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Abstract

The tongue is a muscular hydrostat, with lingual movements occurring during breathing, chewing, 

swallowing, vocalization, vomiting, coughing and grooming/sexual activities. In the elderly, 

reduced lingual dysfunction and weakness contribute to increased risks of obstructive sleep apnea 

and aspiration pneumonia. In Fischer 344 (F344) rats, a validated model of aging, hypoglossal 

motor neuron death is apparent, although there is no information regarding tongue strength. The 

intrinsic tongue muscles, the superior and inferior longitudinal, transversalis and verticalis exist 

in an interdigitated state. Recently, we established a method to measure the specific force of 

individual intrinsic tongue muscle, accounting for the tissue bulk that is not in the direction of 

uniaxial force. In the longitudinal muscles of 6- (n = 10), 18- (n = 9) and 24-month-old (n 
= 12) female and male F344 rats, we assessed specific force, fatigability, fiber type dependent 

cross-sectional area (CSA) and overall CSA. Muscle force and fatigue was assessed ex vivo using 

platinum plate simulation electrodes. Tongue muscles were frozen in melting isopentane, and 

transverse sections cut at 10 μm. Muscle fiber type was classified based on immunoreactivity 

to myosin heavy chain (MyHC) isoform antibodies. In H&E stained muscle, CSA and uniaxial 

muscle contributions to total tongue bulk was assessed. We observed a robust ~30% loss of 

longitudinal specific force, with reductions in overall longitudinal muscle fiber CSA and specific 

atrophy of type IIx/IIb fibers. It will be important to investigate the mechanistic underpinnings of 

hypoglossal motor neuron death and tongue muscle weakness to eventually provide therapies for 

age-associated lingual dysfunctions.
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1. Introduction

Among co-morbidities of aging, the incidence of airway infections such as pneumonia is 

3-fold higher in older individuals, accounting for > 60% of healthcare expenditures in the 

USA (Chong and Street, 2008). Such respiratory infections are significant contributors to 

decreased quality of life and are a common cause of death among the elderly, who are 

at greater risk of hospitalization for respiratory failure and frequently require prolonged 

mechanical ventilation (Enright et al., 1994; Polkey et al., 1997; Tolep et al., 1995). Age is 

also a major risk factor for obstructive sleep apnea (OSA) (Gaspar et al., 2017), with OSA 

implicated in increasing the morbidity and mortality of airway infections (Andrade et al., 

2018; Gale et al., 2019; Langmore et al., 1998), exacerbating the effects of sarcopenia. In 

sarcopenia and OSA, the increased risks of respiratory infections and aspiration pneumonias 

(Chong and Street, 2008) are likely due to impaired airway clearance behaviors (e.g. cough/

sneeze) (Enright et al., 1994; Khurram et al., 2018; Polkey et al., 1997; Tolep et al., 1995) 

resulting from respiratory muscle weakness (Crow and Ship, 1996; Enright et al., 1994; 

Polkey et al., 1997; Tolep et al., 1995; Youmans et al., 2009) and/or dis-coordination of 

respiratory muscles (including the tongue muscles) (Langmore et al., 1998).

In both female and male Fischer 344 (F344), rats, validated for aging research, we have 

extensively characterized ventilatory and non-ventilatory (maximum transdiaphragmatic 

pressure, Pdimax) behaviors via bilateral phrenic nerve stimulation, with ~30% reductions 

in old compared to young rats (Khurram et al., 2018) and ~25% reduction in diaphragm 

muscle (DIAm) maximum specific force (Po, normalized for muscle cross sectional area 

- CSA) (Fogarty et al., 2018a; Fogarty et al., 2020b; Khurram et al., 2018). Remarkably, 

no age-associated dysfunction was observed in ventilatory Pdi, consistent with conserved 

DIAm endurance and the resilience of type I and IIa fibers to atrophy (Fogarty et al., 2019b; 

Khurram et al., 2018). These results are entirely consistent with the loss of larger phrenic 

motor neurons and the degeneration of larger phrenic motor axons (Fogarty et al., 2018b; 

Fogarty and Sieck, 2023). Similar losses of hypoglossal motor neurons are also reported in 

old F344 rats (Fogarty, 2023). Although sarcopenia is not fully described in the tongue, there 

are reports in old F344/Brown-Norway (F344/BN) hybrid rats of reduced protrusion force 

(Nagai et al., 2008) and fiber atrophy (Kletzien et al., 2018). However, specific details on 

individual intrinsic and extrinsic tongue muscles are lacking and only males were studied.

The primary goal of this study was to measure the mechanical, fatigue and fiber type-

specific properties of the intrinsic longitudinal (superior and inferior) tongue muscles in 

6-, 18- and 24-month-old F344 rats. In addition to their role in the muscular hydrostat 

functions of the tongue, the intrinsic superior and inferior longitudinal muscles are 

involved in the propulsion of the food bolus during swallowing and ventilatory response 

to occlusion (Bailey and Fregosi, 2004; Gilbert et al., 2007; Sanders and Mu, 2013). In 

order to disambiguate the contribution of the superior and inferior longitudinal muscles 

to tongue forces from the rest of the heavily interdigitated intrinsic tongue muscles (i.e., 

the transversalis and verticalis muscles) (Bailey et al., 2006; Fogarty and Sieck, 2021c; 

McClung and Goldberg, 2000; Sanders and Mu, 2013), we recently established a manner 

to evaluate uniaxial forces and fatigability in individual tongue muscles (Fogarty and Sieck, 

2021c) (Fig. 1A and B). We hypothesized that by 24-months of age, specific force, the 
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relative contribution of type IIx/IIb fibers to longitudinal muscle bulk and the CSA of type 

IIx/IIb fibers will be reduced compared to 6- and 18-month-old F344 rats.

