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sphinx, Cercopithecus diana, Macaca silenus, Macaca
sylvanus, Ateles hybridus, Saimiri sciureus, Cercocebus
torquatus, Cercopithecus neglectus, Pan troglodytes,
Goirilla gorilla, Pongo pygmaeus, Lemur catta, Hyloba-

tes lar (todas las fotografias realizadas por la autora).

Figura 2. Lémur raton (Microcebus) en la mano de un
gorila (Gorilla), respectivamente, el primate mas pe-
queino y el mas grande que existen actualmente (adap-
tada de Fleagle 1999).

Figura 3. Clasificacion del orden de los Primates.

Figura 4. Especies representativas de los diferentes
taxones del orden de los Primates. A: Lemur catta, B:
Loris lydekkerianus (imagen realizada la Dr. K.A.l. Ne-
karis), C: Tarsius syrichta, D: Saimiri sciureus, E:
Macaca nigra, F: Pongo pygmaeus. A (Lemuridae) y B
(Lorisidae) pertenecen al suborden Strepsirrhini, mien-
tras que C (Tarsiidae), D (Platyrrhini, Cebidae), E (Cer-
copithecidae) y F (Hominidae) son representantes del

suborden Haplorhini.
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Figura 16. Progresion mediante bipedismo.
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lo): (A) traslacién (se elimina la informacién de posi-
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mafio) (adaptada de Zelditch et al 2004).
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pecies de Cebidae (Cebus capucinus y Saimiri sciu-

reus) analizadas.

Figura 28. Formas escapulares asociadas con cada
modo de locomocidn, extraidas del analisis de compo-
nentes principales realizado en Bello-Hellegouarch et
al. en revision. a: cuadrupedia arbérea; b: cuadrupedia
semiterrestre; c: cuadrupedia terrestre; d: suspension

bimanual; e: suspension cuadrupeda; f: pronograde
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clambering; g: slow-quadruped climbing; h: leaping; i:
vertical clinging and leaping; j: vertical clinging. La for-
ma de la escapula asociada con cada modo de loco-
mocion esta representada mediante trazos negros,
mientras que la forma media relacionada con el modo

climbing se representa mediante trazos grises.

Figura 29. Analisis Discriminante Lineal (LDA) de los
tres indices estudiados (SFI, 2Dl y 3DI) en Bello-
Hellegouarch et al. 2013b (p 329).

Figura 30. Escaneados en 3D de los moldes realizados
sobre las tres fosas de la escapula (de izquierda a de-
recha: fosas supraespinosa, infraespinosa y subesca-

pular) de un chimpancé (Pan troglodytes).






“The scapula in the living form is suspend-
ed, as it were, in space by the muscles act-
ing upon it, and it is, therefore, not surpris-
ing that this bone should reflect more clear-
ly than any other the changes which have
been brought about by more specialized

functional demands.”

Inman et al., 1944: 2
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1. ORDEN PRIMATES

1.1. Caracteristicas principales

El orden de los Primates se caracteriza por su enorme diver-
sidad (Figura 1). Es, dentro de los mamiferos, el orden con mayor
variabilidad en los sistemas de locomocion y los sistemas sociales
(Ankel-Simons 2007). Actualmente se conocen unos 60 géneros
con 376 especies (Groves 2005), lista que aumenta progresivamen-
te tras los continuos descubrimientos de nuevas especies. Esta
enorme variabilidad es el resultado de la radiacién de los Euprima-
tes (primates de aspecto moderno) que tuvo lugar hace unos 55
m.a., durante el Eoceno temprano (Ni et al. 2004). Para que esta
radiacion tuviera lugar, fue fundamental la exitosa explotacion del
medio arbéreo (Nowak 1999; Garber 2007; Vaughan et al. 2010). El
primate actual mas pequefio que se conoce es el |émur ratdn de
Berthe (Microcebus berthae) con unos 30 g de peso, mientras que
el gorila es el primate actual conocido mas grande, con un peso de
alrededor de 200 kg (Figura 2). La mayoria de los primates, a ex-
cepcion de los humanos que se encuentran repartidos en todos los
continentes, viven en las regiones tropicales y subtropicales de
América, Africa y Asia, la mayoria de ellos en medios arboreos
(Fleagle 1999; Ankel-Simons 2007; Vaughan et al. 2010).

El orden de los Primates se diversificd en habitats arboreos,
por lo que muchos de los rasgos que lo caracterizan surgieron pro-
bablemente como adaptaciones a la vida en los arboles (rostro
acortado y Orbitas orientadas hacia adelante, asociados con la vi-

sion estereoscopica; aumento de tamafno y complejidad del cerebro;
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hallux y pollex oponibles; ulna y radio no fusionados y con gran mo-

vilidad; tibia y fibula no fusionadas y altamente moviles) o son ca-

racteres primitivos que se conservaron por la misma razén (Martin
1990; Ankel-Simons 2007).

Figura 1. Variabilidad del orden de los Primates. De arriba a abajo y de iz-
quierda a derecha: Mandrillus sphinx, Cercopithecus diana, Macaca silenus,
Macaca sylvanus, Ateles hybridus, Saimiri sciureus, Cercocebus torquatus,
Cercopithecus neglectus, Pan troglodytes, Gorilla gorilla, Pongo pygmaeus,
Lemur catta, Hylobates lar (fodas las fotografias realizadas por la autora).

Algunas especies, incluida la nuestra, abandonaron el medio
arbéreo para vivir en el suelo, manteniendo aun muchas de estas
caracteristicas. Sin embargo, comparados con el resto de los mami-
feros (ver, por ejemplo, las alas de los murciélagos, la reduccion de

dedos de los caballos o las adaptaciones extremas de las ballenas),
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los primates han retenido muchos caracteres primitivos (Martin
1990), por lo que algunas de sus caracteristicas anatomicas son el
resultado de cambios sutiles en la forma y proporcion de elementos
homologos. Resulta complicado definir de forma precisa este orden,
debido a que la mayoria de caracteristicas anatdmicas del esquele-
to constituyen una mezcla de rasgos primitivos y derivados, espe-
cialmente del craneo, dientes y extremidades (Martin 1990; Fleagle
1999; Ankel-Simons 2007; Vaughan et al. 2010).

Caracteristicas comunes a los primates son la pentadactilia
(con algunos casos de reduccidn o incluso desaparicion de los pul-
gares), los pies plantigrados, la presencia de clavicula, una gesta-
cion prolongada, la presencia de pulgares oponibles en manos vy
pies, orbitas rodeadas de un anillo 6seo, visidn en color (con algu-
nas excepciones) y estereoscépica, hemisferios cerebrales desarro-
llados, presencia de ufias planas en lugar de garras (con algunas
excepciones, como los callitricidos, que tienen garras por adapta-
cion secundaria al desplazamiento por troncos de gran tamafo),
denticidon poco especializada (en prosimios y platirrinos: 2 incisivos,
1 canino, 3 6 2 premolares y 3 molares en cada hemimaxila; en ca-
tarrinos: 2 incisivos, 1 canino, 2 premolares y 3 molares en cada
hemimaxila) y un estdbmago simple (saculado en algunos cercopi-
técidos folivoros). También existe en los primates una tendencia
hacia la reduccion de la region olfatoria del cerebro y la expansion
del encéfalo relacionada con el incremento de la importancia de la

vision y de comportamientos sociales complejos.
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Figura 2. Lémur raton (Microcebus) en la mano de un gorila (Gorilla), respecti-
vamente, el primate mas pequefio y el mas grande que existen actualmente
(adaptada de Fleagle 1999).

Histéricamente los Primates se dividian en dos grupos princi-
pales: Prosimii y Anthropoidea (Simpson 1945). Los Prosimios
comparten caracteres ancestrales de los primeros primates, siendo
mas generalizados, morfolégicamente hablando, que los que pre-
sentan los Antropoideos (Martin 1990); incluyen los lemduridos, lori-
sidos, galagos y tarsidos. Los Antropoideos, monos y simios (in-
cluyendo los homininos), muestran rasgos mas especializados o de-
rivados. Sin embargo actualmente esta clasificacion no esta plena-
mente aceptada (Groves 2001) por no ser cladisticamente correcta
(los Prosimios constituyen un grupo parafilético), teniendo actual-
mente mayor reconocimiento la division en los subdérdenes Strep-

sirrhini y Haplorhini por ser grupos monofiléticos (Figura 3).
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El suborden Strepsirrhini (Figuras 3 y 4) incluye todos los
prosimios excepto los tarsidos: las cinco familias de |émures endé-
micas de Madagascar (Cheirogaleidae, Lemuridae, Lepilemuridae,
Indriidae y Daubentoniidae), la familia Galagidae de Africa, y la fa-
milia Lorisidae de Africa y Sudeste Asiatico (Cartmill 2010;
Vaugham et al. 2010). Los primates estrepsirrinos se caracterizan
por tener un rhinario humedo con vibrisas en el hocico, tipico de

muchos otros mamiferos (Andrews 1988), conectado con la boca a

través de un labio partido.

