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Synopsis The t ongue , a s a mu scular hydrost at, per for ms s e veral dyn amic beh aviors and functio ns, incl uding fe e ding , voc al- 
izing, and resp iratio n. As s uch, this hydros ta t m ust be ca pable o f perfo rming co mplex m ovem ents, which ar e power ed v i a a set 
of muscles t ypic a l ly define d as “ext r insic” (or ig inat ing ou tside o f the to n gue) and “intrin sic” (contain ed wh o ll y in the tongue). 
Thes e mus cles are t ypic a l ly classifie d b ase d on their g ross anatomica l posit ions and also are often ascribed funct ions b ase d on 

these posi tio ns, wi th the extrinsic muscles being assig ne d the role of positioning the t ongue , an d th e in trinsic m uscles though t 
to function to shape i t. Fo r example, genioglos s u s i s t ypic a l ly describe d as a to ngue p r otruder, wher eas hyoglos s u s i s often de- 
scribed as a t ongue retract or. How ev er, th e n eura l cont rol of thes e mus cles invo l ves relati vel y sma l l moto r uni ts, and defining 
t he f unctio n o f to ngue mu scles ba sed on anatomy, when they occupy ov erlappin g space and exhib i t refined control may over- 
simplify their funct ion. Yet, dist in guishin g betw e en g ross anatomica l st ructur es and r efin ed n eura l cont rol can be cha l leng ing 
due to the complexity of f unctions t he tongue per for m s. Here, w e used an infant animal m ode l (pigs) to evaluate how the 
neura l cont rol o f the to ngue is mod u late d in anatomica l sp ace g iven a relat i vel y simp lified b ehavior (suck ling). We t est ed for 
variation in control along the ant eropost erior and dorsovent ra l axis of the ton gue usin g high spe e d vide ofluorosco py co upled 

with ele ct romyog raphy (EMG). We found variation in EMG firing timing along both axes, which co rrespo n d to differen ces in 

be haviors. Furth erm o re, this variatio n in activi ty is li kely refle cte d by reg iona l variat ion in function within a musc le . These data 
s ugges t that defining muscles by their anatomical structure over-simplifies t heir f unct iona l roles and that studies invest igat ing 
t he t hre e-dimensiona l st ructure and functio n o f the to ngue should eval uate i t based o n regio nal variatio n in co ntrol, in the 
co ntext o f th e be havio r o f interest. 

I
T  

h  

(  

2  

d  

t  

a  

i  

c  

t  

a  

S  

d  

t  

d  

m  

i  

i  

c  

s  

c  

c  

w  

a  

P

A
©
F

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf029/8127032 by Tufts U

niversity user on 11 August 2025
ntroduction 

he m amm a lian tongue funct ions in s e vera l crit ica l be-
avior s, inc luding bre at hin g, v oca lizat ion, a nd f e e ding
 Hiiemae and Cro mpto n 1985 ; Hiiemae an d Palm er
003 ; Jugé et a l. 2023 ; Lud lo w 2011 ). A s a muscular hy-
rost at, t he tongue ca n def orm in three dimen sion s, and
he muscles within it act to both su ppo rt and gener-
te m ovem ent ( Kier an d Smi th 1985 ). Because o f the
mpo rtance o f the to ngue in s e vera l crit ica l biolog i-
a l funct ion s, understandin g its mov ements and con-
rol h a s be en an act i ve area of stud y in both b io me dica l
n d basic scien ce r esear ch ( Cu l lins an d Conn or 2024 ;
c hwenk 1995 ; S mith 1986 ). As suc h, w e hav e a w ell-
 dvance A ccess publication May 8, 2025 
C Th e Auth or(s) 2025. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
eve loped un derstan ding of th e overa l l anato my o f the
 ongue . Hist orica l ly, the muscles tha t con trol this hy-
rostat have been defined as extrinsic, which are the
u scles th at origin ate on structures outside the tongue

tself (i .e ., the hyo id bo ne fo r hyoglos s us), an d th en
nsert in the t ongue , or intrinsic, which are the mus-
les t hat bot h or iginate and insert into the to ngue i t-
elf ( Gray 1918 ). As a resul t o f these different anatomi-
al a rra n g em ents, th e extrinsic m uscula ture is t ypic a l ly
 haract erize d as cont rol ling the posit ion of the t ongue ,
here as t he intr insic m uscula ture is often described

