analysis, Ts65Dn had 
smaller section areas than euploid of the SL (p < 0.001), T/V 

(p < 0.001), and IL (p = 0.002) muscles. However, when these 
measures were analyzed with weight as a co-variate, no significant 
genotype-specific differences were detected. This is compatible with a 
possibility that size differences of different intrinsic tongue muscles 
between Ts65Dn and euploid may be at least partly attributable to 
genotype-specific differences in overall mouse size (Figure 7C).

Because there was a correlation between body weight and the 
physical size of intrinsic tongue muscles, intrinsic tongue muscle 
size data were also separately analyzed as a percentage of the 
overall intrinsic tongue section size, thereby normalizing the areas 
of each intrinsic tongue muscle to the total intrinsic tongue section 
size for each mouse. When evaluated through this alternative 
approach to controlling for body size, neither genotype-specific 
nor sex-specific differences in the relative IT muscle sizes were 
detected (Figure 7D).

3.2.2 Transverse tongue myofiber analysis
Semi-automatic muscle analysis using segmentataion of histology 

(SMASH) of the transverse muscle myofibers of intrinsic tongue 
indicated considerable differences as a function of anatomical region 
of the intrinsic tongue (anterior, middle, or posterior), as well as by 
age (p7; nursing, p21-22; weaning, p35-36; mature deglutition), as 
well as by genotype (Ts65Dn vs. euploid). There were no significant 
differences between males and females in any of the measures of 
transverse myofiber properties (Figures 8, 9; Table 1).

Accross all three ages, the anterior region of the transverse 
muscle was comprised of the smallest myofibers of the three regions, 
while myofibers in the middle region were larger, and myofibers in 
the posterior region were the largest (Figures 8A, 9). Additionally, 
myofiber sizes of the transverse muscle were smallest at p7, larger at 
p21-22, and largest at p35-36. All measures of muscle fiber size in all 
of the three regions of the intrinsic tongue were significantly different 
with age, such that values for the myofiber size measures of minimum 
feret and CSA were significantly smaller in younger mice and larger 
in older mice (Figure 8A; Table 1). Multivariate analysis suggested 
that compared to euploid, the Ts65Dn genotype may confer 
anatomically specific differences in myofiber size measures in specific 
regions of the intrinsic tongue, such that the anterior region and the 
middle region of the transverse muscle were impacted by genotype, 
but the posterior region of the intrinsic tongue transverse muscle was 
unaffected by genotype. These differences included smaller CSA and 
smaller minimum feret diameter in the anterior transverse muscle 
and middle transverse muscle in Ts65Dn as compared to euploid, but 
no differences between genotypes in myofiber sizes of the posterior 
transverse muscle (Table 1). This indicates that while mice of both 
genotypes have an anterior to posterior gradient in myofiber sizes, 
Ts65Dn tongues have larger posterior myofibers relative to the 
smaller sizes of the anterior and middle myofibers of the transverse 
muscle.Quantification of the percentage of myofibers expressing 
MyHC 2b, a marker for very fast, fatiguable muscle fibers, showed 
differences as a function of anatomical region (anterior, middle, 
posterior) and age (p7, p21-22, p35-36). There was a strong 
relationship between MyHC 2b expression and age, such that the 
lowest expression of MyHC 2b occurred during p7 (nursing), greater 
amounts of MyHC 2b were expressed at p21-22 (weaning), and the 
greatest proportion of fibers expressing MyHC 2b occurred at p35-36 
(mature deglutition). While p7 tongues did not express appreciable 
amounts of MyHC 2b, at p21-22 and p35-36 the greatest percentage 
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FIGURE 7

Sizes of Intrinsic Tongue (IT) muscles during postnatal development. (A) superior longitudinal (SL), Inferior longitudinal (IL), Transverse / 
Verticalis (T/V) muscles, IT length, and total IT area were manually measured in one tissue section from each mouse. Three-color microscopy 
images stained for MyHC 2a, 2b, and laminin were analyzed in color, but this example is shown in grayscale for clarity to illustrate the 
locations of the IT muscles. (B) Ts65Dn showed smaller values for IT length and IT area than euploid. (C) SL, T/V, and IL muscles are shown at 
each age point analyzed. (D) IT muscle sizes are shown normalized to total IT area. Each data point indicates analysis from one tissue section 
of one mouse. P7 sample sizes: Ts M = 11, Ts F = 12, Eu M = 10, Eu F = 10. P21 sample sizes: Ts M = 10, Ts F = 12, Eu M = 12, Eu F = 11. P35 
sample sizes: Ts M = 10, Ts F = 11, Eu M = 12, Eu F = 10. Ts = Ts65Dn, Eu = Euploid, M = male, F = female. Bars show the mean. * = p < 0.05, 
** = p < 0.01, *** = p < 0.001.
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FIGURE 8