Figura 4. Especies representativas de los diferentes taxones del orden
de los Primates. A: Lemur catta, B: Loris lydekkerianus (imagen realizada la Dr.
K.A.l. Nekaris), C: Tarsius syrichta, D: Saimiri sciureus, E: Macaca nigra, F:
Pongo pygmaeus. A (Lemuridae) y B (Lorisidae) son representantes del subor-
den Strepsirrhini, mientras que C (Tarsiidae), D (Platyrrhini, Cebidae), E (Cer-
copithecidae) y F (Pongidae) son representantes del suborden Haplorhini.
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El suborden Haplorhini (Figuras 3 y 4) incluye la familia Tar-
siidae y los primates antropoideos del Nuevo y Viejo Mundo. A dife-
rencia de los primates estrepsirrinos, los haplorrinos carecen del
rhinario y de vibrisas en el hocico. Ademas de la familia Tarsiidae, el
suborden Haplorrhini se divide en dos grupos: Platyrrhini (Nuevo
Mundo) y Catarrhini (Viejo Mundo). Los Platirrinos tienen el septo
nasal aplastado, con los orificios nasales orientados hacia fuera,
mientras que en los Catarrinos se orientan hacia abajo. Los
Platyrrhini incluyen cinco familias: Callitrichidae (titis y tamarinos),
Cebidae (capuchinos y monos ardilla), Aotidae (monos lechuza),
Pitheciidae (sakis y uakaris) y Atelidae (monos arafia, monos aulla-
dores, monos lanudos). Los Catarrhini incluyen las familias Cerco-
pithecidae (macacos, papiones, mangabeys, etc.), Colobidae (colo-
bos y langures), Hylobatidae (gibones y siamang), Pongidae (oran-
gutanes) y Hominidae (gorilas, chimpancés y humanos) (Cartmill
2010).

1.2. Pronoégrados vs. Ortogrados

En funcién del plan corporal del esqueleto post-craneal el or-
den de los Primates se divide en dos grupos: prondégrados y orté-

grados.

El plan corporal pronégrado (Figura 5y 6) esta presente en
la mayoria de los primates excepto en los hominoideos, como en la
mayoria de los mamiferos cuadriupedos. Se caracteriza por un térax
ancho dorsoventralmente (Gebo 2010) orientado en posicién hori-
zontal durante la locomocidén, con las extremidades anteriores si-
tuadas ventralmente y las escapulas posicionadas en el plano para-

sagital en la regioén lateral del térax (la cavidad glenoidea se orienta
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ventralmente) y la cabeza y la cola se situan en los extremos del
cilindro (Fleagle 1999; Gebo 2010).

Figura 5. Vista anteroposterior del torax y articulacion del hombro de macaco
(patron corporal prondgrado, a la izquierda) y de humano (patrén corporal orto-
grado, a la derecha). Se observa la orientacion diferente de la articulacion
glenohumeral (flechas), la diferente ubicacion de la escapula en relacion con
las costillas y las diferencias en el contorno de la caja toracica (adaptada de
Aiello & Dean 1990).

El plan corporal ortégrado (Figuras 5 y 6), propio de los ho-
minoideos (incluidos los humanos), se caracteriza por un toérax es-
trecho dorsoventralmente y ancho en sentido mediolateral, orienta-
do en posicion vertical durante la locomocién, y por la ausencia de
cola (Aiello & Dean 1990; Larson 1993; Gebo 2010). Los hombros
se encuentran desplazados a ambos lados del cuerpo y las escapu-
las se situan dorsalmente en el térax, en lugar de a ambos lados de
la caja toracica. Esta posicién de las escapulas aleja los hombros
del eje central del cuerpo y orienta la cavidad glenoidea ventrolate-
ralmente (Keith 1923; Schultz 1930; Ward 2007), forzando al hume-
ro a sufrir una torsiéon medial con el fin de que se articule con la es-
capula al mismo tiempo que el codo se orienta dorsoventralmente
(Aiello & Dean 1990; Larson 1993; Gebo 2010). Esta orientacion la-

teral de la cavidad glenoidea aumenta la movilidad de la articulacion

10
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glenohumeral, permitiendo la libre elevacion de la mano por encima
de la escapula (Roberts 1974; Larson 1993). Todos estos caracte-
res estan relacionados con la adaptacion a la locomociéon en un
medio arboreo, en el que el movimiento a través del dosel se realiza
debajo de las ramas, fundamentalmente con las extremidades ante-

riores, que requieren gran libertad de movimiento.

Es importante no confundir el plan corporal ortégrado con la
postura ortégrada. Numerosos primates prondgrados pueden adop-
tar una postura ortégrada (esto es, vertical, con la espalda erecta)
en caso de necesidad (por ejemplo, durante el climbing), aunque

presentan los caracteres anatomicos del plan corporal prondgrado.
1.3. Tipos de locomocién

La locomocion, definida como el conjunto de movimientos
realizados para desplazarse a través del habitat, es un componente
fundamental en la adaptacién anatémica del esqueleto post-craneal
de cualquier mamifero (Martin 1990). El orden de los Primates es,
dentro de los mamiferos, el orden con mayor diversidad de la morfo-
logia post-craneal en relacion con los patrones locomotores (Cant
1992; Cant et al. 2001; Ankel-Simons 2007; Garber 2007) y su exi-
tosa radiacién en los bosques tropicales. Esta radiacién es un refle-
jo de las diferencias en el modo en el que las diferentes especies de
primates explotan los habitats tridimensionales (Nowak 1999; Gar-
ber 2007; Vaughan et al. 2010). Esta gran diversidad de comporta-
mientos locomotores dificulta la asociacion de una determinada es-
pecie de primate a una unica categoria locomotora, existiendo nu-
merosas discusiones en la literatura acerca de como conseguir una

categorizacion comportamental precisa (Prost 1965; Napier & Na-

11



| INTRODUCCION

pier 1967; Rose 1973; Hunt et al. 1996; Wright-Fitzgerald et al.
2010).

N

Figura 6. Patron corporal ortégrado (izquierda) y pronoégrado (derecha). En el
esqueleto ortogrado la escapula se situa dorsalmente, la cavidad glenoidea se
orienta cranealmente y el térax es ancho, mientras que el esqueleto del primate
pronogrado se caracteriza por un torax estrecho y una escapula situada late-
ralmente en el plano parasagital con la cavidad glenoidea orientada ventral-
mente (ambas imagenes adaptadas de Fleagle 1999).

Frecuentemente se emplean categorias locomotoras para fa-
cilitar el analisis de los datos (Martin 1990), aunque no son estric-
tamente exactas y no hacen justicia a la diversidad real de la enor-
me variabilidad locomotora de los primates (Martin 1990; Fleagle
1999; Ankel-Simons 2007), basadas en la frecuencia de tiempo em-
pleado en un determinado comportamiento (Wright-Fitzgerald et al.
2010). La mayoria de las especies muestran tendencias locomoto-
ras en funcién del tamafo corporal, la dieta, el clima, el sustrato, los

tipos de bosques por los que se mueven e incluso de la altura del
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dosel arbéreo en el que pasan la mayor parte del tiempo (Charles-
Dominique 1990; Fleagle 1999; Nowak 1999; Ankel-Simons 2007).
Debido a esto, la mayoria de los primates se pueden asignar de
modo general a los siguientes tipos no excluyentes de locomocién:
cuadrupedia arboérea, cuadrupedia terrestre, climbing, pronograde
clambering, leaping, vertical clinging, suspensidén (que incluye sus-
pension cuadrupeda, arm-swinging, braquiacion) y bipedismo (Hunt
et al. 1996; Fleagle 1999; Nowak 1999; Ankel-Simons 2007; Sch-
midt 2010).

1.3.1. Cuadrupedia arborea

La cuadrupedia arboérea es la locomocibn mas comun entre
los primates actuales y probablemente el modo de locomocién an-
cestral de los primeros primates (Rose 1973; Martin 1990; Fleagle
1999; Nowak 1999; Schmitt 2003; Schmidt 2010). Consiste en la
progresion sobre las pequefas ramas de los arboles empleando las
cuatro extremidades (Rose 1973; Fleagle 1999; Schmidt 2010).

Poaral b ver

Figura 7. Progresion mediante cuadrupedia arborea (adaptada de Schmidt
2010).

Los primates cuadrupedos arboreos (Figura 7) se enfrentan a
sustratos discontinuos, poco estables, cilindricos y de tamano, incli-
naciéon y capacidad de soportar peso variables, por lo que compar-

ten adaptaciones destinadas a mantener el equilibrio sobre ramas
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relativamente pequefas e inestables (Cartmill 1974; Cartmill & Mil-
ton 1977; Grand 1984; Cant 1992; Dunbar & Badam 2000; Garber
2007).

Figura 8. Nycticebus realizando slow-climbing quadrupedalism (imagen reali-
zada por Frans Lanting, publicada en The Guardian).

Este modo de locomocion presenta numerosas variantes entre
los primates. Los lorisidos, por ejemplo, realizan movimientos muy
lentos y deliberados conocidos como slow-climbing quadrupedalism,
tardigrady, o lorisine crawling (Figura 8), una progresion en la que
suele estar involucrada una unica extremidad en cada momento
(Napier & Napier 1967; Walker 1974; Gebo 1987, 1989; Jouffroy
1989; Demes et al. 1990; Hunt et al. 1996; Runestad 1997; Schmidt
2010).

1.3.2. Cuadrupedia terrestre

El desplazamiento por el suelo (Figura 9), un sustrato mucho
mas uniforme y estable que el arbéreo (Rose 1973; Fleagle 1999;
Garber 2007), es un modo de locomocion poco frecuente en prima-
tes, aunque es caracteristico de monos del Viejo Mundo de gran
tamano (Fleagle 1999; Schmidt 2010).

14
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Figura 9. Progresion mediante cuadrupedia terrestre (adaptada de Schmidt
2010).

Un modo especial de cuadrupedia terrestre es el knuckle-
walking (Figura 10) realizado por los grandes simios africanos (Hunt
1992; Doran 1996; Hunt et al. 1996; Fleagle 1999; Richmond et al.
2001). Durante el knuckle-walking el peso de las extremidades ante-
riores recae en la cara dorsal de las falanges medias de los dedos
(Aiello & Dean 1990; Fleagle 1999; Gebo 2010), principalmente los
dedos Ill y IV en el chimpancé (Tuttle 1967) y Il a IV en el gorila
(Tuttle 1969). Este modo de locomocion permite a estos primates
emplear las manos en la cuadrupedia terrestre manteniendo, al
mismo tiempo, unos dedos largos adaptados a comportamientos

locomotores arbéreos (Gebo 2010).