2. Methods

2.1. Ethical approval

All animal use and protocols were approved by the internal Mayo Clinic Institutional 

Animal Care and Use Committee (IACUC, approval #00003068–17) and complied with 

State and Federal laws and NIH guidelines. All animal experiments herein complied with the 

ethical principles outlines by the Journal.

2.2. Experimental animals and anesthesia

We used 31 pathogen-free 6-months (5 females and 5 males), 18-months (4 females and 

5 males) and 24-months (5 females and 7 males) old F344 rats, obtained from Charles 

River Laboratories and the NIA. Rats were maintained on an alternating 12:12 h light-dark 

cycle with ad libitum access to fresh water and chow. An acclimation period of at least 

48 h was provided before conducting any experiments. Animals were deeply anaesthetized 

(indicated by absence of both deep pain and palpebral reflexes) with intramuscular ketamine 

(80 mg/kg) and xylazine (10 mg/kg) and euthanized by exsanguination.

2.3. Muscle isometric force and fatigue assessment

For assessment of the superior and inferior longitudinal muscles, the entire intrinsic tongue 

was isolated and excised, placed in a sylgard-bottomed chamber of Rees-Simpson’s solution 

(pH 7.4) at 26 °C and bubbled with carbogen gas (95% O2/5% CO2), in a manner identical 

to our past report (Fogarty and Sieck, 2021c) (Fig. 1B). A suture (5–0 silk, Ethicon) was 

placed in the midline of the tongue, ~0.5 mm from the tip, in a manner identical to previous 

studies (Fogarty and Sieck, 2021c; Fuller et al., 1998; Gilliam and Goldberg, 1995). The 

base of the tongue was securely clamped and pinned to the chamber bottom and the suture 

tied to a force transducer (Aurora Scientific, 6350, Cambridge Technology, MA). The output 

of the force transducer data was digitized (1 kHz sampling rate) and recorded in LabChart 

software (ADInstuments, Dunedin, New Zealand). Electrical field stimulation was achieved 

via platinum plate electrodes placed on either side of the muscle, with stimulation current 

provided by a 701 C stimulator (Aurora Scientific, ON, Canada). Optimal length (Lo) and 

supramaximal stimulus settings (~150 mA) were established in a manner identical to prior 

studies (Fogarty and Sieck, 2021c). To quantify tetanic forces, stimulus trains (500 ms 

duration) with 0.5 ms current pulses, delivered at 5, 10, 20, 40, 50, 75 and 100 Hz were used 

in a manner identical to past ex vivo studies in rat tongue (Fogarty and Sieck, 2021c).

Fatigue was assessed using a pattern of direct muscle stimulation where supramaximal 

(~150 mA) stimulus pulses (0.08 ms duration) were delivered at 40 Hz in 330 ms duration 

trains repeated each s (33% duty cycle) for 120 s (Fogarty et al., 2019b; Fogarty and Sieck, 

2021c), consistent with previous 40 Hz fatigue tests conducted in the tongue (Fogarty and 

Sieck, 2021c; Fuller and Fregosi, 2000; Nagai et al., 2008; van Lunteren and Manubay, 

1992). A fatigue index was calculated as a ratio of the residual force after 120 s to the initial 

force. Fatigue was characterized by a decrease in specific and relative force with time.
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In all force and fatigue experiments, specific force was calculated by normalizing force to 

the estimated CSA of the muscle (muscle CSA = muscle strip weight (g)/(Lo (cm) × 1.056 

g/cm3) and expressed as N/cm2, in a manner identical to past reports in tongue (Fogarty and 

Sieck, 2021c). Due to the structural complexity and intimate interdigitation of the intrinsic 

tongue muscles (Abe et al., 2002; Bailey et al., 2006; Fogarty and Sieck, 2021c; Saito and 

Itoh, 2003; Sanders and Mu, 2013), these specific force results were normalized to the area 

fraction of the tongue musculature (parallel to the longitudinal force vector) compared to 

the total area of the tongue tissue bulk, in a manner identical to our past study (Fogarty and 

Sieck, 2021c).

2.4. Muscle histology and fiber type specific proportions and CSA

The entire blade of the tongue (for longitudinal muscle assessment) was stretched to Lo and 

fresh-frozen on cork in melting isopentane, in a manner identical to past reports (Fogarty 

et al., 2019b; Fogarty et al., 2020b; Fogarty and Sieck, 2021c) and stored at − 80 °C until 

processed. Serial cryo-sections (10 μm) were cut using a cryostat (Reichert Microscope 

Services, Depew, NY, USA) such that longitudinal or genioglossus tongue muscles were 

sectioned transverse. The middle part of each muscle belly was assessed for CSA (Fig. 1A).

Brightfield mosaic images of muscle fibers stained for hematoxylin and eosin, were acquired 

using a 20x objective (Olympus IX71) in a manner previously established (Fogarty et al., 

2020a; Fogarty et al., 2021a; Fogarty and Sieck, 2021c; Fogarty et al., 2020d). In ImageJ, 

the circumference of individual tongue muscle fibers was circumscribed using the freehand 

draw tool and noted, with fibers excluded if they had a circularity characteristic of < 0.5, 

indicating that they were oblique to the orientation uniaxial force. The entire tongue tissue in 

the section was then circumscribed, and the relative contribution of the superior and inferior 

longitudinal muscles to the total tongue CSA was calculated. The proportion of muscle 

fiber CSA that was perpendicular to longitudinal uniaxial force, relative to the total CSA of 

tongue tissue bulk (that comprised muscle fibers, interstitial space and oblique/longitudinal 

muscle fibers from other muscles) was reported for each muscle assessed and defined as the 

muscle fiber contribution to total tongue bulk.