s cont rol ling th e s hape of th e tongue ( Hiiemae an d
almer 2003 ; K ayaliogl u et al. 2007 ). 
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These anato mical defini tio n s hav e led to s e veral b o d-
ies of work extra pola ting on the functio ning o f the
t ongue . Genioglos s u s, which origin ates on the genial
p rocess o f th e man di ble an d inserts into the tongue dor-
sa l ly and posteriorly, is often described as protruding
the tongue ( McClung an d Gold berg 2000 ; Th ext on et al .
1998 ). In contras t, hyoglos s us, an oth er extrinsic musc le ,
is often assig ne d t he f unctio n o f ret ract in g the ton gue
whi le a lso dep ressing i ts latera l marg ins ( Is kan der an d
Sander s 2003 ; Or sbon et al . 2020 ; St eer et al . 2023 ).
Th ese fun ctio ns are typ ified in exper iment al wor k, an d
have been used in several m ode lling studies examin-
ing how the tongue might be cont rol le d, as wel l as even
th e deve lopm ent o f so f t robots ( Her mant et al. 2017 ;
Ishi kawa et a l. 2025 ; Stavness et a l. 2012 ). Whi le this
work h a s m ade im portan t advan ces in un derstan ding
potent ia l roles of this muscular hydrost at, t hey of ten
fai l to re cog nize t hat t h e m oto r uni ts co nt rol ling these
structur es ar e r e lative ly sma l l and t hat t he tongue is
buil t mo re fo r p recisio n than to achiev e lar g e amounts
of m ovem ent ( Mu an d San ders 1999 ; Mu an d San ders
1999 ; Mu and Sanders 2000 ). Furt her more, s e veral re-
cent studies have demonst rate d t hat t h e de lin eatio n o f
funct ion betwe en and within mu scles i s an oversimpli-
fica tion, and tha t t he extr insic and intr insic muscles act
together in most act ivit ies ( Kaya lioglu et al. 2007 ; Liu et
al. 2008 ; Liu et al. 2009 ). 

In addi tio n to these cha l len g es, the ton gue function s
in many behavio rs, o ften simul tan eous ly. F or exam ple,
t he anter io r po rtio n o f the to ngue may be invo l ved in
fo o d acquisi tio n o r p rocessing, while at t he s am e tim e
t he poster io r regio ns o f the to ngue may b e p ow erin g
swa l lo wing ( H iiemae and Cro mpto n 1985 ; Mayerl et al.
2020 ; Thext on et al . 1998 ; Thext on et al . 2007 ). Thus,
there is a high potent ia l that the same muscle may be
co ntribu ting to two separat e behavior s, an d exhi b i ting
two separate f unctions, t hat vary by both anatomical re-
gion an d n eural control. Thi s i s especi ally critic al given
the anatomy of the t ongue , whic h does not operate over
define d j oints a s m any of the m a sticato ry o r loco moto r
muscles do. As a resul t, i t has been s ugges ted that a more
pract ica l way to de lin e ate var iatio n in to ngue functio n
would be to use dist inct ions in neura l cont rol or employ
funct iona l reg ions as the unit of an alysi s, rat her t han
defin e th e anato my o f the to ngue by externa l l y visib le
st ructures ( Schwen k 2001a ; Schwen k 2001b ), and even
within a single muscle several functional units are likely
to exist ( Wrench 2024 ). 

How ev er, un derstan ding h ow th ese “fun ct iona l re-
gions” may b e op erating in the neuro moto r co ntrol o f
the to ngue d uring fe e ding can be cha l leng ing be cause of
th e many be haviors an d fun c tions in w hic h the t ongue
p lays a ro le in. F or exam ple, even within fe e ding, the
ton gue is inv o l v ed in acquirin g fo o d, manipu lat ing it
a nd tra n sportin g i t p rio r to swa l low ing , in addi tio n to
interacting wit h t he teet h dur ing m a st icat ion ( Fei lich
et al. 2021 ; Hiiemae and Cro mpto n 1985 ; Laurence-
Ch a sen et al. 2023 ). To exp licitl y evaluate how variation
in neura l cont r ol is r elat ed t o function, cyc lic behav-
iors that are dependent pr imar ily on the t ongue , with
minima l expe cte d variat ion, s h ould be examin ed. On e
such behavior is suckling in infant mammals ( Mayerl
et al . 2020 ; Thext on et al . 2004 ). Suc kling r equir es the
t ongue t o lat c h ont o a nipple , for m a se al a round it, a nd
then use movements of the tongue to generate suction
in the oral c av it y, ext ract mi l k from a nipple, transport
it, an d th en swa l low it ( German et a l. 1992 ; Mayer l an d
German 2023 ; Mayerl et al. 2024 ). To accompli sh thi s,
the tongue is depressed in a n a nt eropost erior wave as
t he se a l a lo ng the do rsum o f th e m outh trans lates pos-
t eriorly t o increase oral volume and generate suction
( Cann on et al. 2016 ; Mayer l et al . 2022 ; St eer et al . 2023 ).
Un li ke in ad ul t fe e ding, there is no oral processing and
mi l k is essent ia l ly move d linearly from the nipple to
the back of the oropharynx where it is accum ula ted and
swa l lowe d . S imilarly, suc kling is cont rol le d by a cent ra l
pa ttern genera tor, and as long as environmental condi-
tions (i .e ., milk flow, t em pera ture, ni pple p r operties) r e-
ma in consta nt, is a stere otype d process ( German et a l.
1997 ; Mayerl et al. 2019 ). Any variation in neural con-
trol wit hin t he tongue is t her efor e r efle ct ive of variat ion
o f co ntrol an d fun ction, rath er than due to responses to
exter nal sens ations t hat would occur dur ing fo o d ma-
nipu lat ion and the shifts between balancing side teeth
during m a st icat ion. Thi s m akes suckling an ideal m ode l
for testing for different funct iona l roles across subre-
gio ns o f individ ual muscles. 