Al L Ll I

Figura 10. Progresion mediante knuckle-walking (adaptada de Schmidt 2010).

El knuckle-walking llevado a cabo por gorilas y chimpancés no
es idéntico (Kivell & Schmitt 2009), siendo el de los gorilas mas "co-
lumnar”, de modo que la mano y la articulacion de la mufieca se en-

cuentran alineadas en una postura relativamente recta, neutra,

15
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mientras que los chimpancés realizan el knuckle-walking con la ex-
tremidad y la mufieca mas extendidas. Esta diferencia se puede
atribuir a la mayor frecuencia de tiempo que emplean los chimpan-
cés en comportamientos arboreos en comparacion con los gorilas
(Kivell & Schmitt 2009).

Figura 11. Climbing (adaptada de Hunt et al. 1996).

1.3.3. Climbing

El climbing es un modo de locomocion omnipresente en todos
los primates actuales (Figura 11), mediante el cual emplean las cua-
tro extremidades para ascender o descender de los soportes arbé-
reos verticales (Mittermeier & Fleagle 1976; Gebo 1996; Hunt et al.
1996; Schmidt 2010).
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1.3.4. Pronograde clambering

El pronograde clambering consiste en una progresion cuadru-
peda arborea carente de una marcha regular (regular gait). Se reali-
za en soportes irregulares de diferentes tamafios e inclinaciones. Es
tipico, por ejemplo, de los monos aulladores (Schén Ybarra 1987;
Hunt et al. 1996; Cant et al. 2001).

Figura 12. Progresion mediante leaping (adaptada de Schmidt 2010).

1.3.5. Leaping

El leaping es el modo de locomociéon mas rapido, empleado a
menudo para huir de depredadores o para cruzar zonas abiertas
(Hunt et al. 1996; Fleagle 1999; Nowak 1999; Schmidt 2010). El
leaping consiste en cruzar distancias mediante el vuelo libre (Figura

12) entre sustratos, tanto verticales como horizontales o inclinados,

17
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mediante la rapida extensidon de las extremidades posteriores (An-
kel-Simons 2007; Schmidt 2010).

Figura 13. Vertical clinging and leaping (adaptada de Demes et al. 1996).

Las adaptaciones para este modo de locomocién han evolu-
cionado de manera independiente en numerosas especies de pri-
mates (Terranova 1996; Fleagle 1999; Nowak 1999). Un modo ex-
tremadamente especializado de leaping es el conocido como verti-
cal clinging and leaping (Figura 13), realizado por los pequefios
galagos y tarsidos, y los indris de gran tamafo (Demes et al. 1996).
Este tipo de locomocion se caracteriza por increibles saltos, realiza-
dos principalmente con las extremidades posteriores, a través de
enormes distancias en una posicion parcialmente erecta (Napier &
Walker 1967; Walker 1974; Gebo 1987; Hunt et al. 1996).

Esta categoria locomotora, sin embargo, no debe confundirse

con la conocida como vertical clinging, propia de muchos monos
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pequenos del Nuevo Mundo, como los titis y los tamarinos (Hunt et
al. 1996; Ankel-Simons 2007; Schmidt 2010), que se caracteriza por
el uso de las garras para aferrarse (cling) a las ramas anchas y los
troncos verticales (Garber 1992; Ankel-Simons 2007).

1.3.6. Suspension cuadrupeda

La suspension cuadrupeda se caracteriza por el desplaza-
miento horizontal bajo el sustrato (mayoritariamente ramas) en una
postura invertida (dorsal-side down) empleando las cuatro extremi-
dades en tensién (Figura 14). Este modo de locomocioén es tipico de
lorisidos y atélidos (Napier 1967; Hunt et al. 1996; Fujiwara et al.
2011).

|

Figura 14. Suspension cuadrupeda (adaptada de Mittermeier & Fleagle 1976).

1.3.7. Suspension bimanual

La suspension bimanual presenta varias modalidades, siendo
las mas conocidas el arm-swinging (Figura 15) y la braquiacion,

diferenciadas por la escasa o elevada rotacion del tronco, respecti-
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vamente. Se caracteriza por la progresién a dos manos por debajo
del soporte arbéreo, permitiendo a especies de gran tamano des-
plazar su peso corporal entre pequefios soportes (Mittermeier &
Fleagle 1976; Jenkins et al. 1978; Jungers & Stern 1981; Hunt et al.
1996; Fleagle 1999; Cant et al. 2003).

Figura 15. Suspension bimanual. A: arm-swinging realizado por chimpancés
(adaptado de Larson & Stern 1986). B: suspension bimanual tipica de atélidos,
en la que se aprecia el uso de la cola prensil como quinta extremidad (adapta-

da de Mittermeier & Fleagle 1976).

Este modo de locomocion lo realiza un numero muy limitado
de primates, como los hominoideos (especialmente los hilobatidos),

los monos araia (Ateles) y, en menor medida, los monos lanudos
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(Lagothrix). Los monos del Nuevo Mundo que realizan este tipo de
locomocién (Figura 15B) se diferencian de los simios (Figura 15A)
en que emplean la cola prensil como quinta extremidad durante el
desplazamiento (Hunt et al. 1996; Cant et al. 2001, 2003; Kagaya
2007; Schmidt 2010).

Existe cierta confusion en la literatura sobre el uso de los tér-
minos braquiaciéon y arm-swinging (Erikson 1963; Napier 1963;
Ashton & Oxnard 1964; Napier & Napier 1967; Andrews & Groves
1976; Jenkins et al. 1978; Jungers & Stern 1981; Rollinson & Martin
1981; Cant et al. 2003; Ankel-Simons 2007). Generalmente el tér-
mino braquiacion se emplea exclusivamente para la locomocion de-
nominada ricochetal arm-swinging, propia de los hilobatidos (gi-
bones y siamang), durante la cual el cuerpo pasa por una fase de
vuelo libre (sin contacto con el sustrato) y una fase de agarre al sus-
trato (véase Trevor 1963). El término arm-swinging se emplea para
el resto de comportamientos suspensores (Rollinson & Martin 1981;
Ankel-Simons 2007). Sin embargo, algunos autores emplean el tér-
mino braquiacion como sinénimo en cualquier tipo de locomocién
suspensora con algun tipo de arm-swinging, incluyendo en el grupo
de los braquiadores al orangutan, al chimpanceé e, incluso, a los go-
rilas. La suspension bimanual llevada a cabo por los atélidos sus-
pensores (Ateles y Lagothrix) ha sido clasificada indistintamente
como braquiacion, semibraquiacién o arm-swinging (Erikson 1963;
Napier 1963; Ashton & Oxnard 1964; Napier & Napier 1967; An-
drews & Groves 1976; Mittermeier & Fleagle 1976; Aiello & Dean
1990).
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1.3.8. Bipedismo

El bipedismo, casi exclusivo de la especie humana (Figura
16), consiste en el desplazamiento con las extremidades posterio-
res, que soportan todo el peso corporal (Gebo 2010). Esta adapta-
cion locomotora supuso un drastico reajuste de la morfologia y fun-
cion del esqueleto post-craneal, quedando las extremidades anterio-
res liberadas para su uso en otras tareas, como la manipulacion de

objetos.

hAIRA

Figura 16. Progresion mediante bipedismo.
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2. ANATOMIA DEL HOMBRO

La evolucion de los primates se caracteriza por cambios signi-
ficativos en la funcidn de las extremidades anteriores, que se fueron
volviendo menos relevantes para soportar el peso corporal y mas
importantes a la hora de proporcionar estabilidad, agarre y manipu-
laciéon en un medio arboéreo discontinuo, aumentando su movilidad y
precision (Rose 1973; Larson 1998; Schmitt 1998; Schmitt & Leme-
lin 2002; Lemelin & Schmitt 2007; Schmitt 2010). En este contexto,
la funcién principal del hombro ha sido proporcionar la movilidad
necesaria para alcanzar los soportes irregulares de ese sustrato ar-
boreo discontinuo, manteniendo al mismo tiempo una estabilizacién
adecuada de la articulacion glenohumeral con el fin de asegurar la
estabilidad postural (Roberts 1974; Larson 1993; Schmidt & Krause
2011).

2.1. El manguito rotador

La necesidad de estabilizacion de la articulacién glenohu-
meral es facilmente comprensible al observar su anatomia (Figura
17). La cavidad glenoidea es la superficie que se articula con la ca-
beza del humero, siendo la primera mucho mas pequefia que la se-
gunda (Terry & Chopp 2000; Jenkins 2009).

Para compensar la diferencia de tamafo, alrededor de la ca-
vidad glenoidea se encuentra un anillo de fibrocartilago conocido
como rodete (labrum) glenoideo, que hace que la fosa sea amplia
y profunda, estabilizando parcialmente la articulacion glenohumeral.
La estabilizacion de la articulacién es especialmente importante du-

rante movimientos que provocan fuerzas de tension en la articula-
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cion, como es el caso de las actividades suspensoras. En esta si-
tuacion, la estabilizacion de la articulacidon no s6lo se mantiene me-
diante estructuras osteoligamentosas estaticas, sino también, vy
principalmente, mediante estabilizadores dinamicos (Larson & Stern
1986; Terry & Chopp 2000; Jenkins 2009). Esta estabilizacion di-
namica es llevada a cabo principalmente por un conjunto de muscu-
los conocido como el manguito rotador (Figura 18), también lla-
mado manguito musculo-tendinoso del hombro (Hess 2000; Jenkins
2009), cuyos tendones se encuentran fuertemente ligados a la cap-
sula articular (Terry & Chopp 2000; Jenkins 2009). Anteriormente el
manguito esta formado por el musculo subescapular; posterior-
mente, por los musculos supraespinoso, infraespinoso y redon-

do menor.