Immunoreactivity of tongue muscle fibers for antibodies specific to different MyHC 

isoforms was used to classify fiber types, as previously described (Abe et al., 2002; 

Cullins and Connor, 2017; Fogarty and Sieck, 2021c; Glass et al., 2019). MyHCslow 

(BA-F8, 1:3 dilution; Developmental Studies Hybridoma Bank [DSHB], Iowa City, IA) 

and MyHC2A (SC-71, 1:3 dilution; DSHB) antibodies were incubated together in one 

section, while immunoreactivity for MyHC2x (6H1, 1:1 dilution; DSHB) was assessed 

in an adjacent section. These MyHC isoform antibodies have been extensively used and 

validated in previous studies (Abe et al., 2002; Cullins and Connor, 2017; Glass et al., 

2019). Immunolabeled tongue tissue cross-sections were imaged using a 20x oil-immersion 

objective (NA 1.0) on an Olympus FV2000 (Olympus USA) laser confocal microscope 

with a 1024 × 1024 pixel array, with similar acquisition parameters across preparations. 

A non-biased stereological sampling approach was used to represent the different tongue 

muscle compartments. The mean fiber type specific CSA of longitudinal tongue muscles 

was determined using morphometric tools in ImageJ, in a manner identical to past reports 
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(Fogarty et al., 2019b; Fogarty et al., 2020b; Fogarty and Sieck, 2021c). Note that these 

measurements do not include any interstitial space or muscle fibers that are not in the plane 

perpendicular to uniaxial force (see above).

2.5. Statistical methods

All statistical analyses were performed using PRISM software (GraphPad PRISM Version 

9.4.0, La Jolla, CA). Statistical significance was established at the P < 0.05 level. All data 

are presented as mean ± 95% confidence intervals, unless otherwise specified and assessed 

for normality with Kolmogorov-Smirnov tests. For comparisons between three groups, one-

way ANOVAs with Tukey’s post hoc tests were used. Where both muscles and stimulation 

or time or fiber type were factors, two-way ANOVAs with repeated measures were used 

to compare ages and stimulation frequency or time, with Bonferroni post hoc tests when 

warranted (i.e., when the effect of muscle, time/stimulation/fiber type or their interaction 

was P < 0.05). The experimental n is an individual muscle with no separation between left 

and right sides, with mean values comprising ~30 replicates per fiber type per muscle for 

the fiber type specific CSA and ~125 individual fibers for overall longitudinal muscle fiber 

CSA. We had a priori exclusion criteria for replicate data, namely, all data greater than 2.5 

standard deviations from the mean were removed, consistent with our past reports (Fogarty 

et al., 2021a; Fogarty et al., 2019b; Fogarty et al., 2020b; Fogarty and Sieck, 2021c) and 

with expert statistical guidance (Van Selst and Jolicoeur, 1994), with > 96% of all data being 

within our exclusion range. In the present study, no exclusion was required for force, fatigue, 

or muscle contribution to tissue bulk data. Although sex as a biological variable cannot be 

excluded, we and others have previously observed no sex differences in the number, size and 

distribution hypoglossal motor neurons or tongue muscle properties (Fogarty et al., 2020c; 

Fogarty and Sieck, 2021c; Glass et al., 2019; Kanjhan et al., 2016; Kidder et al., 2014). 

Nonetheless, values for the major outcome measures in the present study were stratified by 

sex (Table 1).

3. Results

3.1. Animal characteristics

In female and male F344 rats, body mass tended to increase between 6-months (388 ± 55 g; 

n = 10) to 18-months old (456 ± 74 g; n = 9), before falling significantly by ~24% between 

18- and 24-months (346 ± 30 g; P = 0.0055, Tukey’s post test, n = 12) in the present 

study (F(2, 28)= 5.8; P = 0.0077, One-way ANOVA). Consistent with this, we did observe 

a significant effect of sex (F(1, 25)= 13.5; P = 0.0011) and age (F(2, 25)= 8.0; P = 0.0021), 

but no effect of sex-age interaction (F(2, 25)= 0.3; P = 0.774) on body mass of F344 rats 

(two-way ANOVA; Table 1).

3.2. Tongue muscle fiber contribution to total tongue tissue bulk in longitudinal muscles

The proportion of tongue tissue bulk comprising either the superior and inferior longitudinal 

muscle fibers and transversalis muscle fibers in the proximal region of the tongue blade was 

quantified (Fig. 1C). We did not observe any differences in the contribution of longitudinal 

muscle fibers with age (F(2, 28)= 0.8; P = 0.460, One-way ANOVA), with the % of uniaxial 

fibers ~18–20% in 6- (19.6 ± 3.0%; n = 10), 18- (20.9 ± 3.6%; n = 9) and 24-month-old 
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(18.6 ± 2.2%; n = 12) rats (Fig. 1D). When sex was taken into consideration, neither sex 

(F(1, 25)= 1.0; P = 0.974), age (F(2, 25)= 0.7; P = 0.488), nor a sex-age interaction (F(2, 25)= 

0.4; P = 0.705) had an effect on the longitudinal muscle fiber contribution to total tongue 

bulk (two-way ANOVA; Table 1).

3.3. Aging reduced isometric specific force production of the longitudinal muscles

Isometric forces generated across a range of stimulation frequencies by the superior and 

inferior longitudinal muscles at 6-, 18- and 24-months old, with the maximum tetanic 

force represented (Fig. 2A). Twitch specific forces of the superior and inferior longitudinal 

muscles at 6- (1.6 ± 0.4 N/Cm2, n = 10), 18- (1.7 ± 0.6 N/Cm2, n = 9) and 24-months-old 

(1.0 ± 0.4 N/Cm2, n = 12) was affected by age (F(2, 28)= 3.5; P = 0.0446, One-way ANOVA; 

Fig. 2B), although Tukey’s post-tests did not reveal any specific changes between individual 

age groups. Although the effect of age held (F(2, 25)= 3.6; P = 0.0425), we did not observe 

a significant effect of sex (F(1, 25)= 0.1; P = 0.836) or sex-age interaction (F(2, 25)= 0.7; P = 

0.519) on twitch specific forces (two-way ANOVA; Table 1).