Quantification of myofiber measures in the anterior, middle, and posterior regions of the intrinsic tongue transverse muscle in Ts65Dn and euploid 
controls. (A) Cross-sectional area (CSA) is significantly different with genotype, age, and anatomical region. (B) The percentage of myofibers that 
express MyHC 2b are significantly different with age and anatomical region. (C) The percentage of myofibers that express MyHC 2a are significantly 
different with genotype, age, and anatomical region. Each data point indicates the mean value of myofibers from one tissue section of one mouse. 
Bars indicate the group mean and SD. Eu = euploid, Ts = Ts65Dn, M = male, F = female. Sample sizes: p7: Ts M = 12, Ts F = 12, Eu M = 12, Eu F = 13. 
p21: Ts M = 12, Ts F = 12, Eu M = 14, Eu F = 12. p35: Ts M = 13, Ts F = 12, Eu M = 13, Eu F = 11.
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of myofibers expressed MyHC 2b in anterior tongue regions, a 
smaller percentage of myofibers expressed MyHC 2b in middle 
tongue regions, and the smallest percentage of myofibers expressed 
MyHC 2b in posterior tongue regions. Ts65Dn showed significantly 
smaller CSA of MyHC 2b + fibers specifically in the anterior and 
middle regions of the transverse muscle, but not in the posterior 
regions. However, Ts65Dn and euploid had similar proportions of 
myofibers that expressed MyHC 2b (Figures 8B, 9; Table 1).

The proportion of myofibers expressing MyHC 2a, a marker for 
moderately fast muscle fibers, showed significant differences as a 
function of anatomical region as well as age and genotype. Across all 
groups, the lowest percentage of myofibers expressed MyHC 2a in 
anterior tongue, a larger percentage of myofibers expressed MyHC 2a 
in middle tongue, and the largest percentage of myofibers expressed 
MyHC 2a in posterior tongue. Additionally, there was a strong 
relationship between MyHC 2a expression and age, such that the 

FIGURE 9

Representative images of intrinsic tongues of Ts65Dn and euploid controls. In each panel, one entire tissue section is shown above (scale bar indicates 
1 mm), and enlarged excerpts from the locations indicated by white boxes are shown below (scale bar indicates 50 μm). (A) Intrinsic tongue sections 
from p7 pups reveal predominance of MyHC 2a staining primarily in the posterior regions, and shows smaller myofibers in the anterior regions. 
(B) Intrinsic tongue sections from p21-22 pups reveal onset of MyHC 2b staining in the anterior tongue at this age, retention of MyHC 2a staining in 
posterior tongue, and smaller myofibers in the anterior tongue regions. (C) Intrinsic tongue sections from p35-36 mice reveal expansion of MyHC 2b 
staining to middle and posterior regions, relative loss of MyHC 2a, and smaller myofibers in the anterior tongue regions. For clarity, the intensity of red 
and blue signal has been doubled relative to green signal in each intrinsic tongue section micrograph in the top panels of A–C.

https://doi.org/10.3389/fneur.2024.1461682
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


G
lass et al. 

10
.3

3
8

9
/fn

eu
r.2

0
24

.14
6

16
8

2

Fro
n

tie
rs in

 N
e

u
ro

lo
g

y
14

fro
n

tie
rsin

.o
rg

TABLE 1 Summary table of multivariate analysis of myofibers of the transverse intrinsic tongue muscle.