Figura 17. Articulacion glenohumeral en el hombro de Pan troglodytes (chim-
pancé) (adaptada de Larson & Stern 1986).
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2. Anatomia del hombro

Esta disposicion de los musculos del manguito rotador propor-
ciona movilidad a la articulaciéon del hombro y permite la estabiliza-
cion de la articulacion (Roberts 1974; Sonnabend & Young 2009)
manteniendo la cabeza del humero en la cavidad glenoidea (Terry &
Chopp; Jenkins 2009).

Ligamento .
coracoacromial Apofisis  Ligamento transverso supe-

ACTOMION ey i coracoides riory escotadurade la  Muisculo e

escapula Acromion

Tendon del

escapula supraespinoso
supraespinoso e

,  Tendon del
supraespinoso

Misculo
infraespinoso

o p—— b
= \
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Tendon del
biceps

brag uial\x\i ,*\

Musculo
redondo

(cabeza
menor
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Musculo
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VISION ANTERIOR VISION POSTERIOR

Figura 18. Vista anterior (izquierda) y posterior (derecha) de los musculos del

mangquito rotador (adaptada de Netter 2007).

En relacién con el funcionamiento del manguito rotador, du-
rante afios se asumié correcto el modelo propuesto por Inman et al.
(1944). Segun este modelo, descrito en humanos modernos (Homo
sapiens), el manguito rotador funciona como un par de fuerzas ac-
tuando a nivel de la articulacion glenohumeral. La unidad superior
estaria formada por los musculos deltoides y supraespinoso, mien-
tras que la unidad inferior estaria formada por los musculos infra-
espinoso, redondo menor y subescapular; en el modelo también se
incluye la friccion creada por la cabeza del humero contra la glenoi-

des. Segun Inman et al. (1944) el deltoides, ayudado por el supra-
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espinoso, proporciona la fuerza necesaria para elevar la extremidad
anterior, mientras que la unidad inferior actia conjuntamente para
retener la cabeza del humero y evitar la tendencia del deltoides a
desplazar la cabeza del humero superiormente. Este modelo se
considerd correcto durante afios no sélo en humanos modernos,
sino también en grandes simios (Tuttle & Basmajian 1978a,b), asu-
miendo que la integridad de la articulacion glenohumeral se mantie-
ne unicamente mediante estructuras osteoligamentosas (Tuttle &
Basmajian 1978a,b). Sin embargo, tras numerosos estudios de
electromiografia (EMG) realizados con el fin de entender el funcio-
namiento de la musculatura del hombro en diferentes especies de
primates (Larson & Stern 1986, 1987, 1989, 1992), se ha demostra-
do que no existe un modelo de pares de fuerzas, sino que cada
miembro del manguito rotador tiene un papel funcional distinto y
bien definido, tanto en el movimiento como en la estabilizacién de la

articulacion glenohumeral (Roberts 1974; Larson & Stern 1986).
2.1.1. Musculo supraespinoso

El musculo supraespinoso es el mas estudiado dentro de los
musculos del manguito rotador, probablemente debido a su impor-
tancia como estabilizador de la articulacién, como abductor de la
extremidad anterior y debido a sus implicaciones clinicas; en parti-
cular el sindrome subacromial, presente unicamente en humanos
(Potau et al. 2007).

El mdsculo supraespinoso se origina en la cara dorsal de la
escapula (Figura 18), en la llamada fosa supraespinosa, situada
por encima de la espina, y también de la fascia que recubre el pro-

pio musculo. El musculo pasa por encima de la articulacion

26



2. Anatomia del hombro

glenohumeral, insertandose en la cara superior del tubérculo mayor
del humero (Ashton & Oxnard 1963; Jenkins 2009). Antes de inser-
tarse, las fibras del supraespinoso convergen en un tendén corto y
denso que se adhiere a la capsula de la articulaciéon glenohumeral.
Entre el musculo supraespinoso y el acromion se encuentra la bursa
subacromial. Este musculo es principalmente un abductor de la ex-
tremidad anterior que actua asistiendo al deltoides en su funcién
elevadora (Larson & Stern 1986, 2013; Aiello & Dean 1990; Jenkins
2009). Ademas, el supraespinoso tiene una gran importancia opo-
niendo resistencia al desplazamiento superior del humero (Larson &
Stern 1986, 1987).

2.1.2. Musculo infraespinoso

El musculo infraespinoso se origina en la fosa infraespinosa
(Figura 18) y en la fascia que lo recubre, y se inserta en la cara pos-
terior del tubérculo mayor del humero, inferiormente a la insercion
del supraespinoso. Es un musculo rotador lateral del humero y par-
ticipa también en el mantenimiento de la posicién de la cabeza del
hamero durante otros movimientos de la extremidad anterior (Ash-
ton & Oxnard 1963; Larson & Stern 1986, 2013; Aiello & Dean 1990;
Jenkins 2009).

2.1.3. Musculo redondo menor

El masculo redondo menor (teres minor) se origina en los dos
tercios superiores de la cara posterior del borde lateral de la esca-
pula (Figura 18), y también a partir de un tabique fibroso existente
entre este musculo y el infraespinoso por encima y el redondo ma-

yor (teres major) por debajo. La insercion tiene lugar en la region
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inferior de la cara posterior del tubérculo mayor del humero, direc-
tamente por debajo de la insercion del infraespinoso. Al igual que el
musculo infraespinoso, el musculo redondo menor es mayoritaria-
mente un rotador lateral del humero y estabilizador de la posicion
de la cabeza del humero durante otros movimientos de la extremi-
dad anterior (Ashton & Oxnard 1963; Larson & Stern 1986; Aiello &
Dean 1990; Jenkins 2009).

2.1.4. Musculo subescapular

El mudsculo subescapular se origina en la mayor parte de la
cara anterior de la escapula (Figura 18), conocida como fosa
subescapular. Pasa por delante de la articulacion glenohumeral y
se inserta en el tubérculo menor del humero. Antes de la insercion,
las fibras convergen en un tenddn corto y denso que se adhiere a la
cara anterior de la capsula de la articulacién glenohumeral (Ashton
& Oxnard 1963). Entre este musculo y la capsula articular se en-
cuentra la bursa subtendinosa del musculo subescapular, que se
abre frecuentemente en la cavidad sinovial de la articulacion
glenohumeral. El muasculo subescapular es principalmente un rota-
dor medial (Larson 1988; Larson & Stern 1986, 2013), proporcio-
nando ademas proteccion para prevenir la luxacion anterior de la
cabeza de humero (Aiello & Dean 1990; Jenkins 2009).
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2. Anatomia del hombro

2.2. La escapula

2.2.1. Caracteristicas generales

La escapula (Figura 19) es un hueso plano que conecta la ex-
tremidad anterior con el térax a través de la clavicula y mediante
musculos, de ahi la enorme movilidad de la articulacion glenohume-
ral (Jenkins 2009). Es un hueso triangular con tres bordes (supe-
rior, medial o vertebral y lateral o axilar) y dos angulos (superior e

inferior).

Deltoides

Trapecio Supraespinoso EIeanor de
la escapula

-

- Acromion Fosa supraespinosa
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Figura 19. Caracteristicas anatomicas de la cara dorsal de la escapula en hu-
manos. A la izquierda se muestran las diferentes partes de la escapula. A la
derecha se muestran las areas de origen (en negro) e insercion (en verde) de
los diferentes musculos relacionados con el hombro o con la extremidad ante-
rior (escapula procedente del Servicio de Donacion de Cuerpos del Hospital
Clinic, Universidad de Barcelona).
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La cavidad glenoidea se articula lateralmente con la cabeza
del humero, formando la articulacion glenohumeral. Medialmente a
la cavidad glenoidea se encuentra el cuello de la escapula. La cara
dorsal de la escapula esta atravesada por la espina de la escapu-
la, que se inicia en el borde medial y se extiende mediolateralmente
por encima y mas allad de la cavidad glenoidea, formando el proce-
so acromial o acromion. La apéfisis coracoides se proyecta an-
terosuperiormente sobre la glenoides, sirviendo de insercion a los
musculos pectoral menor, cabeza corta del biceps braquial y cora-
cobraquial (Drake et al. 2005). La espina de la escapula divide la
cara dorsal de la escapula en dos partes: por encima de la espina
se encuentra la fosa supraespinosa y por debajo la fosa infraes-
pinosa. En el borde lateral de la fosa infraespinosa se encuentra
también el origen de los musculos redondo mayor y redondo menor.
La cara ventral de la escapula es concava y esta formada, funda-

mentalmente, por la fosa subescapular.
2.2.2. Morfologia vs. funcion locomotora

La morfologia de la escapula esta determinada en gran me-
dida por la funcién, durante la locomocién, de la musculatura de la
articulacion glenohumeral, de los musculos que mueven y estabili-
zan el movimiento de la escapula y de los musculos que transmiten
el peso corporal hacia las extremidades anteriores (Inman et al.
1944; Oxnard 1967, 1977; Roberts 1974; Ashton et al. 1976; Larson
1993, 1995; Schmidt & Krause 2011).