The maximum tetanic specific force of the superior and inferior longitudinal muscles was 

reduced in 24-month-old rats (3.3 ± 0.6 N/Cm2, n = 12), by ~33% compared to 6-month 

(4.9 ± 1.0 N/Cm2, n = 10; P = 0.0349, Tukey’s post-test) and ~38% in 18-month-old (5.3 ± 

1.5 N/Cm2, n = 9; P = 0.0073, Tukey’s post-test) rats (F(2, 28)= 6.3; P = 0.0055, One-way 

ANOVA; Fig. 2C). There were no differences between 6- and 18-month-old rats (P = 0.783, 

Tukey’s post-test). Although the effect of age held (F(2, 25)= 5.8; P = 0.0083), we did not 

observe a significant effect of sex (F(1, 25)= 0.01; P = 0.908) or sex-age interaction (F(1, 25)= 

0.3; P = 0.739) on maximum specific forces (two-way ANOVA; Table 1). Overall force 

(regardless of muscle mass) followed a similar trend, with force (N) in 24-month-old rats 

(0.15 ± 0.02 N, n = 12) reduced by 21% compared to 6-month-old rats (0.19 ± 0.03 N, n = 

10 P = 0.037, Tukey’s post-test) and 25% compared to 18-month-old (0.20 ± 0.04 N, n = 9; 

P = 0.0035, Tukey’s post-test) rats (F(2, 28)= 7.1; P = 0.0008, One-way ANOVA). There were 

no differences between 6- and 18-month-old rats (P = 0.58, Tukey’s post-test).

There was a marked relationship on longitudinal specific force with frequency of stimulation 

(F(1.7, 48.2)= 151.1; P < 0.0001), age (F(2,28)= 9.1; P = 0.0009), and the stimulation 

frequency-age interaction between (F(12, 168)= 7.3; P < 0.0001; two-way ANOVA; Fig. 

3A). From 40 Hz and greater stimulations, longitudinal muscle specific forces were reduced 

between 6- and 24-month-old rats (P < 0.05, for each comparison; Bonferroni post-tests; 

Fig. 3A). In the case of 18-month-old rats, there were no differences compared to 6-month-

olds (P > 0.99 for all comparisons), with differences compared to 24-month-old rats with 

stimulation frequencies of 75 and 100 Hz (P < 0.0474 in both comparisons; Bonferroni 

post-tests; Fig. 3A). We observed no differences between 6- and 18-month-old rats (P > 0.99 

in all comparisons; Bonferroni post-tests; Fig. 3A).

When expressed as a % of maximum specific forces at each stimulation frequency, the 

stimulation frequency had a significant effect on longitudinal muscle force (F(2.6, 73.8)= 

243.4; P < 0.0001), but not age (F(2,28)= 1.0; P = 0.394) not the stimulation frequency-age 

interaction (F(12, 168)= 1.4; P < 0.168; two-way ANOVA; Fig. 3B).
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3.4. Aging influences fatigue index, but not residual forces of the longitudinal tongue 
muscles

Fatigue was assessed in the superior and inferior longitudinal muscles with specific forces 

declining during 120 s of repetitive activation (Fig. 4). The overall fatigue index was 

significantly increased in 24-month-old rats (0.206 ± 0.044, n = 12; F(2, 28)= 6.5; P = 0.0049, 

One-way ANOVA) by ~56% compared to 6- (0.132 ± 0.020, n = 10; P = 0.0059, Tukey’s 

post-test) and ~39% 18-month-olds (0.148 ± 0.030, n = 9; P = 0.0385, Tukey’s post-test), 

respectively (Fig. 4B). There were no differences between 6- and 18-month-old rats (P 
= 0.787, Tukey’s post-test; Fig. 4B). Although the effect of age held (F(2, 25)= 5.7; P = 

0.0095), we did not observe a significant effect of sex (F(1, 25)= 1.4; P = 0.246) or sex-age 

interaction (F(2, 25)= 0.1; P = 0.948) on the fatigue index (two-way ANOVA; Table 1).

Following the 120 s of repetitive activation, the residual force generated by the superior and 

inferior longitudinal muscles was unchanged between 6- (0.57 ± 0.19 N/Cm2, n = 10), 18- 

(0.65 ± 0.20 N/Cm2, n = 9) and 24-month-old rats (0.49 ± 0.13 N/Cm2, n = 12; F(2, 28)= 

1.1; P = 0.335, One-way ANOVA; Fig. 4C). We did not observe a significant effect of age 

(F(2, 25)= 1.4; P = 0.270), sex (F(1, 25)= 1.6; P = 0.218) or sex-age interaction (F(2, 25)= 0.8; P 
= 0.476) on the residual force following fatigue (two-way ANOVA; Table 1).

3.5. Longitudinal muscle fiber type properties in aging

A mixture of muscle fiber types, type I, type IIa and type IIx/IIb, was observed in the 

longitudinal muscles of 6-month-old F344 rats (Fig. 5A), whilst the expression of type I 

fibers was very rare to absent at 18- and 24-months-old. Notably, this was not due to the 

ineffectiveness of immunolabelling, as 24-month-old genioglossus muscle exhibited type 

I fibers (Fig. 5B). Accordingly, we excluded type I fibers from our fiber type specific 

assessments.