Intrinsic tongue region Myofiber measure Characteristic β 95% CI p value

Anterior transverse muscle

Minimum feret

Genotype (Ts65Dn vs. 

euploid)
−0.40 −0.74, −0.05 0.025*

Age (p7 vs. p21) −1.7 −2.2, −1.3 <0.001***

Age (p21 vs. p35) 0.98 0.56, 1.4 <0.001***

CSA

Genotype (Ts65Dn vs. 

euploid)
−13 −22, −3.3 0.009**

Age (p7 vs. p21) −51 −63, −39 <0.001***

Age (p21 vs. p35) 32 21, 44 <0.001***

% MyHC 2b+

Genotype (Ts65Dn vs. 

euploid)
−0.21 −6.9, 6.5 0.950

Age (p7 vs. p21) −51 −60, −43 <0.001***

Age (p21 vs. p35) 28 20, 36 <0.001***

MyHC 2b + CSA

Genotype (Ts65Dn vs. 

euploid)
−28 −46, −11 0.002***

Age (p7 vs. p21) −61 −84, −38 <0.001***

Age (p21 vs. p35) 39 19, 60 <0.001***

% MyHC 2a+

Genotype (Ts65Dn vs. 

euploid)
−0.70 −1.3, −0.07 0.029*

Age (p7 vs. p21) 0.90 0.13, 1.7 0.022*

Age (p21 vs. p35) −0.17 −0.93, 0.60 0.668

MyHC 2a + CSA

Genotype (Ts65Dn vs. 

euploid)
7.8 −14, 30 0.482

Age (p7 vs. p21) −48 −72, −24 <0.001***

Age (p21 vs. p35) 25 −6.9, 57 0.123

(Continued)
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TABLE 1 (Continued)

Intrinsic tongue region Myofiber measure Characteristic β 95% CI p value

Middle transverse muscle

Minimum feret

Genotype (Ts65Dn vs. 

euploid)
−0.75 −1.2, −0.34 <0.001***

Age (p7 vs. p21) −1.5 −2.0, −0.96 <0.001***

Age (p21 vs. p35) 1.4 0.91, 1.9 <0.001***

CSA

Genotype (Ts65Dn vs. 

euploid)
−22 −34, −9.7 <0.001***

Age (p7 vs. p21) −45 −60, −30 <0.001***

Age (p21 vs. p35) 45 29, 60 <0.001***

% MyHC 2b+

Genotype (Ts65Dn vs. 

euploid)
−1.6 −8.6, 5.3 0.645

Age (p7 vs. p21) −25 −34, −17 <0.001***

Age (p21 vs. p35) 22 14, 31 <0.001***

MyHC 2b + CSA

Genotype (Ts65Dn vs. 

euploid)
−36 −59, −14 0.002***

Age (p7 vs. p21) −79 −109, −50 <0.001***

Age (p21 vs. p35) 44 19, 69 <0.001***

% MyHC 2a+

Genotype (Ts65Dn vs. 

euploid)
0.30 −1.7, 2.3 0.760

Age (p7 vs. p21) 3.3 0.95, 5.7 0.007**

Age (p21 vs. p35) −3.2 −5.6, −0.78 0.010**

MyHC 2a + CSA

Genotype (Ts65Dn vs. 

euploid)
10 −3.0, 23 0.129

Age (p7 vs. p21) −35 −50, −19 <0.001***

Age (p21 vs. p35) 18 2.2, 34 0.027*

(Continued)
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TABLE 1 (Continued)

Intrinsic tongue region Myofiber measure Characteristic β 95% CI p value

Posterior transverse muscle

Minimum feret

Genotype (Ts65Dn vs. 

euploid)
−0.14 −0.62, 0.34 0.574

Age (p7 vs. p21) −0.82 −1.4, −0.23 0.007*

Age (p21 vs. p35) 0.85 0.27, 1.4 0.004**

CSA

Genotype (Ts65Dn vs. 

euploid)
−6.2 −22, 9.8 0.443

Age (p7 vs. p21) −25 −44, −5.0 0.014*

Age (p21 vs. p35) 30 11, 50 0.002**

% MyHC 2b+

Genotype (Ts65Dn vs. 

euploid)
−4.3 −10, 1.8 0.168

Age (p7 vs. p21) −9.9 −17, −2.3 0.011**

Age (p21 vs. p35) 16 8.7, 23 <0.001***

MyHC 2b + CSA

Genotype (Ts65Dn vs. 

euploid)
−0.78 −34, 32 0.963

Age (p7 vs. p21) −126 −176, −76 <0.001***

Age (p21 vs. p35) 14 −22, 49 0.445

% MyHC 2a+

Genotype (Ts65Dn vs. 

euploid)
2.0 −1.0, 5.1 0.195

Age (p7 vs. p21) 2.0 −1.7, 5.8 0.290

Age (p21 vs. p35) −4.6 −8.3, −0.86 0.016**

MyHC 2a + CSA

Genotype (Ts65Dn vs. 