Here, we used a validated infa nt a nimal m ode l, pigs,
t o evaluat e h ow th e n eurom otor control of the muscles
t ypic a l ly r eferr e d to as ext r insic muscles of t he tongue
varies across the anatomical axis of the muscle during
suck ling. We hyp ot hesize t hat t he f unct iona l reg ions
of the extrinsic t ongue musc les are best distinguis h ed
by control v i a different motor units. Ther efor e, we ex-
pe ct to se e high levels of reg iona l h eterogen eity in e lec-
t romyog raphy (EMG) act iv it y across these axes, likely
correlat ed t o h ow th e muscles are wor king t o facilitat e
different behaviors. 

Methods 

Animal care and husbandry 

Al l anima l ca re a nd surg ica l proce dur es wer e appr oved
by NAU IACUC #22–010. We purch a sed infant pigs
( N = 3, Pig 13, male; Pig 14, f emale; P ig 16, f emale)
at 24 hours of age from Premier Biosource (York-
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 hire/Lan drace cross). Infants were t raine d to fe e d on
 custo m bottle-ni pple desig ne d to mimic breast fe e d-
ng in pigs (similar to Mayerl et al. 2024 ), and fed milk
eplacer (Ralco Birt hr ight, Mar shall , MN, USA). 

urgical procedure 

t a pproxima tely 13 days of ag e, w e per for med a ster-
le sur g ery in which a midline inci sion wa s m ade at the
e ck. We use d a 20-gauge ne e d le to place eight fine-
ire b i polar ele ct rodes in muscles of int erest. Eac h elec-

 rode was se cure d indiv idu a l ly to soft tis s ue, an d th en
 l l ele ct r odes wer e bund le d, and se cure d t ogether t o
oft tis s ue with s uture, an d th en exited th e in cision at
 ts posterio r end. Ele ct r odes wer e const ructe d by sol-
ering eight indiv idu al w ir es to an 8-pin micr ocon-
 ector, an d th en e lectrode pairs were wound together
nd lo ade d into ne e d les, wi th o n e wire s h orter t han t he
ther. 

We inserted six electrodes into genioglos s us, and two
nto hyoglos s us. Genioglos s u s wa s ident ifie d by ma k-
ng a sma l l window at the mar gin s betw een the ante-
ior and posterior portions of m yloh y oid ( May erl et al.
022 ), an d th en p art in g the tw o bellies of g eniohy oid
nt i l genioglos s us cou ld be ident ifie d. To insert ele c-
 rodes, we place d on e e le ct rode in the vent ra l port ion
f the left belly of the muscle at its anterior ma rgin, a nd
n oth er at th e sam e ant eropost erio r posi tio n, bu t o ne
m deeper into the musc le . We repeat ed these two in-
ertions at the midbelly of genioglos s us, and at its pos-
erior margin ( Fig. 1 ). We identified hyoglos s us by cre-
t ing a sma l l win dow in th e posterio r margin o f my-
ohyoid lateral to th e midlin e using blunt disse ct ion.

yoglos s u s wa s ident ifie d as b eing b etween the p os-
 erolat era l marg in of g eniohy oid and deep to m yloh y-
 id, diving do rsa l ly into the tongue. We placed one elec-
rode anteriorly in the belly, and one ele ct ro de p osteri-
rly, c lose t o the insertion on the hyoid bone, with sur-
 ica l placem ent confirm ed via diffusi ble iodin e-b ase d
ont rast-en hance d co mpu t ed t omography (diceCT) af-
er euth an a sia ( Gign ac et al. 2016 ; Mayerl et al. 2021b ;
 ayerl et al. 2021c ; M ayerl et al. 2022 ). We h ave h ad

onsis tent s ucces s in p recisio n placement o f ele ct rodes
ver many surger ies, confir m ed post-m ortem ( Mayer l
t al. 2021b ; Mayerl et al. 2021c ; Mayerl et al. 2022 ). We
lace d a g round post erior t o t he e ar, wit h a plug extend-

ng out of th e in cision to reduce ele ct rica l noise. The
-p in microco nnecto r was then co nne cte d to an “in-
er neuron,” t h at h ad an 8-p in microco nnecto r o n o ne
n d an d an eth ern et plug on a distal end that was con-
e cte d to the amplifier during data conne ct ion. Con-
e ct ion s w er e waterpr oof ed a n d th e intern euron was se-
ured to the b o dy with se lf-adh esive ban d age w rap and
ubu lar b andage to ensure that wires were not pu l le d out
y the animal during recovery. 

ata collection and processing 

e syn chron ous l y co l le cte d high-spe e d (100 fps, 12
P Redwo o d, I O ind ustr ies, Ont ar io, Canada) b i pla-

ar video fluo roscop ic video (82–102 kV, 5.2–8.0 mA)
 ith EMG d ata during fe e ding using a 16 chann e l Pow-

r lab an d a mplifier (16/35, AD Instruments, Colorado
prings, CO, USA), with int raora l pres s ure generation
sing a Milar pres s ure cat heter t hre aded t hrough t he tip
f the nipple and into the infants mouth in one fe e ding
essio n per individ ual ( Mayerl et al . 2021d ; St eer et al .
024 ). We col le cte d a nd a na lyze d 81 sucks, and 48 swa l-

ows across the three indiv idu als (Pig 13: 28 sucks, 12
wa l lows; Pig 14: 28 sucks, 14 swa l low; Pig 16: 28 sucks,
2 swa l lows). 