The mean longitudinal muscle fiber CSA was influenced by age (F(2,23)= 5.8; P = 0.0089), 

fiber type (F(1,23)= 192.3; P < 0.0001) and the interaction between age and fiber type 

(F(2,23)= 7.8; P = 0.0026; two-way ANOVA; Fig. 5C). For type IIa fibers, there was no 

difference in CSA between 6- (486 ± 54 μm2), 18- (454 ± 115 μm2) and 24-month-old 

(448 ± 35 μm2) F344 rats (P > 0.99 in all age comparisons; Bonferroni post test; Fig. 

5E). By contrast, by 24-month-old (738 ± 94 μm2) F344 rats had an ~27% and ~30% 

reduction in mean type IIx/IIb fiber CSA compared to 6- (1009 ± 168 μm2; P = 0.0005) and 

18-months-old (1051 ± 171 μm2; P = 0.0006), respectively (Bonferroni post-tests; Fig. 5E). 

There were no differences in type IIx/IIb longitudinal muscle fiber CSA between 6 and 18 

months old (P > 0.99; Fig. 5C).

There was no sex (F(1, 20)= 0.9; P = 0.351), age (F(2, 20)= 0.7; P = 0.526) or sex-age 

interaction (F(2, 20)= 0.1; P = 0.863) effect on type I longitudinal muscle fiber CSA (two-way 

ANOVA, Table 1). For type IIx/IIb fiber CSA, the effect of age held (F(2, 20)= 8.1; P = 

0.0027), though we did not observe a significant effect of sex (F(1, 20)= 1.9; P = 0.187) or 

sex-age interaction (F(2, 20)= 1.1; P = 0.367; two-way ANOVA; Table 1).
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3.6. Longitudinal muscle CSA was reduced in aging

As there was some variability in the MyHC expression and the disambiguation of type I 

fibers in the longitudinal muscles, we assessed whether there was any difference with age in 

overall longitudinal muscle fiber CSAs (Fig. 6). The overall CSA was significantly reduced 

in 24-month-old rats (509 ± 47 μm2, n = 12; F(2, 28)= 14.1; P < 0.0001, One-way ANOVA) 

by ~26% compared to 6- (691 ± 91 μm2, n = 10; P = 0.006, Tukey’s post-test) and ~29% 

18-month-olds (718 ± 74, n = 9; P = 0.002, Tukey’s post-test), respectively (Fig. 6B). There 

were no differences between 6- and 18-month-old rats (P = 0.824, Tukey’s post-test; Fig. 

6B). Although the effect of age held (F(2, 25)= 13.8; P < 0.0001), we did not observe a 

significant effect of sex (F(1, 25)= 1.3; P = 0.259) or sex-age interaction (F(2, 25)= 0.2; P = 

0.835) on the overall longitudinal muscle CSA (two-way ANOVA; Table 1).

The size distributions of longitudinal muscle fiber CSA was also assessed, with a shift to 

smaller CSAs in 24-month-old rats compared to 6- (P < 0.001) and 18-month-old rats (P < 

0.001; Kolmogorov-Smirnov test; Fig. 6C).

4. Discussion

The present study is the first to catalogue the age-associated changes in specific force and 

fatigue properties as well as fiber type-specific morphology of the intrinsic superior and 

inferior longitudinal muscles in the rat tongue. There were five main findings: i) There 

were no systematic changes to longitudinal tongue muscle contributions to total tongue 

tissue bulk with aging; ii) When normalized for muscle fiber contribution to total tongue 

tissue bulk, the maximum specific force generated by the longitudinal muscles was reduced 

in old age; iii) The fatigue characteristics of longitudinal tongue muscles differed with 

age, however, the residual specific force following fatigue was unchanged; iv) The CSAs 

of type IIx/IIb longitudinal tongue fibers was reduced by 24-months-old, with type I and 

IIa fibers relatively unaffected; and v) Consistent with fiber-type specific results, overall 

longitudinal muscle fiber CSA was also reduced at 24-months-old. Taken together, our 

results suggest that longitudinal tongue muscle sarcopenia is concomitant with the onset 

of mortality in Fischer 344 rats (i.e., occurs between 18- and 24-months old) and with 

the loss of hypoglossal motor neurons (Fogarty, 2023). The pattern of fatigability and the 

disproportionate effects of aging on type IIx/IIb fibers is consistent with sarcopenia being 

selective to type FF motor units.

In situ, the individual intrinsic and extrinsic tongue muscles exist in a complex interdigitated 

state, with the genioglossus insertion ingratiated with the intrinsic muscles. These tongue 

muscles must coordinate their movements together, in addition to orchestrating activations 

with other muscles of the oropharynx and the DIAm. These tongue movements contribute 

to many behaviors, including ventilation, chewing, swallowing, grooming (erotic behaviors 

in humans), vocalization (speech in humans) and expulsive manoeuvres (coughing, sneezing 

and vomiting) (Bailey and Fregosi, 2004; Bailey et al., 2006; Doty and Bosma, 1956; 

Eckstein and Hart, 2000; Lowe, 1980; Macneilage and Sholes, 1964; Mathew et al., 1982; 

Mitchinson and Yoffey, 1947; Sachs, 1988; Satoh et al., 1998; Spruijt et al., 1992). In 

humans there are many lingual behaviors that may be impaired in the elderly or in age-

associated disorders. These coalesce around reduced oral motor function (Baum and Bodner, 
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1983), maximal tongue strength (Crow and Ship, 1996; Youmans et al., 2009) and increased 

risk of OSA and aspiration pneumonia (Chong et al., 2008; Gaspar et al., 2017; Langmore et 

al., 1998) in the elderly.