Como ya hemos indicado, los musculos que conforman el
manguito rotador (subescapular, supraespinoso, infraespinoso y

redondo menor) juegan un papel fundamental en el movimiento y
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2. Anatomia del hombro

estabilizacion de la articulacién glenohumeral en los primates (In-
man et al. 1944; Wolffson 1950; Ashton & Oxnard 1963; Oxnard
1967, 1968, 1969; Oxnard & Neely 1969; Roberts 1974; Shea 1986;
Larson & Stern 1986, 1987, 1989, 1992; Larson et al. 1991; Larson
1993, 1995; Potau et al. 2009). Diversos estudios empiricos, tanto
en musculos en ratas (Wolffson 1950) como en ratones modificados
genéticamente (Green et al. 2011, 2012), han demostrado clara-
mente que los musculos del manguito rotador tienen una influencia
significativa en la forma de la escapula (Howell 1917; Wolffson
1950; Roberts 1974; Green et al. 2011, 2012). Esta influencia se re-
fleja en el aumento o reduccién del tamafio relativo de los musculos
como consecuencia del estrés funcional al que son sometidos, con
un gran impacto en la estructura de la escapula (Inman et al. 1944;
Roberts 1974; Green et al. 2011, 2012). Por lo tanto, las adaptacio-
nes de tamano y forma de los musculos en relacién con los reque-
rimientos funcionales de la extremidad anterior pueden provocar
cambios en las articulaciones y la posicidon y orientacion de las in-
serciones musculares (Inman et al. 1944; Roberts 1974; Ashton &
Oxnard 1964; Oxnard 1967). La estrecha relacién entre la forma de
la escapula y las caracteristicas de los musculos del manguito rota-
dor ha sido utilizada para inferir informacion muscular a partir de in-
formacién osteolégica, mucho mas facil de conseguir debido a las
limitaciones (o imposibilidad, como en el caso de especies extintas)
relacionadas con el estudio directo de los musculos (basicamente
debido a la dificultad de obtener cadaveres de primates). Numero-
sos estudios han comparado las escapulas de los primates para
comprender mejor la relacién entre la forma de la escapula y la fun-
cion locomotora (Figura 20) (Frey 1923; Schultz 1930; Inman et al.
1944; Ashton & Oxnard 1963, 1964; Ashton et al. 1965; Oxnard
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1967, 1968, 1969; Oxnard & Neely 1969; Roberts 1974; Corrucini &
Ciochon 1976, 1978; Shea 1986; Larson & Stern 1986, 1987, 1989,
1992, 2013; Larson et al. 1991; Larson 1993, 1995; Inouye & Shea
1997; Taylor 1997; Inouye & Taylor 2000; Taylor & Slice 2005;
Young 2006, 2008; Green et al. 2011, 2012).

Scapular Indices

AR raraearavs

Indris Macacus Cynopithecus Ateles Gorilla Simia Homo

Figura 20. Estudio osteologico clasico realizado con las escapulas de diferen-
tes especies de primates (adaptada de Inman et al. 1944).

La morfologia de la cara dorsal de la escapula esta espe-
cialmente relacionada con las diferencias funcionales en la locomo-
cion de los primates, en particular la forma general de la escapula,
la forma y tamafno de las fosas supraespinosa e infraespinosa, la
proporcidon entre estas dos fosas, el area de insercién del musculo
redondo mayor y la orientacién y longitud de la espina de la escapu-
la (Frey 1923; Schultz 1930; Inman et al. 1944; Roberts 1974;
Green 2010; Green et al. 2012). De todos estos caracteres de la ca-
ra dorsal de la escapula, la proporcién entre las areas de las fosas
supraespinosa e infraespinosa (S/l) ha sido la mas estudiada. Frey
(1923) fue el primero en analizar el spinal fossae index (SFl), que
mide la proporcidon entre las anchuras de las dos fosas realizada a
partir de medidas lineales. ElI SFI ha sido utilizado en numerosos
estudios (Schultz 1930; Inman et al. 1944; Roberts 1974; Green

2010) con el fin de relacionar la morfologia de la cara dorsal de la
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escapula con los diferentes comportamientos locomotores en dife-
rentes especies de primates. El analisis comparado del SFI muestra
que los hilobatidos presentan los valores mas altos para este indice,
con valores entre 1 (Schultz 1930) y 2 (Green 2010), comparadas
con el resto de primates; los knuckle-walkers presentan fosas su-
praespinosa e infraespinosa de tamafos similares, con valores en-
tre 0,6 (Schultz 1930) y 1 (Green 2010); mientras que los oranguta-
nes, al igual que los humanos, presentan valores muy bajos, en
torno a 0,3-0,4 (Schultz 1930; Green 2010), cercanos a los de los
primates pronégrados como Macaca, con valores entre 0,6 y 0,7
(Green 2010), Alouatta y Ateles, con valores entre 0.4 y 0,5 (Schultz

1930), o Papio, con valores cercanos a 0,3 (Schultz 1930).

Figura 21. Escapula tipica de un primate suspensor (izquierda) y de un primate
cuadrupedo (derecha) (adaptada de Young 2008).

Aunque los primates muestran un espectro continuo de for-
mas escapulares, se puede considerar que existe una clara dicoto-

mia entre las formas extremas de este espectro. Por un lado, los
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primates cuadrupedos (tanto arb6reos como terrestres), cuya es-
capula (Figura 21, derecha) se ve principalmente afectada por fuer-
zas de compresion y se mueve basicamente en un restringido plano
parasagital mediante movimientos de retraccidén-propulsién, tienden
a tener escapulas largas (desde el borde medial a la cavidad gle-
noidea) y estrechas (desde el angulo superior al angulo inferior),
con la espina perpendicular al borde medial (Schultz 1930; Ashton &
Oxnard 1963, 1964; Ashton et al. 1965; Roberts 1974; Larson 1993;
Young 2008; Schmidt & Krause 2011). En el otro extremo del es-
pectro, los primates suspensores (Figura 21, izquierda) comparten
escapulas cortas y anchas, afectadas principalmente por fuerzas de
tensién, con las fosas supraespinosa e infraespinosa grandes y la
espina muy inclinada (Schultz 1930; Ashton & Oxnard 1963, 1964;
Ashton et al. 1965; Roberts 1974; Larson 1993; Young 2008; Sch-
midt & Krause 2011). Sin embargo, siempre hay que tener en cuen-
ta que la forma de la escapula se ve influenciada en mayor o menor
medida por otros factores, como la filogenia, el sustrato por el que
se mueven o el peso y tamafio corporal (Roberts 1974; Crompton et
al. 1987; Charles-Dominique 1990; Larson 1993; Anapol et al. 2005;
Young 2008; Schmidt & Krause 2011).
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Los analisis osteoldgicos (Frey 1923; Schultz 1930; Inman et
al. 1944; Ashton & Oxnard 1963, 1964; Ashton et al. 1965; Roberts
1974; Shea 1986; Taylor 1997; Taylor & Slice 2005; Young 2008),
electromiograficos (Tuttle & Basmajian 1978a,b; Jungers & Stern
1981; Larson & Stern 1986, 1987, 1989, 1992) y musculares (Potau
et al. 2009; Green et al. 2011, 2012) definen con detalle el papel
que juegan los musculos del manguito rotador en el movimiento y la
estabilizacion del hombro en los primates. Generalmente estos es-
tudios se centran en el funcionamiento del manguito rotador en pri-
mates hominoideos ortégrados, debido a las implicaciones en evo-
lucibn humana que tienen, siendo los primates pronégrados menos
estudiados en este aspecto. A pesar de ello, muchas de las conclu-
siones que se derivan de los estudios con primates ortégrados son
extrapolables al resto de los primates, ya que la funcién de los
musculos es similar en todas las especies a pesar de las diferencias
en el comportamiento locomotor (Larson & Stern 1986, 1987, 1989,
1992).

3.1. El musculo supraespinoso y la fosa su-
praespinosa

El musculo supraespinoso juega un papel diverso en funcion

del tipo de locomocion:

e En posturas cuadrupedas y en la fase de soporte de la loco-

mocion cuadrupeda es un musculo que estabiliza la articula-
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cion glenohumeral, impidiendo el desplazamiento del humero
(Larson & Stern 1986, 1987, 1989, 2013).

e Durante la elevacion de la extremidad anterior o en movimien-
tos free arm (movimientos en los que la extremidad anterior se
mueve libremente por encima del nivel de la escapula) juega
un papel esencial asistiendo al deltoides durante la abduccion
de la extremidad anterior (Inman et al. 1944; Tuttle & Basmaiji-
an 1978a; Larson & Stern 1986, 1989, 2013).

e En la fase inicial de la elevaciéon de la mano es el principal
responsable de estabilizar la articulaciéon glenohumeral y pre-
venir el desplazamiento superior de la cabeza del humero
causada por el deltoides (Howell et al. 1986; Larson & Stern
1986, 2013; Thompson et al. 1996).

La fosa supraespinosa esta relativamente bien desarrollada
en primates ortogrados (los hominoideos) en comparacién con los
primates pronégrados (Frey 1923; Schultz 1930; Inman et al. 1944;
Roberts 1974; Corruccini & Ciochon 1976; Shea 1986; Larson
1993), igual que el musculo supraespinoso (Potau et al. 2009). El
gran tamafno de este musculo en primates ortégrados parece estar
asociado a la presencia de extremidades anteriores relativamente
grandes, pesadas y fuertes, que requieren una enorme estabiliza-
cion de la articulacion glenohumeral durante la elevacién (Roberts
1974; Corruccini & Ciochon 1976; Larson & Stern 1986; Larson
1993).