ata processing 

res s ure data were in tegra ted with a rolling median to
00 Hz to match X-ray video. Sucks were ident ifie d as
eginning at th e tim e at which suct ion generat ion be-
a n, a n d en ding 0.01 s p rio r to th e n ext suction gen-
ra tion minim um, iden tified and verified by a custom
 script. Swa l lows were ident ifie d from X-ray video as

h e fram e at which the bolus was accum ula ted in the
osterio r o f the o ropharynx, p rio r t o post erior move-
 ent past th e epiglott is, fol lowing pu blis h ed protocols

 M ayerl et al. 2021a ; M ayerl et al. 2021d ). EMG data
er e pr ocessed u sing publi shed protocol s in which data
er e r e ct ifie d , int egrat ed , an d thres h olded ( Mayer l et al.
022 ; Thexton 1996 ). 

Suck iden tifica tio n was co mb ined wi t h EMG dat a
uch that the onset of EMG activ it y was determined rel-
tive to the beginning of each suck. Where ele ct rodes
 h owe d different ia l act ivity betwe en sucks and swal-
ows, o r o n ly dete cte d swa l lo ws, we remo ve d those ele c-
r odes fr o m analyses o f s ucks, and ins tead ca lcu late d
MG o nset o f th ose e le ct r odes r e lative to th e beginning
f the swa l low ( Thexton et al. 2012 ). 

tatistical analyses 

tat ist ica l ana lyses were per for med using R (v 4.3.1).
uck d uratio n was fairly invariable (0.277s ± 0.028 s),
s in previous work tha t demonstra ted tha t cy cle len gth
 s fairly consi s tent in s ucklin g ( G ierbolini-Norat et al.
014 ). As such, we comp are d the onset of muscle tim-
n g relativ e to the beginnin g o f the suck fo r genioglos-
 us and hyoglos s us using linear mixe d effe cts m ode ls
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Fig. 1 Sagittal view of a diceCT scan of an infant pig, highlighting electrode placements of hyoglossus (blue asterisks, posterior) and 
genioglossus in ventral (black) and dorsal (purple, top) placements. Anterior of the pig is on the left, posterior on the right. 
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( Bates et al. 2015 ), wi th do rsovent ra l and ant eropost e-
rio r (o r jus t anteropos terio r fo r hyoglos s us) posi tio n as
fixe d effe cts, an d in div idu a l anima ls as random effects
to account fo r interindivid ua l variat ion imp act ing sta-
t ist ica l ana lyses. Be ca use in t eraction t erm s w ere signif-
ica nt f or genioglos s us, we per for m ed plann e d cont rast
anal yses coup led with Co hen’s d t o evaluat e differences
b etween anterop osterio r and do rsovent ra l posit ions ex-
p licitl y ( Co hen 1992 ; Len gth et al. 2018 ). For hy oglos-
sus, we ca lcu late d Cohen’s d in comparing anteropos-
terio r locatio ns ( C ohen 1992 ). C oh en’s d is a m etric of
effect size and is considered sma l l if 0.2 < d < 0.5,
medium if 0.5 < d < 0.8, and lar g e if 0.8 < d . 

Results 

Genioglossus timing 

We found s ubs tant ia l variat ion in the o nset o f ge-
nioglos s us relative to the beginning of the suck in both
dorsovent ra l and ant eropost erior dire ct ions ( Fig. 2 ). 

Dorsoventral variation in g enio glossus timing 

Firin g timin g in t he anter io r po rtio n o f genioglos s us
did not vary b y dorso vent ra l locat ion. How ev er, in the
middle of the t ongue , the vent ra l port ion of genioglos-
sus fired earlier than ele ct rodes place d dorsa l ly ( Fig. 2 ,
Ta ble S1 ). Conv erse ly, in th e posterior margin of the
t ongue , the vent ra l ele ct r ode r ecor ded activ it y l ater than
t he dors a l ele ct rode, a lbei t wi th o n ly a me dium effe cts
size ( Fig. 2 , Table S1 ). Furt her more, t here was inter-
indiv idu al vari ation in which behaviors were dete cte d
in the posterio r do rsa l ele ct rode: in o ne individ ual (Pig
13), only sucks were re corde d, in an oth er (Pig 16), sucks
and swa l lows wer e r ecor ded but s h owed different a m-
pli tudes o f firing, and in th e last in div idu al (Pig 14),
on ly swa l lows wer e r ecor ded by the ele ct r ode, r esult-
ing in this indiv idu al being removed for an alysi s of
timin g durin g suckin g (Pig 14, Fig. 3 ). In this individ-
ual (Pig 14), the posterior dorsal genioglos s us electrode
r ecor ded activ it y slight ly af ter t he init iat ion of the swal-
low, which differed from onset timing of Pig 16, where
ele ct r odes r ecor ded activ it y c lose t o the init iat ion of the
swa l low ( Fig. S1 ). 

Anteroposterior variation in g enio glossus 
timing 

We found an ant eropost erio r wave o f activi ty timing
in both dorsa l ly and vent ra l ly place d ele ct r odes, wher e
anterior ele ct r odes r ecor de d act iv it y closer to the on-
set of the suck than ele ct rodes place d in the midd le
of genioglos s us, a nd both a nterior a n d middle e lec-
tr odes r ecor ded activ it y earlier than posteriorly placed
ele ct rodes, with me dium to lar g e effect sizes ( Fig. 2 ,
Table S1 ). 