The intense investigation of the effects of aging on tongue muscle function have to date 

centred on the F344/BN hybrid rat model. In these rats, reduced protrusion force and 

some indication of tongue muscle fiber atrophy is apparent (Kletzien et al., 2018; Nagai 

et al., 2008). One complication with this approach is that retraction and protrusion forces 

generated by hypoglossal nerve stimulation are a summation of the activity of multiple 

tongue muscles that may not be activated in a strictly synergistic manner (Bailey et al., 2006; 

Lowe, 1980; Setzke et al., 2020). Furthermore, by contrast to the loss of hypoglossal motor 

neurons in 24-month-old F344 rats (Fogarty, 2023), and the robust observations of motor 

neuron death in aging F344 rats (Fogarty et al., 2018b; Fogarty and Sieck, 2023; Hashizume 

et al., 1988; Jacob, 1998; Johnson and Duberley, 1998; Kanda and Hashizume, 1998) there 

is no loss of tongue-innervating hypoglossal motor neurons in the aged F344/BN hybrids 

(Schwarz et al., 2009). Motor neuron loss is also evident in the cervical and lumbar spinal 

cord of aged humans (Cruz-Sanchez et al., 1998; Kawamura et al., 1977; Tomlinson and 

Irving, 1977; Zhang et al., 1996). Thus, this study provides an important contribution by 

disambiguating the impact of other tongue muscles by using our uniaxial force evaluation 

approach in females and males (Fogarty and Sieck, 2021c), in a model of aging where motor 

neuron death is present, similar to elderly humans.

In longitudinal muscle tongue muscle cross-sections, there were no differences in non-

uniaxial muscle fiber contributions to tongue blade muscle bulk, which also comprises the 

vasculature, interdigitated muscle fibers in different orientations and the interstitium. This is 

similar to aging DIAm of F344 rats, which does not experience changes in the interstitium 

with age (Elliott et al., 2016; Khurram et al., 2018). Thus, it is likely that any reduction in 

specific force with age was not due to fatty or connective tissue infiltrations into the muscle.

Lack of information on the force properties of individual tongue muscles has been identified 

as a major interference to the understanding of tongue muscle function for a number 

of years, having been identified as a startling gap in the literature for some decades 

(Lowe, 1980; Sokoloff, 2000; van Lunteren and Manubay, 1992). In the present study, 

the observation of reduced specific force (normalized to muscle cross sectional areas) of 

the longitudinal intrinsic muscles of the tongue is entirely novel. Notably, the force loss 

without normalisation for muscle cross sectional area is ~20–25%, compared to the ~33% 

when factoring specific force. As these rats grow throughout the lifespan, slightly larger 

tongue muscles and differing growth rates (i.e., 6 vs 18 and 18 vs 24 months) may confound 

and/or mitigate some of the decrement in “absolute” force generation. Beyond atrophy 

(i.e., when accounting for differences in muscle mass/CSA), we have three possibilities for 

reduction in intrinsic muscle force generation: i) the fraction of cross-bridges in the strongly 

bound force generating state, ii) the average force produced per cross-bridge, and/or iii) 

the number of myosin heads in parallel per half-sarcomere (Fogarty and Sieck, 2021c). 

These factors are dependent on fiber type (Geiger et al., 2000; Geiger et al., 1999; Han et 

al., 2003) and, with direct relevance to hypoglossal motor neuron death in aged F344 rats 

(Fogarty, 2023), denervation (Geiger et al., 2003; Geiger et al., 2001). With denervation 
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(and likely aging), the fraction of bound cross-bridges at given calcium concentrations are 

unchanged, along with the average force per cross-bridge. By contrast reduction in myosin 

heads per half-sarcomere (i.e., myosin concentration) reduces specific force directly (Geiger 

et al., 2000) and indirectly (as cross-bridges of IIx/IIb fibers produce more force than I and 

IIa fibers) (Geiger et al., 2000). In denervated (Geiger et al., 2003; Geiger et al., 2001) 

and aging (Elliott et al., 2016) muscle, myosin heavy chain concentration is reduced. In 

other limb muscles, aging-associated conversion of type IIx/IIb fibers to type IIa fibers is 

evident (Rowan et al., 2012), reducing forces per cross bridge (Fogarty and Sieck, 2021c). 

It is unknown the reduction in myosin heavy chain concentration or the degree of fiber 

type conversion (as IIx/b fibers were not directly labeled) in the tongue throughout age. 

Regardless, both of these possibilities are consistent with denervation of longitudinal tongue 

muscle fibers (and potential fiber-type conversion) due to hypoglossal motor neuron death 

(Fogarty, 2023), and are entirely congruent with our observation of reduced longitudinal 

specific force in aging.

The reduction in the maximum specific force of the longitudinal muscles in old F344 rats 

is entirely consistent with a loss of hypoglossal motor neurons (Fogarty, 2023), similar to 

our observations in F344 rats of phrenic motor neurons (Fogarty et al., 2018b; Fogarty 

and Sieck, 2023) and DIAm (Fogarty et al., 2019b; Fogarty et al., 2020b; Khurram et al., 

2018), with sarcopenia occurring concomitant with motor neuron loss and denervation of 

muscle fibers (Fogarty et al., 2019a). Consistent with past results in the DIAm, there were 

no aging effects on longitudinal tongue muscle specific force at 18-months-old (Fogarty 

et al., 2020b). The magnitude of force loss in 24- compared to 6-month-old female and 

male F344 rats was ~33%, with hypoglossal motor neuron loss at the same age of ~15% 

(Fogarty, 2023). At the same ages, DIAm specific force was reduced by ~30% (Brown et al., 