Entre los primates ortégrados, los grandes simios africanos
knuckle-walkers (gorilas, chimpancés y bonobos) son los que pre-
sentan la fosa supraespinosa y el musculo supraespinoso relativa-
mente mas grandes (Schultz 1930, Roberts 1974; Aiello & Dean
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1990; Potau et al. 2007; Young 2008), especialmente en los gorilas,
en los que el musculo esta hipertrofiado (Schultz 1930; Inman et al.
1944; Raven 1950; Roberts 1974). Los gorilas se caracterizan por
un enorme tamano corporal y por el uso de la extremidad anterior
en una posicién abducida y rotada externamente, dos factores que
explican la necesidad de una elevada estabilizacién de la articula-
cion glenohumeral y, por tanto, de un musculo supraespinoso hiper-
trofiado (Roberts 1974; Taylor & Slice 2005; Potau et al. 2007). Esto
se ha comprobado mediante analisis de EMG, que muestran que
durante el knuckle-walking el musculo supraespinoso, junto con el
infraespinoso, es esencial en la estabilizaciéon de la articulacion
glenohumeral, que sufre severas tensiones de cizalla, evitando asi
la retraccion del humero durante la fase de soporte (Roberts 1974;
Tuttle & Basmajian 1978b; Larson & Stern 1987, 1992).

En la primera parte de la fase de balanceo (swing phase) du-
rante la elevacion de la extremidad anterior, el musculo supraespi-
noso actua junto con el deltoides elevando (abduccién) la extremi-
dad anterior (Inman et al. 1944; Tuttle & Basmajian 1978a; Larson &
Stern 1986, 1989). Esta funcion es especialmente importante en la
braquiacion, el vertical climbing y cualquier tipo de locomocion sus-
pensora (Inman et al. 1944; Oxnard 1967; Ashton & Oxnard 1964).
Ademas, a parte de su papel como abductor, el musculo supraespi-
noso, al insertarse en la cara superior del tubérculo mayor del hu-
mero, es el principal responsable de prevenir el desplazamiento su-
perior de la cabeza del humero provocada por el deltoides, estabili-
zando el humero durante la fase inicial de la elevacion de la extre-
midad (Howell et al. 1986; Larson & Stern 1986; Thompson et al.

1996). Una vez que la fase inicial de la elevacién de la mano termi-
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na, la tendencia del deltoides a desplazar el humero disminuye, por
lo que el supraespinoso pasa a asistir al deltoides en la abduccion

de la extremidad anterior (Larson & Stern 1986).

En los orangutanes, la fosa supraespinosa y el musculo su-
praespinoso estan poco desarrollados en comparacién con la fosa y
el musculo infraespinosos, siendo la fosa y el musculo supraespino-
SO mas pequefios en comparacion con los de los grandes simios
africanos (Ashton & Oxnard 1963; Oxnard 1984; Young 2008) pero
son ligeramente mayores que los de cualquier primate prondgrado
(Ashton & Oxnard 1963; Roberts 1974). Esta fosa supraespinosa
pequeia, combinada con la fosa infraespinosa relativamente gran-
de, reflejan un mosaico de caracteristicas suspensoras y cuadrupe-
das. Esto se debe a que el desplazamiento de los orangutanes con-
siste en una suspension cautelosa, sin elevar frecuentemente las
extremidades anteriores por encima de la cabeza, desplazandose
incluso mediante posturas prondgradas (Young 2003; Thorpe &
Crompton 2005, 2006).

Los hilobatidos comparten una fosa supraespinosa relativa-
mente grande y, como se vera mas adelante una fosa infraespinosa
de pequefio tamano (Schultz 1930; Roberts 1974; Green 2010), que
reflejan las enormes especializaciones del hombro para la braquia-
cion (Young 2008).

En los humanos modernos las extremidades anteriores no se
utilizan en la locomocién sino que tienen funciones manipulativas,
con las manos habitualmente por debajo del nivel del hombro, de
forma que se reducen las tensiones de cizalla en la articulacion y no

es necesario un gran musculo supraespinoso. De este modo, la fo-
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sa supraespinosa y el musculo supraespinoso, y en general todo el
manguito rotador, se encuentran muy pobremente desarrollados en
humanos (Roberts 1974; Potau et al. 2007). Esta reduccion del
manguito rotador permite a la articulacién glenohumeral movimien-
tos mas rapidos y precisos, esenciales en las habilidades manipula-
tivas de la extremidad anterior humana (Potau et al. 2007). Los es-
tudios de EMG en humanos modernos confirman que el supraespi-
noso actua conjuntamente con el deltoides para abducir la extremi-
dad anterior (Inman et al. 1944). Los humanos muestran una confi-
guracion unica de los musculos del hombro. Algunas de sus carac-
teristicas son similares a las observadas en simios, como un deltoi-
des extremadamente desarrollado, mientras que otras son mas pa-
recidas a las de primates cuadrupedos, como los musculos del
manguito rotador poco desarrollados. Este particular mosaico permi-
te a los humanos modernos elevar la mano con total libertad, como
en los simios, pero con menor fuerza, duracion y frecuencia (Ashton
& Oxnard 1963, 1964; Oxnard 1967, 1969; Larson 1993).

En los primates prondégrados cuadrupedos, como Chlorocebus
aethiops (Larson & Stern 1989), Papio anubis o Macaca mulatta
(Larson & Stern 1992), el musculo supraespinoso es electromiogra-
ficamente activo durante la fase de soporte de la locomocién, esta-
bilizando la articulacion glenohumeral (Whitehead & Larson 1994).
En los primates prondgrados arbéreos el musculo supraespinoso
también puede actuar como elevador de la extremidad anterior asis-
tiendo al deltoides (Larson & Stern 1989, 1992), por lo que la fosa
supraespinosa es mas grande en los pronogrados cuadrupedos ar-
boreos, como Miopithecus talapoin o Colobus, que en cuadrupedos

terrestres o semiterrestres, como Papio papio, Macaca, Chloroce-
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bus aethiops, Erythrocebus patas (Roberts 1974), siendo siempre
mas pequefia que la de los primates ortégrados. Estas diferencias
de tamano de la fosa supraespinosa entre cuadrupedos arboreos y
terrestres refleja la particular configuracién anatébmica de la escapu-
la de los primates cuadrupedos terrestres. Las superficies articula-
res (cavidad glenoidea y cabeza del humero) de la articulacion
glenohumeral de los primates prondgrados cuadrupedos terrestres
permiten un movimiento anteroposterior limitado al plano parasagital
(Roberts 1974) y el tubérculo mayor del humero es grande, lo que
estabiliza pasivamente la articulacion (Whitehead & Larson 1994) y
aumenta el brazo de palanca del supraespinoso. Esta configuracion
anatédmica no precisa un musculo supraespinoso tan grande en es-

tos primates terrestres (Larson 1993; Larson & Stern 1989, 1992).

Si los primates cuadrupedos arboreos tuvieran el tubérculo
mayor del humero tan proyectado proximalmente como los terres-
tres, verian reducida la movilidad de su articulacion glenohumeral,
necesaria para alcanzar los diferentes sustratos arboéreos. El tu-
bérculo de los primates cuadrupedos arbéreos es, por este motivo,
mas reducido y el musculo supraespinoso aumenta de tamafio para
compensar la necesidad de estabilizacién de la articulacién (Larson
& Stern 1989, 1992).

3.2. El musculo infraespinoso y la fosa in-
fraespinosa

Las principales funciones del musculo infraespinoso en los

primates son las siguientes:

e Estabilizacion de la articulacion glenohumeral en posturas

cuadrupedas y durante la fase de soporte de la locomocién
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cuadrupeda, junto con el supraespinoso (Larson & Stern 1986,
1987, 1989).

e Estabilizacidén de la articulacion glenohumeral durante la fase
de soporte del arm-swinging (Roberts 1974; Larson & Stern
1986, 2013), resistiendo el estrés transarticular que sufre la
articulacion mediante una accion depresora de la cabeza del
hamero (Roberts 1974; Larson & Stern 1986).

e Ademas, en movimientos que combinan abduccién con rota-
cion lateral (como durante la swing phase del vertical clim-
bing), el infraespinoso actua como el principal sinergista del
deltoides (Larson & Stern 1986, 2013), un papel que se expli-
ca por la orientacién superolateral de la cara de insercion del
infraespinoso en el tubérculo mayor del humero, en lugar de la
orientacion lateral que presentan los primates prondgrados
(Larson & Stern 1986; Larson 1995).

Como en el caso de la fosa supraespinosa, los hominoideos
predominantemente arbéreos comparten una fosa infraespinosa re-
lativamente grande (Frey 1923; Schultz 1930; Inman et al. 1944;
Roberts 1974; Corruccini & Ciochon 1976; Manaster 1979; Shea
1986; Larson 1993). Los grandes simios africanos muestran la fosa
infraespinosa relativamente mas grande, siendo en los gorilas ma-
yor que en los chimpancés, debido a la enorme necesidad de esta-
bilizacion de la articulaciéon glenohumeral (Schultz 1930; Roberts
1974; Corruccini & Ciochon 1976; Larson 1993), hip6tesis confirma-
da con los estudios de los pesos musculares (Potau et al. 2009) y
electromiograficos (Tuttle & Basmajian 1978a, b; Larson & Stern
1987). Durante el knuckle-walking la articulaciébn glenohumeral so-

porta el estrés producido por la orientacion lateral de la cavidad gle-
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noidea, resultando en una tendencia del humero a desplazarse dor-
salmente (Roberts 1974; Larson & Stern 1987). La estabilizacion de
la articulacion se consigue unicamente por la accion de los muscu-
los supraespinoso e infraespinoso, sin la ayuda de los otros muscu-
los del manguito rotador (Tuttle & Basmajian 1978b; Larson & Stern
1987).