Anteroposterior variation in hyoglossus timing 

Ele ct rodes meant to be placed in hyoglos s us were in the
p osterior b ell y of mylo hyoid in one indiv idu al , whic h
was removed from an alysi s (Pig 16, Mayerl et al. 2022 ).
In the other t wo indiv idu als, the onset of hyoglos-
sus activ it y r ecor ded fr om t he anter ior ele ct ro de o c-
curred s h ortly after th e init iat ion of the suck ( Fig. 4 ,
t = 1.56, P = 0.13, D = 0.42). How ev er, w e did find
inter-indiv idu al vari ation in wh eth er sucks or swa l lows
were det ect ed in the posterior ele ct rode, as in one in-
div idu a l, on ly swa l lows were dete cte d, where as in t he

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf029#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf029#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf029#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf029#supplementary-data
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Fig. 2 Violin and dot plot indicating EMG onset timing for genioglossus r elativ e to the beginning of the suck. There was an anteroposterior 
wave of timing in both dorsal (purple, left) and ventral (beige, right) electrode locations, with some variation dorso ventrall y in the middle 
and posterior positions. Lines indicate statistically significant differences with large (solid, d > 0.8) or medium (dashed, d > 0.5 and < 0.8) 
effect sizes depending on anteroposterior position. ∗ indicates statistically significant differences with a large (black) or medium (gray) 
effect size for dorsoventral position. 

Fig. 3 Repr esentativ e r ecording of EMG activity in the posterior dorsal portion of genioglossus acr oss pigs. Electr odes either recorded 
activity during sucks (Pig 13, orange, top), r ecorded differ ential activity during s wallo ws but w er e also activ e during sucks (Pig 16, pink, 
middle), or recorded only swallows (Pig 14, blue, bottom). Example swallow recordings are indicated by the black lines for pigs 16 and 14. 
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ther, only sucks were dete cte d ( Fig. S2 ). In the indi-
 idu al where hyoglos s us pos t erior det ect ed swallows,
 he muscle tur ned on shortly before the swa l low began
 Fig. S1 ). 
iscussion 

n many ways, muscles have fun dam enta l ly simi lar con-
t ruct io n, wi th cross b ridges, actin, myosin, and t it in,

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf029#supplementary-data
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Fig. 4 Violin and dot plot indicating that the onset of hyoglossus 
EMG activity r elativ e to the beginning of the suck in anterior (left) 
and posterior (right) electrodes did not differ. The anterior plot 
contains data from two individuals, whereas the posterior plot only 
contains data from one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf029/8127032 by Tufts U

niversity user on 11 August 2025
and int rinsic propert ies that a l l work simi larly in stri-
a ted m u scle ( Ni shi kawa et a l. 2007 ; Nishi kawa et a l.
2018 ). Yet, at the organi sm al level mu scles can func-
tion in very different ways: to power (act as a motor),
constrain (act as a strut), o p pose m ovem ent (act as a
b rake), o r so me co mb inatio n o f a l l thre e ( Ahn and Fu l l
2002 ; Dickinson et al. 2000 ). Yet even within a musc le ,
there is im portan t varia t ion in funct ion that is crit ica l
for s ucces sf ul per for man ce. Th e activ it y of genioglos-
s us and hyoglos s us was highly varia ble dependin g on
ele ct ro de lo catio n d urin g sucklin g in infant pigs. We
f ound a nt eropost er ior var iat ion in act iv it y in both mus-
cles, espe cia l ly relate d to ele ct ro de placement lo cation,
a s well a s variat ion in act iv it y along the dorsovent ra l
axis of the tongue in genioglos s u s a s th e fiber s ext ended
from their insertion on the genia l process. Ele ct rodes
p laced posteriorl y, espe cia l ly in hyoglossus and the dor-
sa l port ion of genioglos s us exhib i te d variat ion across
indiv idu a ls. Spe cifica l ly, their act iv it y varied across be-
haviors, wher e r ecor dings fr om som e in div idu a ls on ly
co nsisted o f suc ks, other s r ecor ded sucks and swal-
lows, an d oth ers r ecor ded only swallows (note that it is
n ot th e swa l low th at i s absent o r p resent, bu t t hat t he
EMG sig na l from a specific electrode muscle record-
ing). Th ese differen ces like ly stem fro m variatio n in ex-
ac t elec tro de p osi tio ning across individ uals and reflect
th e re lative ly sma l l moto r uni ts in hyoglos s us and ge-
nioglos s u s a s well a s the ab ili ty o f fin e-wire e le ct rodes to
r ecor d fr om a sma l l number of units ( Cunda l l and Gans
1979 ; McClung and Goldberg 2000 ; Mu and Sanders
2000 ). Previous work has s h ow n signific a nt differences
in fir ing patter ns among ele ct rodes in ten t iona l l y p laced
c lose t oget her ( Ger man et al. 2008 ; Ger man et al. 2009 ;
Thexton et al. 2007 ). The variation we measure is likely
from b oth exp erimenta l te chnique and in herent vari-
ation in neuromuscular anatomy in these sma l l and
spe cifica l ly cont rol le d muscles. 