euploid)
8.7 −6.9, 24 0.272

Age (p7 vs. p21) −37 −56, −18 <0.001***

Age (p21 vs. p35) 44 25, 63 <0.001***

A multivariate linear regression model was used to evaluate transverse intrinsic muscle myofiber measures obtained from SMASH analysis. Values were compared to the reference age of p21 and the reference genotype of euploid. CI = Confidence interval. 
CSA = myofiber cross-sectional area. For all measures there were no significant differences between sexes (male vs. female). While the impacts of weight and sex are not reflected in Table 1; Supplementary Tables S1–S3 contain results of subgroup analysis that was 
performed with weight, genotype and sex as covariates.
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highest expression of MyHC 2a occurred during p7 (nursing), lower 
amounts of MyHC 2a were expressed at p21-22 (weaning), and the 
lowest proportion of fibers expressing MyHC 2a occurred at p35-36 
(mature deglutition). Ts65Dn had significantly lower percentages of 
myofibers positive for MyHC 2a specifically in the anterior region of 
the transverse tongue muscle (Figures 8C, 9; Table 1).

Finally, to accommodate the possibility that differences in overall 
mouse size could be implicated in genotype-specific differences in 
tongue myofiber sizes, all transverse muscle myofiber data were also 
separately evaluated in subgroup analysis at each age, with bodyweight, 
sex, and genotype as co-variates (Supplementary Tables S1–S3). When 
analyzed with co-variates which controled for differences attributable 
to animal size, many of the genotype-specific differences in myofiber 
size detected in Ts65Dn were determined not to be significant. This is 
compatible with the interpretation that myofiber sizes of anterior and 
middle intrinsic tongue regions in Ts65Dn may be  generally 
proportional to the smaller body sizes of Ts65Dn. However, when 
intrinsic tongue myofiber data was analyzed with co-variates, Ts65Dn 
were found to have significantly larger MyHC 2a + fibers than euploid 
specifically in the anterior region of the transverse muscle at p7, as 
well as at p35-56. This is compatible with the interpretation that 
Ts65Dn may have MyHC 2a + fiber-specific differences in specific 
tongue regions at specific ages that are not explained by body size 
alone. In summary, Ts65Dn appear to have differences in tongue 
myofiber sizes that may be region-specific and partially explained by 
differences in overall body size, and since two different analysis 
strategies indicated genotype-specific differences in MyHC 2a + fibers 
in Ts65Dn intrinsic tongue muscles, it is possible to conclude that 
age-specific differences specific to certain types of myofibers occur in 
the tongue of this mouse model of DS.

4 Discussion

This study used the Ts65Dn mouse model of DS and sibling 
controls to test the hypothesis that DS is associated with developmental 
delays in maturation of the tongue muscle system. Functional 
oromotor measures and intrinsic tongue muscles were analyzed at 
three postnatal developmental timepoints representative of nursing 
(p7), weaning (p21), and mature deglutition (p35) (51). These three 
ages were chosen because each of them differs in how the intrinsic 
tongue muscles facilitate oral intake. Some of our findings were 
broadly compatible with the hypothesis of developmental delay, while 
other findings were more indicative of developmental differences 
rather than developmental delays.

Body weight, used to indicate developmental challenges with 
deglutition in clinical contexts (52), was lower in Ts65Dn than euploid 
mice, and also showed significant differences in Ts65Dn specifically at 
weaning. Ts65Dn showed significant differences from euploid in 
weight change and eating measures at p21, as well as in eating 
measures at p35. Compared to euploid, Ts65Dn also showed 
differences in intrinsic tongue muscle microanatomy and biology at 
p7, p21 and p35. These anatomical differences included smaller 
myofiber sizes in anterior and middle transverse intrinsic tongue 
regions, but not in posterior transverse intrinsic tongue regions, and 
lower proportions of MyHC2a + myofibers specifically in the anterior 
transverse muscle. Further, MyHC2a + myofibers in the anterior 
transverse muscle were found to be relatively larger in Ts65Dn at p7 

and p35 when evaluated with body weight as a covariate. Collectively 
this suggests that while Ts65Dn may have some regional myofiber 
differences in anterior and middle tongue regions that are partially 
attributable to genotype-specific differences in overall animal size, 
Ts65Dn may also have myofiber differences that are not explained by 
differences in animal size. In sum, while there are significant genotype-
specific differences in intrinsic tongue muscles and in behaviors 
dependent on the tongue muscle system, the framework of 
developmental delay is not entirely applicable and some of these 
phenotypes may be more appropriately referred to as developmental 
differences rather than delays.