La fosa infraespinosa de los orangutanes confirma el impor-
tante papel del musculo infraespinoso en la locomocion suspensora.
Los orangutanes tienen una fosa infraespinosa grande, aunque me-
nor que la de los grandes simios africanos, por lo que la fosa supra-
espinosa, a su lado, parece pobremente desarrollada (Roberts
1974). Este gran desarrollo de la fosa infraespinosa esta relaciona-
do con el quadrumanous climbing de los orangutanes, y con la
enorme fuerza muscular necesaria para estabilizar la articulacion
glenohumeral al elevar la mano por encima de la cabeza (Roberts
1974).

La escapula de los hilobatidos se diferencia de la de los oran-
gutanes en que presenta una fosa infraespinosa relativamente es-
trecha (Roberts 1974), probablemente relacionada con las especia-
lizaciones del hombro requeridas para la braquiacion (Roberts 1974;
Young 2008).

En los humanos modernos el infraespinoso participa en el
control de la posicion colgante de la extremidad anterior. Los huma-
nos tienen una fosa infraespinosa relativamente grande, en compa-
racién con la supraespinosa que es relativamente pequefia (Roberts
1974; Aiello & Dean 1990), y una espina practicamente horizontal

(perpendicular al borde vertebral de la escapula), lo que la diferen-
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cia del resto de los primates. Esta gran fosa infraespinosa esta rela-
cionada con la necesidad de rotacion externa de la extremidad ante-
rior durante la elevacion de la mano en el plano escapular, retra-
sando el contacto entre el acromion y el tubérculo mayor del hiume-

ro (Inman et al. 1944; Basmajian & de Luca 1985).

En la mayoria de primates prondégrados la funcion del infraes-
pinoso es principalmente la estabilizacibn de la articulacién
glenohumeral durante la fase de soporte de la locomocion cuadru-
peda y en posturas cuadrupedas (Whitehead & Larson 1994; Larson
& Stern 1989), como sucede también en los grandes simios knu-
ckle-walkers. Por otro lado, los primates pronogrados arbéreos tam-
bién necesitan la estabilizacion proporcionada por el infraespinoso
para elevar las extremidades anteriores al desplazarse por el dosel
arboreo discontinuo (Whitehead & Larson 1994; Larson 1995).

3.3. El musculo redondo menor y la fosa del
redondo menor

El redondo menor es un musculo ausente en mamiferos filo-
genéticamente generalizados que se origina a partir del musculo
deltoides (Inman et al. 1944; De Palma 2008). A medida que la fosa
infraespinosa fue aumentando su tamafio progresivamente, un
fragmento del deltoides se separd y aumentd de tamafio también.
Progresivamente, los cambios esqueléticos alteraron la posicion de
este "nuevo" musculo, permitiéndole actuar sobre el humero hacia
abajo (Inman et al. 1944; De Palma 2008). Segun Ashton & Oxnard
(1963), en primates hominoideos este musculo esta completamente
diferenciado del deltoides y del infraespinoso, mientras que en el

resto de primates su presencia es variable.
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Aunque durante mucho tiempo se pens6 que el redondo me-
nor formaba un grupo funcional con los musculos subescapular e
infraespinoso, presionando la cabeza del humero hacia abajo y ro-
tandolo (Inman et al. 1944; Tuttle & Basmajian 1978a,b) actualmen-
te se considera que el redondo menor es fundamentalmente un ro-
tador lateral del humero, participando en el mantenimiento de la po-
sicion de la cabeza del humero en la cavidad glenoidea (Larson &
Stern 1986; Aiello & Dean 1990; Jenkins 2009).

Es importante resaltar que el redondo menor, y una gran parte
del subescapular, como veremos luego, no esta involucrado en la
swing phase de la elevacién de la mano (Larson & Stern 1986), es-
tando activo solamente durante su fase de soporte. Esto parece in-
dicar que, al menos en comportamientos que requieren la elevacion
de la mano, el redondo menor ayuda a resistir el estrés de tensiéon
transarticular de la articulacion glenohumeral (Larson & Stern 1986)
y actua como retractor del humero durante el hoisting en oranguta-
nes (Tuttle & Basmajian 1978a). Es decir, el redondo menor es un
musculo aductor de la extremidad anterior (Larson & Stern 1986).
Durante el knuckle-walking actua, al menos en los chimpancés, en
la rotacién lateral de la articulacion glenohumeral (Larson & Stern
1987).

3.4. El musculo subescapular y la fosa
subescapular

El masculo subescapular presenta una diferenciacién funcio-
nal relacionada con la orientacion de las fibras musculares y de ori-
gen a partir de diversas regiones de la fosa subescapular (Larson &

Stern 1986). En el caso mejor estudiado por Larson & Stern (1986,
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1987), el chimpancé, se distinguen tres partes diferenciadas (Figura
22): una porcion superior que se origina en la region superior de la
fosa subescapular, aproximadamente a nivel de la fosa supraespi-
nosa; una porcion media que se origina en la cara anterior aproxi-
madamente a nivel de la fosa infraespinosa; y una porcion inferior
que se origina en el surco ventral, lateral a la barra axilar, y a partir
de la fascia compartida con el musculo redondo mayor (Larson &
Stern 1986). Cada region del musculo subescapular actua indivi-
dualmente en funciobn de la posicion de la extremidad ante-
rior(Larson & Stern 1986; Larson 1988). Existe, ademas, una clara
relacion entre la region de la cara del tubérculo menor del humero,
donde se insertan las fibras, y la funcién de las fibras musculares
(Larson 1995). La abduccién y rotacion medial las realizan aquellas
fibras que se insertan en la regién proximal, correspondientes a la
porcion superior del subescapular, mientras que la aduccién y rota-
cion medial las realizan fibras que se insertan distalmente, corres-
pondientes a la porcion inferior del subescapular (Larson & Stern
1986; Larson 1988, 1995).

El mudsculo subescapular es principalmente un rotador medial
de la extremidad anterior; rotaciéon que puede combinarse con ab-
duccion (por la porcion superior) o aduccion (por la porcion inferior)
dependiendo de la posicién y los movimientos de la extremidad
(Larson & Stern 1986; Larson 1988). La rotacion medial del humero
es especialmente importante durante el knuckle-walking de los
grandes simios africanos, contribuyendo a la estabilizacion de la ar-
ticulacion glenohumeral (Tuttle & Basmajian 1978b; Larson & Stern
1987).
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Porcidn
supenor

Porcion
inferior

Figura 22. Musculo subescapular de Pan troglodytes (chimpanceé) en el que se
observan las tres partes (superior, media e inferior) del musculo (adaptada de

Larson 1988).

Esta estabilizacién tiene lugar compensando las fuerzas de ci-

zalla que soporta la articulaciéon debido a la posicion dorsal de la

escapula (Roberts 1974; Larson 1993). Este papel del subescapular

es consistente con los resultados obtenidos a partir de estudios de
EMG (Tuttle & Basmajian 1978b; Larson & Stern 1987) y con el pe-

so muscular relativamente grande de este musculo en chimpancés

(Inman et al. 1944; Potau et al. 2009).

46



3. La escapula y el manguito rotador en Primates

Figura 23. Cintura escapular de un hilobatido en el que la torsion de la cabeza
del humero es escasa, por lo que este grupo requiere un gran musculo subes-
capular para realizar la rotacion medial necesaria durante la fase de soporte del
vertical climbing (adaptada de Larson 1988).

Durante la fase de soporte del arm-swinging, al menos en
chimpancés, el musculo subescapular no contribuye a la estabiliza-
cion de la articulacion (Larson & Stern 1986; Larson 1988), lo que
confirma que el modelo de funcionamiento del manguito rotador
descrito por Inman et al. (1944) y apoyado por Tuttle & Basmajian
(1978a,b) es erroneo (véase apartado 1.2.1). Por el contrario, este
musculo actua durante la fase de soporte del arm-swinging en hilo-
batidos (Jungers & Stern 1984), lo que se asocia a una funcién ro-
tadora mas que estabilizadora, ya que los hilobatidos realizan mas
movimientos free arm que los chimpancés (Larson 1988; Larson &
Stern 2013). En hilobatidos el papel mas importante del musculo

subescapular tiene lugar en la fase de soporte (o pull-up phase) del
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vertical climbing, en la que su papel como rotador medial es crucial
debido a la escasa torsidon humeral que presentan (Figura 23) (Lar-
son & Stern 1986, 2013; Larson 1988).
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4. ESTRUCTURA DE LA TESIS

Esta Tesis Doctoral esta estructurada como un conjunto de
seis publicaciones que analizan aspectos funcionales y adaptativos
de la escapula desde una perspectiva anatdbmica. En esta secciéon
se describen brevemente los trabajos realizados y las técnicas de

analisis utilizadas en cada estudio.
4.1. Descripcién anatémica

En el apartado 1 del capitulo V (Bello-Hellegouarch et al.
2012) presentamos una revision bibliografica que fue publicada en
formato de capitulo de libro (Nova Science Publishers). En ella se
describe la morfologia escapular y los aspectos funcionales y ana-
tomicos de los musculos del manguito rotador en primates hominoi-
deos, con especial incidencia en las transformaciones y adaptacio-
nes evolutivas relacionadas con los diferentes tipos de locomocion
que realizan los hilobatidos, orangutanes, gorilas, chimpancés y

humanos modernos.
4.2. Analisis morfologico

4.2.1. Morfometria geométrica

Los analisis de morfometria geométrica (GM) se basan en la
configuracién espacial de landmarks, que son puntos homélogos
que pueden localizarse de modo preciso en cada uno de los espe-
cimenes estudiados. La GM se centra en caracterizar la forma de
las estructuras cuantificando su variacibn morfologica (Bookstein
1991; Zelditch et al. 2004). En GM, la forma de un objeto incluye to-
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das sus caracteristicas geomeétricas, excepto las relacionadas con
su tamafo, posicion y orientacion, lo que se consigue mediante un
procedimiento conocido como procrustes superimposition (Figura
24). Para extraer la informacién geométrica, se re-escalan las confi-
guraciones de landmarks a un tamafo estandar, se desplazan todas
a una posicion estandar y se rotan a una orientacion también estan-
dar. Las coordenadas de los landmarks obtenidas tras esta supe-
rimposicion, conocidas como procrustes coordinates, representan la
variacion de formas del conjunto de estructuras que se comparan