Potential variation in function: anteroposterior 
axis 

The high reg iona l heterogeneity in the ant eropost erior
axis of both genioglos s us and hyoglos s us likely are re-
fle cte d by variat ion in funct io n across the lo ng axis o f
the t ongue , a s well a s th e re lative ly sma l l motor unit
p o ols in these muscles ( K ayaliogl u et al. 2007 ; Mu and
San ders 2000 ; Wren ch 2024 ). Th e ant eropost erior wave
in genioglos s u s i s like ly h e l p in g to g en erate th e antero-
posterior wave the tongue makes as mi l k is acquire d and
then t ransporte d to the back of the oral c av it y w ithin
a single suck ( Elad et al. 2014 ; Haravu et al. 2023 ).
While this wave is specific to the co nsumptio n o f liquids
v i a suction, we might expect to see similar patterns in
m amm a lian drin king, for example through a straw, but
differen t pa tter ns when explor ing ot h er m ech ani sms
of liquid acquisi tio n (i .e ., St eer et al. 2023 a). Further-
more, while we did not explore the potent ia l for varia-
tio n wi thin genioglos s us acros s a me diolatera l axis, we
wou ld expe ct th at in m amm al s th at u se exten siv e oral
processing as adu lts, reg iona l h eterogen eity in firing
wou ld be simi lar ly re lat ed t o t on gue mov ements, as w ell
as tongue shape ( Feilich et al. 2021 ; Laurence-Ch a sen et
al. 2023 ; Olson et al. 2021 ; Olson et al. 2023 ; Orsbon et
a l. 2020 ; Wi l liams et al. 2007 ). Thus, in the anteropos-
ter ior axis, t h ere can be high leve ls of fun ct iona l vari-
ation and fine sca le d neura l cont rol in genioglos s us. If
t he f unctio n o f genioglos s u s i s defined by its an atomy,
as o p pose d to neura l cont rol, thi s m ay not r epr esent the
muscle’s true role in pow erin g the muscular hydrostat
of the t ongue . 

Indiv idu al muscles have the potent ia l to exhib i t vari-
ation in both activ it y patterns, and in length changes
( Azizi and D eslaur iers 2014 ; Holman et al. 2012 ; Konow
et a l. 2010 ; Ra hemi et a l. 2014 ; Tijs et a l. 2021 ). In
hyoglos s us, variation in firing along the ant eropost e-
rior axi s i s likel y dri ven by the role of this muscle in
pow erin g both sucking and swa l low ing . The anterior
po rtio n o f the musc le , c lose t o where its fibers mer g e
wit h t he rest of t he t ongue , lik ely is importa nt in de-
pressing the tongue as well as con tin uing the antero-
posterior wave of tongue m ovem ent during suckling.
How ev er, anterio r co nt ract ion does not result in an-
terior m ovem ent of th e hyo id d urin g sucklin g. While
ot her ant a gonis t ic muscles li kel y p lay a ro le in main-
tainin g hy o id posture ( German et al. 2011 ), i t is possible
th at region al h eterogen eity in firin g timin g cou ld a l low
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o r regio nal variatio n in length changes during activ it y
o also exist. This is su ppo rted by the fact that many
f the hyoid muscles have already been demonstrated
o exhib i t regio nal h eterogen eity in both firin g pattern s
nd length chan g es durin g activ it y, which are associ-
ted with different be haviors an d different anatomical
egions ( Holman et al. 2012 ; Konow et al. 2010 ; Mayerl
t al. 2022 ). Thus, the regional h eterogen eity in firing
bserve d a long the ant eropost erior axis of hyoglos s us
ou ld funct io n in co nt rol ling beh aviors a ssoci ated w ith
ucking vs. swa l low ing , which h a s been s ugges ted by
 revious wo rk ( German et al . 2009 ; Thext on et al . 2012 ).
f an ele ct ro de is p oster ior enough, t he moto r uni ts are
unctioning to exert a concentric cont ract ion and move
he hyo id d uring a swa l low. Th ere is, h ow ev er, a point
n hyoglos s us pos terior ly wh ere th e mu scle i s only ac-
iv e durin g sucklin g , and potenti all y onl y sar comer es
nt erior t o tha t poin t would be a ssi sting with moving
he t ongue , while t he hyoid is st abi lize d by anta gonis tic

usc les ( Thext on 1984 ; Thext on et al . 1998 ; Thext on
t al. 2007 ). We p ropose that d urin g sucklin g, hy oglos-
u s functions a s a mot or t o generat e work ant erior ly an d
s a brake to absorb it posteriorly, but during swa l low-
ng shifts to function as a motor posteriorly to a ssi st
i th hyo id m ovem ent. This n e e ds t o be t est ed by either

o no micro metry o r fluo ro micro metry in co njunctio n
it h EMG. Yet, t he high reg iona l h eterogen eity in hyo-
los s u s, a s in genioglos s us, s ugges ts that the descri ptio n
f this muscle by ana tomy, ra t her t han motor activ it y,
oes not adequately delineate its function. 