Ts65Dn shows significant and rapid weight loss compared to 
euploid controls in the 24 h after weaning. During this time, despite 
the fact that Ts65Dn spent more time in food acquisition behavior, and 
spent more time eating than euploid, Ts65Dn ingested significantly less 
food than euploid. This weight loss in Ts65Dn may be compatible with 
an interpretation of developmental delay related to weaning, because 
weaning entails a dramatic advance in oromotor skills required for 
food and water intake, and the Ts65Dn phenotype of weight loss is not 
present at the later timepoint of p35. Prior studies have considered a 
variety of factors that may contribute to differences in weight gain 
following weaning in typically developing mice (53, 54). The switch 
from maternal milk to other food at weaning causes a decrease in body 
fat percentage, however, substantial weight loss at weaning is not 
typical for mice; even for mice that have been preemptively selected for 
smaller body size. The fact that the eating and drinking abilities 
required for successful weight gain after weaning are developmentally 
specific is indicated by prior work showing that when typical mice are 
weaned a week early; at p14, they are unable to gain any weight for the 
next several days (34). Although it is often believed to be necessary to 
wean mice at p21 to comply with laboratory husbandry logistics, it is 
likely that many mice would benefit from weaning at later ages (51), 
and p21 may be an early weaning date that is particularly challenging 
for Ts65Dn. Many children with DS have exceptional delays in weaning 
and delays in developmental transitions to expanded diets, such that 
they may require special accommodations for eating and drinking 
during childhood (55, 56).

This study generated comprehensive normative data characterizing 
the postnatal maturation of the intrinsic tongue muscles in mice, with 
greater and more comprehensive microanatomical description than 
has been previously available. Findings of very strong anterior-to-
posterior gradients in myofiber biology of the tongue are broadly 
congruent with prior anatomical studies of adult rat tongues, which 
demonstrated similar anatomical specificity of MyHC expression in 
intrinsic tongue muscles (24, 46). Further, our findings of dramatic 
age-specific changes in MyHC expression are broadly congruent with 
a prior study reporting significant alterations of MyHC gene expression 
in the intrinsic tongue that are dependent on weaning. In both cases, 
MyHC 2b has been found to upregulate at weaning, and MyHC 2a has 
been found to downregulate at weaning (26). Findings in the current 
study of differences in MyHC 2a + tongue myofibers fibers in Ts65Dn 
are interesting in light of a prior report of significant differences in 
tongue muscle MyHC 2a expression that occur as a result of delays in 
weaning in a different mouse model of a developmental disorder 
involving an absence of tooth eruption (27).

An unexpected finding of this study was that some phenotypes 
of the intrinsic tongue muscles in Ts65Dn were isolated to the 
anterior and middle regions of the intrinsic tongue muscles but 
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were not detected in the posterior tongue muscles. Myofiber sizes 
were smaller in Ts65Dn only in the anterior and middle transverse 
tongue regions but were not smaller than euploid in the posterior 
intrinsic tongue region. That is, the posterior transverse tongue 
myofibers of Ts65Dn are disproportionately large relative to the 
anterior and middle transverse tongue myofibers. This may be of 
translational interest because the posterior tongue or tongue base 
is often implicated in upper airway obstruction in children with DS, 
and anterior-to-posterior collapse of the posterior tongue can pose 
an otolaryngological challenge (57). Another finding of this study 
was that the anterior tongue regions of Ts65Dn showed significant 
differences of MyHC 2a expression compared to euploid. This may 
be of translational interest because different MyHC isoforms are 
associated with different muscle contractile properties, and 
different regions of the intrinsic tongue muscles likely have different 
roles in deglutition. For example, the anterior tongue is the initial 
point of contact for water during licking, while the posterior tongue 
is likely more critical for management of the intraoral bolus. 
Strength and endurance of anterior vs. posterior regions of the 
tongue have been topics of pre-clinical study in the context of 
feeding challenges (58, 59). Because Ts65Dn showed significant 
weight loss at the timepoint of weaning, which is a process known 
to be frequently delayed or challenging for many children with DS 
(55), and also spent longer amounts of time eating relative to the 
amount of food being consumed, Ts65Dn appears to demonstrate 
a variety of phenotypes applicable to further study of developmental 
deglutition challenges in DS that involve tongue function.