2021; Fogarty et al., 2019b; Fogarty et al., 2020b; Khurram et al., 2018) and phrenic motor 

neuron loss of ~20% (Fogarty et al., 2018b) in female and male F344 rats. In both cases, 

though overall motor neuron loss is moderate, the loss of larger motor neurons approaches 

~30% of hypoglossal and ~60% of phrenic motor neurons (Fogarty, 2023; Fogarty et al., 

2018b), with these neurons innervating the type IIx/IIb fibers that contribute the greatest to 

the overall maximum specific force (Fogarty and Sieck, 2021c; Geiger et al., 2000). Despite 

relatively less motor neuron loss of overall and larger hypoglossal motor neurons compared 

to phrenic motor neurons, the tongue’s action as a muscular hydrostat (Gilbert et al., 

2007; Kier and Smith, 1985; Smith and Kier, 1989) means that each motion of the tongue 

involves the movement of a lot of tissue “dead weight”, with ~80% of the longitudinal 

tongue tissue not containing fibers contracting parallel to the axis of shortening (Fogarty and 

Sieck, 2021c). By contrast, the DIAm, although also unconventional in the case of skeletal 

muscle by producing volume and pressure changes (Fogarty and Sieck, 2019c), rather than 

torque has muscle fibers arranged in series, with only ~15% of the tissue not containing 

fibers contracting in the axis of shortening (Elliott et al., 2016; Khurram et al., 2018). This 

accounts for the age-associated denervation of tongue muscle fibers (~15% denervation) 

having similar force decrements to DIAm (~30% loss of specific force) despite greater levels 

of denervated DIAm fibers (~30% phrenic axon loss). Alternatively, the innervation ratio of 

type FF motor units in the longitudinal muscles may be greater than type S and FR units, 

similar to type-dependent limb muscle innervation ratios (Rafuse et al., 1997), as opposed 
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to DIAm motor units, which do not have type-dependent differences in innervation ratio 

(Fogarty and Sieck, 2021c). Both of these alternate explanations are consistent with our 

observations in F344 rats, and in the SOD1 amyotrophic lateral sclerosis rat model, where 

there is a marked loss of tongue function (Smittkamp et al., 2010; Smittkamp et al., 2014) 

without hypoglossal motor neuron death (Llado et al., 2006).

The longitudinal muscle fibers of the tongue contain a relatively high proportion of fatigable 

type IIx/IIb fibers (Cullins and Connor, 2017; Fogarty and Sieck, 2021c), so our relatively 

low fatigue index ~0.13 is not unexpected. Despite the increased fatigue index in old F344 

rats, commonly interpreted as reduced fatigability, there was no change in the residual 

longitudinal muscle specific force following the 120 s of repeated contractions. This 

changed fatigue index is a result of the greater initial forces present in younger rats, which 

we have previously shown is a result of the reduction in the contribution of IIx/IIb fibers in 

DIAm, not a result of intrinsic changes in fatigability per se (Fogarty et al., 2022; Fogarty et 

al., 2021b; Fogarty et al., 2019b).

We assessed the superior and inferior longitudinal muscles for fiber type specific CSA. 

Consistent with past efforts in rat (Cullins and Connor, 2017; Fogarty and Sieck, 2021c), 

the vast majority of superior and inferior longitudinal muscle fibers were identified as type 

IIx/IIb, with the remainder type IIa, with an almost negligible amount of type I fibers being 

present in the superior longitudinal muscle of young rats. As we had difficulty in sampling 

sufficient type I longitudinal muscles in 18- and 24-month-old rats, fiber type specific 

comparisons were limited to type IIa and type IIx/IIb fibers. Notably, type I fibers were still 

present at these later ages, being readily observed in the genioglossus. Our observation of 

selective reduction of type IIx/IIb CSA in the longitudinal fibers of 24-month-old F344 

rats is consistent with the reduced maximum specific force and maintenance of force 

following fatigue observed in this study, and with the loss of larger hypoglossal motor 

neurons (Fogarty, 2023) (likely innervating IIx/IIb fibers (Fogarty and Sieck, 2021c)) in 

old F344 rats. Previously, the overall proportion of MyHC2X-expressing (ie., type IIx) and 

MyHC2B-expressing (i.e., type IIb) superior and inferior longitudinal fibers was shown to 

be increased and decreased, respectively, in the anterior region of the tongue blade in old 

F344/BN hybrids (Cullins and Connor, 2017), with the fiber diameter unchanged (Cullins 

and Connor, 2017). In the present study, we assessed the middle portion of the tongue, 

where reports in F344/BN hybrids show no difference with age in fiber proportions or fiber 

diameters (Cullins and Connor, 2017) of superior and inferior longitudinal muscles. Notably, 

as the longitudinal fibers were not uniform, CSA, used in the present study, rather than mean 

diameter best describes fiber morphology. Our CSA assessment shows IIx/IIb fibers to be 

larger than IIa longitudinal tongue muscle fibers, with diameters in sufficient to provide this 

distinction in F344/BN hybrids (Cullins and Connor, 2017). To further characterise aging 

effects, we assessed the mean and distribution of longitudinal muscle fiber CSA, regardless 

of type, by using H & E staining. We show reduced longitudinal muscle fiber CSA, with a 

shift in the frequency distribution to smaller fibers in old age.