otential variation in function: dorsoventral 
xis 

e also found s ubs tant ia l variat ion in the dorsovent ra l
xis of genioglos s us, alt hough t he extent of this varied.
 or exam ple, th ere was n o va riation in EM G timing be-
we en dorsa l and vent ra l ele ct rodes in t he anter io r po r-
io n o f the to ngue. This a lig ns wit h t he role of t he an-
 erior t on gue durin g sucklin g: the ton gue m ust la t c h on
o the nipple and then remain lat c hed as it moves ven-
 ra l ly in conjunct ion wit h t h e man di ble d uring suctio n
eneration ( Elad et al. 2014 ). In contrast, in the mid-
 le port ion of genioglos s us, the vent ra l ele ct r ode fir ed
 arlier t han t he dors a l ele ct rode, which is likely driven
y the pumping action of the ton gue durin g sucklin g. It
 s likely th a t the ven t ra l port ion of the mu scle i s acting
o st abilize t he t ongue , while fiber s ext ending dor sa l ly
 re lik e ly con centr ic dur ing cont ract ion to depress the
 ongue . Fina l ly, th e m ost extrem e va riation we f ound
lo ng the do rsovent ra l axis occurre d in t he poster ior
egio n o f the to ngue. The do rsa l l y p lace d ele ct rode in
om e in div idu a ls on ly reg istere d swa l lows, or reg istere d
wa l lows at a different time than sucks. In contrast, the
ent ra l ele ct r odes wer e active for every suck and showed
i ttle inter-individ ua l variat ion. This f urt her sug gests
 hat t he vent ra l fibers of genioglos s u s m ay be acting
o stabilize the tongue and resisting defo rmatio n o f
he floor of the mouth. The dorsal fibers, how ev er, are
ikely a ssi stin g with mov ements of the tongue associ-
ted with propelling the bol us fro m the oropharynx into
he esoph agu s, a nd lik ely a re act ive concent rica l ly as the

oto r o f m ovem ent for th e swa l low. Fu ture wo rk syn-
hro nizing defo rmatio n o f the to ngue wi th regio nal het-
rogeneit y in activ it y would test th ese possi b ili ties. The
eg iona l h eterogen ei ty alo ng thi s axi s f urt her su ppo rts
h e n e e d t o consider the musc les of the t on gue hy drostat
 ase d on n euro-m otor region, rath er than as anatomi-
a l ly discrete units ( Liu et al. 2009 ; Wrench 2024 ). 

imitations 

hile t hese dat a are sug g estiv e of nuanced regional di-
isio ns o f functio n wi thin muscles o f the m amm alian
 ongue , ther e ar e s e vera l limitat ions to this wo rk. W hile
 e hav e data on reg iona l h eterogen eit y in activ it y pat-

erns across anatomical and spatial scales, our hypothe-
es on tongue function are dependent on va lidat ion
r om synchr onous EM G a nd def o rmatio n data (which
 an be c aptur ed thr ough pair ed radio-opaque beads flu-
 ro micro metry, Camp et al. 2016 ). Fu ture wo r k s h ould
onfir m t hese hypot h eses, an d also test h ow variable en-
iro nmental o r o ntogenetic co ndi tio ns, such as varia-
io n across ni pple types d urin g sucklin g , or vari ation
 hrough we a ning, a r e r elat ed t o variation in t he f unc-
io ning o f the to ngue m uscula ture. Fina l ly, much of
 he var i ation in our d at a lies in subt le differences in
le ct ro de p osi tio ning across individ uals. Fu ture wo rk
 h ould a ttem pt to ma p o ut discrete mo to r uni t p o ols in
o njunctio n wi th defo rmatio n and activ it y t o att empt
o de lin e ate t he reg iona l h eterogen eity in fun ction m ore
recisely. 

he neural control of the tongue 

ur da ta documen ts varia tion a t m u lt iple levels of hi-
rarchy within a muscle. One level, va riation a mong in-
iv idu a ls, cou ld arise from a combination of two fac-
 or s. Fir st, the musc les of the tongue have sma l l motor
nits and the p recisio n o f our fin e-wire e le ct rodes a l-

ow us to r ecor d fr om a sma l l n umber of m usc le fiber s
 Mu and Sanders 2010 ). Thus, a few mi l limet er s of dif-
eren ce in e le ct rode placement within a named muscle
ould cause them to r ecor d fr om differ ent moto r uni ts
hat fire at different times. How ev er, ev en if the elec-
rode was recording from the same moto r uni ts, differ-
nt anim al s m ay cycle the u se of th eir m oto r uni ts dif-
erent ly over t he course of a fe e ding sessio n ( Thexto n et
l. 1998 ). Thi s h a s been observed as variation in EMG
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sig na l within a sing le elec trode-pair in one animal over
time ( Holman et al. 2012 ; Konow et al. 2010 ). 