While this study provides a more comprehensive examination of 
tongue muscle maturation phenotypes associated with a mouse model 
of DS than has been previously available, there were also some 
limitations in its approach. First, anatomical aspects of intrinsic 
tongue maturation are likely influenced by skeletal constraints of the 
maxilla and mandible, which are known to be unique in Ts65Dn (40, 
60). Challenges related to tongue size in DS are often attributed to 
relative macroglossia, or the relationship between the tongue size and 
the size of the oral cavity (40, 61). Therefore, it is impossible to identify 
a particular tongue size as problematic without considering the size of 
the oral cavity in which the tongue is located. While overall measures 
of tongue size in this study were significantly smaller in Ts65Dn than 
euploids, and it appears plausible that this may be at least partially 
explained by smaller overall body size of Ts65Dn, anatomical analysis 
of the greater oral cavity was not included in this study design and 
therefore it is not possible to determine whether the tongue size 
measures in this study reflect either the presence or absence of relative 
macroglossia. However, a prior study has reported that youth with DS 
do have significantly smaller tongues compared to youth without DS, 
and that further, the size of the tongues of youth with DS are still 
proportionately larger than controls when evaluated relative to 
craniofacial measurements (62). Future work to expand in this area 
may be  translationally applicable in light of the fact that some 
genotype-specific myofiber findings occurred in particular regions of 
the tongue muscle. Because DS can entail challenges specific to the 
relative size of posterior tongue regions (4), it is translationally 
interesting that Ts65Dn appeared to demonstrate smaller myofibers 
in the anterior and middle tongue regions, but not posterior 
tongue regions.

Secondly, given the 3D complexity of the intrinsic tongue muscles, 
some measures of the 2D tissue section analysis strategy used here to 

estimate intrinsic tongue muscle sizes were likely vulnerable to 
variability caused by small variations in sectioning plane. Even small 
medial-to-lateral variations in section plane could have impacts on the 
relative proportions of the different intrinsic tongue muscles represented 
in each section. It is plausible that the estimation of the sizes of the IL 
muscles in particular may have been affected by this issue, and therefore 
findings related to the IL muscle in this study may be appropriately 
regarded as exploratory. Limitations intrinsic to 2D analysis of tissue 
sections may also be applicable to transverse myofiber measures in this 
study. Transverse myofibers were identified through anatomical location 
and fiber orientation, however, myofiber orientations of intrinsic tongue 
muscles are very complex and are most accurately appreciated in 3D. 2D 
analysis may entail risks that myofibers that could have been identified 
as belonging to the verticalis muscle when evaluated in 3D may have 
occasionally been identified as belonging to the transverse muscle when 
evaluated in 2D sections. Future work in 3D imaging to characterize the 
anatomical changes in the major intrinsic tongue muscles with 
maturation and in the context of developmental disorders would be of 
benefit to build on and expand these initial findings.

A third limitation in this study pertains to the biological 
interpretation of weight loss in Ts65Dn at weaning. While weight loss 
or slow weight gain can be a sign of pediatric feeding challenges, it is 
possible that body weight could also be impacted by other phenotypes 
that may occur in Ts65Dn which were beyond the scope of this study. 
Those phenotypes include differences in locomotor activity levels and 
metabolism (63). Because the present study did not quantify physical 
activity levels or metabolic measures, those factors cannot be ruled out 
as contributors to weight loss in Ts65Dn at weaning.

As we enter a new era of biomedical research that more equitably 
includes people with DS and other developmental disorders (64), 
there is a pressing need to elucidate the biological basis of medical 
challenges associated with this syndrome. This study provides new 
information about the postnatal maturation of the intrinsic tongue 
muscle system, which is critical for several cranial functions that can 
be  impacted in DS. Tongue muscle and myofiber findings in this 
study clarify aspects of intrinsic tongue development across three 
anatomical regions of the intrinsic tongue at three functionally 
distinct time points, within two genotype groups, and in male and 
female mice. These findings, paired with the description of deglutition 
phenotypes at p21 and p35, provide a baseline understanding of 
tongue maturation phenotypes that occur in a mouse model of DS.
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