Our observations of longitudinal muscle weakness and atrophy (general and specific to 

IIx/IIb fibers) in females and males is entirely consistent with loss of hypoglossal motor 

neurons in F344 rats (Fogarty, 2023) and tongue force dysfunction previously observed in 
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the male F344/BN hybrids (Nagai et al., 2008). Clinically, the denervation, weakness and 

atrophy of tongue muscles may underpin age-associated dysphagia, aspiration pneumonia 

and OSA, which are strong predictors of human morbidity and mortality in aging (Baum 

and Bodner, 1983; Crow and Ship, 1996; Gaspar et al., 2017; Youmans et al., 2009). It 

will be important to investigate the temporal and mechanistic underpinnings of hypoglossal 

motor neuron death and tongue muscle sarcopenia to eventually provide therapies for age-

associated lingual dysfunctions.
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Fig. 1. Experimental design and evaluation of muscle fibre contributions to total tongue tissue 
bulk.
A shows a schematic of the longitudinal (lavender) and genioglossus (green) muscles. 

The plane of sectioning for CSA evaluations is shown by the dashed line. The blade of 

the tongue is excised from the base to exclude as much of the genioglossus as possible 

for assessing the uniaxial longitudinal muscle force. B shows the experimental apparatus 

for assessing longitudinal tongue muscle (lavender) uniaxial force, via stimulation with 

platinum plate electrodes in a tissue bath. C shows H & E staining of a transverse section 

of the proximal region of the tongue blade, with the superior and inferior longitudinal 

muscles in cross-section. D scatterplot (each symbol represents data from one rat) shows 

the proportion of muscle fibers in the uniaxial direction of longitudinal muscle force is not 

altered with age (P = 0.46; One-way ANOVA). All data mean ± 95% CI, n = 10 6-month, n 
= 9 18 month and n = 12 24-month. Scale bar: 2500 μm.
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Fig. 2. Reduced longitudinal muscle force in old rats.
A shows representative traces of maximum longitudinal muscle specific force at 6-, 18- 

and 24-months old. B scatterplot of the twitch specific force (Pt, N/cm2) showing an 

age dependent reduction in force (One-way ANOVA, P = 0.045). C Scatterplot of the 

maximum tetanic specific force (Po, N/cm2) showing an age dependent reduction in force 

(One-wat ANOVA, P = 0.004), with Tukey’s post-tests showing specific reductions between 

24-months-old and 6- and 18-month-old rats (* Indicated P < 0.05 compared to all other 

groups). All data mean ± 95% CI, n = 10 6-month, n = 9 18 month and n = 12 24-month.
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Fig. 3. Stimulation frequency and differences in aging longitudinal muscle force.
A Plot shows specific tetanic forces (Po, N/Cm2) for the longitudinal muscles across a 

range of simulation frequencies was reduced with age (two-way ANOVA, P < 0.0009). At 

stimulation frequencies of 40 Hz and greater, forces at 24-months were reduced compared 

to 6-months-old (indicated by *; Bonferroni post-tests). At stimulation frequencies of 75 

Hz and greater, forces at 24-months were reduced compared to 18-months-old (indicated by 
#; Bonferroni post-tests). B Plot shows specific tetanic forces relative to maximum tetanic 

force (%) were dependent on frequency, but not age for the longitudinal muscles (two-way 

ANOVA, P = 0.394). All data mean ± 95% CI, n = 10 6-month, n = 9 18 month and n = 12 

24-month.
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Fig. 4. Fatigue properties of differs between longitudinal muscles with aging.
A shows representative traces of specific force during 120 s of repeated contractions of 

longitudinal muscle in 6-, 18- and 24-month-old rats. B Scatterplot shows an increased 

fatigue index for the longitudinal muscle of 24-month-old rats compared to 6- and 18-

month-old rats. P < 0.0001; One-way ANOVA with Tukey’s post-tests, * indicates difference 

between 6- and 24-month-old and 18- and 24-month-old rats. indicates post hoc tests), 

transversalis and genioglossus muscles across a range of simulation frequencies. * . between 

genioglossus and longitudinal muscles (P < 0.0001) and the genioglossus and transversalis 

muscles. C Scatterplot of residual specific force (N/Cm2) for the longitudinal muscles was 

not altered by age (P = 0.335; One-way ANOVA). All data mean ± 95% CI, n = 10 6-month, 

n = 9 18 month and n = 12 24-month.

Sieck et al. Page 19

Respir Physiol Neurobiol. Author manuscript; available in PMC 2024 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Reduced CSA of type IIx/IIb longitudinal tongue muscle fibers in 24-month-old rats.
A Pictomicrographs of 6-, 18- and 24-month-old longitudinal muscles immunolabelled 

with laminin (blue) and myosin heavy chain 2 A (MyHC2A - green) antibodies. B 
Pictomicrograph of 24-month-old genioglossus showing robust expression of MyHCslow 

(red). C shows scatterplot (mean ± 95% CI) of the mean fiber CSA (μm2) of type IIa and 

IIx/IIb longitudinal muscle fibers in 6-, 18- and 24-month-old rats, with reduced CSA of 

type IIx/IIb fibers of 24-month-old rats. P = 0.0089, Two-way ANOVA with Bonferroni 

post-tests, * indicates difference between 6- and 24-month-old and 18- and 24-month-old 

rats. n = 10 6-month, n = 6 18 month and n = 10 24-month. Scalebar: 75 μm.
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Fig. 6. Longitudinal muscle fiber CSA is reduced in aging.
A Photomicrographs show representative images of longitudinal tongue muscle fibres at 6-, 

18- and 24-months-old. B Shows a scatterplot (mean ± 95% CI) of the mean longitudinal 

muscle fiber CSAs with marked reductions at 24- compared to 6- and 18-months-old (P < 

0.0001; One-way ANOVA). * indicates P < 0.05 compared to all other muscles (Tukey’s 

post-test). C Shows a frequency histogram (mean ± SEM) of the % of longitudinal fiber 

size distributions, with Kolmogorov-Smirnov tests showing a distribution favouring smaller 

fibers in 24-month old rats compared to younger ages. n = 10 6-month, n = 9 18 month and n 
= 12 24-month. Scalebar: 100 μm.
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