A se cond potent ia l explanat io n fo r inter-individ ual
variation in activ it y w ithin a muscle which h a s re ceive d
insufficien t a tten tion is the p resence o f wi thin muscle
va riation in EM G activ it y (but see Holman et al. 2012 ;
Konow et al. 2010 ; Mayerl et al. 2022 ). As a muscu-
lar hydrost at, t he tongue car r ies ou t mul ti ple functio ns
(suckin g, tran sport, swa l lowin g) durin g fe e ding. These
funct ions a lso occur simu ltane ously in s e veral behav-
ior s, inc ludin g durin g sucklin g. Wit hin e ach of these
f unctions, t her e ar e mu lt iple biome chanica l tasks re-
quired , whic h also occur at t he s am e tim e an d use th e
sam e structures. Th ese tas ks in cl ude fo rming a “shape”
o f the to ngue, such as f orming a n effe ct ive sea l around a
nipple t o generat e suctio n, bu t the to ngue mu st al so po-
si tio n i tse lf re lative to oth er anatomica l st ructures, in-
cluding the hard p a late, velum, and epiglotti s ( Germ an
and Cro mpto n 1996 ; Germ an et al. 1992 ). Thu s, while
genioglos s u s an atomica l ly sp ans m ost of th e length,
dept h, and widt h of t he t ongue , its fiber s, driven by
sma l l motor unit inn ervation, fun ct ion ent irely dif-
f erently in different regions, a nd play a role in both
s hape an d posi tio ning. W hile the in trinsic m uscles of
the tongue are anatomica l ly dist inct from the extrinsic
muscles ( Gray 1918 ; K ayaliogl u et al. 2007 ; Wealing et
a l. 2019 ), cont ract ing sma l l g rou ps o f fibers in different
regio ns, o r co-co ntracting these fibers with neighbor-
ing or com plemen tary fibers from the extrinsic muscles
can p rod uce w idely vary in g mov emen ts. Th us, the gen-
era l dist inct ion betwe en ext rin sic muscles movin g the
t ongue , and in trinsic m u scles sh ap ing the to ngue, is an
oversim plifica tion a t best, and a t wo rst co ntains li ttle b i-
olog ica l va l ue o r mea ning a nd misguides invest igat ions
o f to ngue fo r m-f un ction re lations hips ( Schwenk 2001a ;
Schwenk 2001b ; Wrench 2024 ). 

Heterogeneit y in activ it y an d fun ction stems from the
dist inct ive anatomy of the t ongue . Most of the mus-
cles have only a single bony/cart i lag in ous attachm ent,
with many in sertion s into other muscle fibers or the ep-
ith e lium/conn e ct ive t is s ue of the surface of the t ongue .
Yet m any mu sc les, inc ludin g the g enioglos s us, run the
length of the tongue and span a lar g e region. The in-
teractio ns amo ngst the muscles, let alone within a mus-
c le , c an be complex, w it h t he s ame m uscle con t ract ing
e ccent rica l ly, isomet rica l ly, o r co ncent rica l ly depending
on the activ it y of the other m uscles. Varia tion in ac-
t ivat ion p atter ns wit hin t hes e mus cles make the com-
plex behavio r o f s ucking pos sib le by enab ling the mus-
c les t o per for m mu lt iple tasks at once (e.g., stabiliza-
tio n o f t he anter io r to ngue aroun d th e ni pple vs. dep res-
sio n/elevatio n cycles in the mid-tongue) ( Johnson et al.
2023 ; Thext on et al . 1998 ). To under st and t he complex
interactio ns o f intrinsic and extrin sic ton gue muscles,
u sing n amed mu scles a s our unit of an alysi s i s flawed.
Thes e mus cles have mu lt iple lines of action, vary be-
tween and across behav iors, w ith sma l l m otor units, an d
exhib i t regio nal variatio n in activ it y patterns. 

Conclusions 

Toget her, t hese dat a sug gest t hat t he c haract erizatio n o f
muscles in the tongue hydrostat as “extrinsic” or “intrin-
sic” does not acc urately reflec t either their neural con-
trol or their biolog ica l role ( S chwenk 2001a ; S chwenk
2001b ; Wren ch 2024 ). Th e “extrinsic” an d “intrinsic”
muscles likel y p lay hybrid ro les in both s haping an d
m oving th e hydrost at. Furt her more, t he sma l l motor
units in the muscles of the t ongue , the reg iona l vari-
ation in control of those motor units, and the poten-
t ia l for one muscle to act through separate mech ani sms
depending on the behavior of interest an d th e region,
s ugges t that there is a ne e d to think about this hydro-
stat in terms of funct iona l units, rather than anatomi-
ca l ly define d st ructures ( Liu et a l. 2008 ; Liu et a l. 2009 ;
Mu and Sanders 2010 ; Schwenk 2001b ; Steer et al. 2023 ;
Wrench 2024 ). While the surface of the tongue is the
p roximal actuato r fo r moving fo o d an d liquid from th e
oral c av it y t hrough t he pha rynx a nd to esoph agu s, un-
derst anding t he b io me chanica l me ch ani sm th a t ca uses
that m ovem ent r equir es us to appr eciate the motor con-
trol of the specific muscle fibers that create that surface.
The use of anatomy as a p redicto r o f functio n i s thu s
un li kely to have a stro ng explanato ry power, un li ke in
m any mu scles in th e locom otor s ke leton ( Hermant et
a l. 2017 ; Ishi kawa et al. 2025 ; Stavness et al. 2012 ). It is
ther efor e crit ica l for studies a ttem pting to either model
t he f unctio n o f this hydrostat, or t o under stan d m ech-
anisms un der lying path op hysio logic functioning to do
so in the context of neural control rather than arb i trary
anat omical syst em s. In st ead , the uni t o f functio n ap-
pear s t o be more reg iona l, an d a fun ction of th e specific
task being per for med. 
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