en los subsiguientes analisis estadisticos.
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Figura 24. Tres transformaciones geométricas que no alteran la forma de un
objeto (en este caso, un triangulo): (A) traslacion (se elimina la informacion de
posicion); (B) rotacion (se elimina la informacion de orientacion); (C) reescalado
(se elimina la informacion de tamario) (adaptada de Zelditch et al. 2004).
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En las secciones de materiales y métodos de los apartados 2,
3 y 4 del capitulo V (Publicaciones) se describen con detalle la me-

todologia morfo-geométrica utilizada.
a. Primates ortoégrados

Taylor & Slice (2005) analizaron mediante morfometria geo-
métrica en dos dimensiones la forma de la cara dorsal de la escapu-
la de chimpancés y gorilas, incluyendo las fosas supraespinosa e
infraespinosa, la espina y el acromion. Encontraron diferencias tanto
entre chimpancés y gorilas, como entre las dos especies de gorilas
analizadas (Gorilla beringei y Gorilla gorilla), pero no encontraron un
patréon funcional claro entre la forma de la escapula y la locomocién,
siendo consistente con estudios previos, mas convencionales (ana-
lisis de medidas lineales de la escapula), de la morfologia de la es-
capula en grandes simios africanos (Shea 1986; Inouye & Shea
1997; Taylor 1997; Inouye & Taylor 2000). Estos resultados sugirie-
ron que las diferencias en la forma de la escapula de los hominoi-
deos podrian ser demasiado sutiles para reflejar con precision las
diferencias observadas en su comportamiento locomotor (Ward
1997). Sin embargo, Young (2008) empled la GM en tres dimensio-
nes para comparar los cambios ontogenéticos de la escapula de di-
ferentes primates antropoideos, encontrando que el principal factor
que la determina es su funcion, de modo que existe una convergen-
cia en la forma de la escapula en especies con modos de locomo-
cion similares. No obstante, Young (2006, 2008) nunca incluy6 es-
capulas humanas al analizar la variacion de la forma de la escapula,

tanto a nivel intra- como inter-especifico.
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A pesar de los numerosos estudios realizados sobre la forma
de la escapula, algunos autores consideran que todavia no se ha
encontrado una interdependencia entre las proporciones de las fo-
sas escapulares y los comportamientos locomotores (Shea 1986;
Inouye & Shea 1997; Taylor 1997; Ward 1997; Inouye & Taylor
2000; Taylor & Slice 2005). Otros, en cambio, sugieren una clara
asociacion entre la forma de la escapula y la funcion locomotora
(Schultz 1930; Roberts 1974; Young 2006, 2008). En el apartado 2
del capitulo V intentamos clarificar la relacion entre la proporcién de
las fosas supraespinosa e infraespinosa y los comportamientos lo-
comotores en hominoideos mediante un analisis de GM en dos di-
mensiones de la cara dorsal de la escapula de primates hominoi-

deos, incluyendo al humano moderno.
b. Cautividad vs. libertad

La mayoria de las colecciones osteoldgicas procedentes de
museos provienen de animales que vivieron en cautividad. Muchos
autores descartan el uso de estas colecciones en estudios sobre las
adaptaciones anatébmicas y morfoldgicas de los huesos (O'Regan
2001; O'Regan & Kitchener 2005). Se asume que las restricciones
relacionadas con el espacio limitado de los recintos en los que vivie-
ron y las condiciones no naturales propias de una vida en cautividad
podrian tener un efecto significativo en sus comportamientos postu-
rales y locomotores, de modo que los datos obtenidos a partir de
individuos en cautividad no serian informativos sobre la morfologia
del hueso y las adaptaciones anatdbmicas de los animales que viven
en libertad. Sin embargo, nunca se ha estudiado esta posible in-
fluencia de las condiciones de cautividad sobre de la escapula de

primates. Por ello, en el apartado 3 del capitulo V realizamos un es-
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tudio de GM en dos dimensiones de la cara dorsal de la escapula
(cuya morfologia, como se muestra en el apartado 2 del capitulo V,
esta altamente relacionada con los tipos de locomocién) de grandes
simios procedentes tanto de libertad como de cautividad, con el fin
de clarificar el efecto que las condiciones de cautividad tienen sobre

la morfologia de la escapula.
c. Primates pronogrados

En el apartado 4 del capitulo V estudiamos la relacion entre
los patrones locomotores de los primates prondgrados (incluyendo
diferentes especies de estrepsirrinos y haplorrinos) y la morfologia
del lado dorsal de la escapula. Nuestro objetivo es asociar cada ca-
tegoria locomotora con una forma escapular especifica, con el fin de
mejorar la comprension de los requerimientos anatomicos de cada
modo particular de locomocion. Con este objetivo realizamos un
analisis de GM en dos dimensiones del lado dorsal de la escapula
de numerosas especies de primates prondgrados con diferentes pa-
trones locomotores. Se analizan las regresiones multivariadas de
las formas escapulares para cada tipo de locomocién para conocer
su influencia en la forma de la escapula y extraer la forma asociada
a cada categoria locomotora. Ademas, se analiza la influencia de
diversos factores bioldgicos y ecoloégicos que se han demostrado
influyentes en la morfologia de los huesos de la extremidad anterior,
como son la filogenia, el peso corporal, el tamafio de la escapula o
las preferencias de altura del dosel arboreo (Roberts 1974; Crom-
pton et al. 1987; Charles-Dominique 1990; Larson 1993; Anapol et
al. 2005; Young 2008; Schmidt & Krause 2011).
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4.2.2. Analisis cuantitativo de las fosas supraespinosa

e infraespinosa

En el apartado 2 del capitulo V comparamos diferentes meto-
dologias de analisis de la proporcién entre las fosas supraespinosa
e infraespinosa. Nuestro objetivo es conocer, por un lado, cual de
las medidas es mas efectiva para discriminar la muestra por grupos
locomotores y, por otro, determinar cual permite estimar mejor los
pesos de los musculos supraespinoso e infraespinoso (conjunta-
mente con el musculo redondo menor), y conocer asi si existe una
relacion directa entre el tamafio de los musculos y el de sus areas
de insercion. Para ello calculamos la proporcion entre las fosas su-

praespinosa e infraespinosa mediante tres metodologias distintas:

e Spinal fossae index (SFI): medida empleada en estudios cla-
sicos de la cara dorsal de la escapula (Frey 1923; Schultz
1930; Inman et al. 1944; Roberts 1974), consiste en la rela-
cion entre la anchura (medida lineal) de la fosa supraespinosa
y la anchura de la fosa infraespinosa.

e indice de las areas en 2D (2DI): la proporcién entre las areas
en 2D de la fosa supraespinosa y la fosa infraespinosa; estas
areas se obtuvieron a partir de fotografias de las escapulas.

e indice de las areas en 3D (3DI): la relacion entre las areas en
3D de la fosa supraespinosa y la fosa infraespinosa; se obtu-
vieron mediante escaneado en 3D de moldes de las fosas de

la cara dorsal de la escapula.

Estas medidas se compararon con la proporciéon obtenida en-
tre los pesos musculares del supraespinoso e infraespinoso (inclui-

do el redondo menor).
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4.3. Analisis molecular

Las caracteristicas fisioldgicas de los musculos, como la velo-
cidad de contraccion, la fuerza y la resistencia a la fatiga, dependen
en gran medida de la expresion diferencial de las diferentes isofor-
mas de la cadena pesada de la miosina (MHC) presentes en las fi-
bras musculares (Botinelli & Reggiani 2000). Los musculos esquelé-
ticos de mamiferos adultos expresan tres tipos de isoformas de
MHC en diferentes proporciones: la MHC-I (lenta), la MHC-lla (rapi-
da), y la MHC-lIx (mas rapida). Una cuarta isoforma, la MHC-IIb, se
expresa solamente en musculos de mamiferos muy pequefios
(Baldwin & Haddad 2001). La isoforma MHC-I se expresa principal-
mente en fibras de contraccion lenta; la isoforma MHC-lla en fibras
de contraccion rapida; y la isoforma MHC-IlIx en fibras rapidas glu-
coliticas. Las fibras de tipo lIx son mas fuertes, rapidas, y menos
resistentes a la fatiga que las fibras de tipo lla, mientras que las de
tipo | son las menos fuertes y rapidas, pero las mas resistentes a la
fatiga (Botinelli et al. 1999; Pette & Staron 2000). En general, los
musculos posturales lentos expresan principalmente la isoforma
MHC-I, con una expresion variable de la isoforma MHC-lla (Fitts et
al. 1991; Baldwin 1996; Fitts & Widrick 1996; Schiaffino & Reggiani
1996; Rivero et al. 1999; Talmadge 2000). Por el contrario, los
musculos mas potentes, rapidos, pero menos resistentes a la fatiga
expresan las tres isoformas en proporciones variables, aunque ge-
neralmente la expresion de la isoforma MHC-Il es mas elevada
(Larsson & Moss 1993; Harridge et al. 1998).

Aunque existe abundante informacion en la literatura sobre la

anatomia y la estructura del musculo supraespinoso en diferentes
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especies de primates, hasta el momento pocos estudios han exami-
nado las caracteristicas moleculares de este musculo. La mayoria
de ellos se basan en pocas especies y analizan la cantidad y distri-
bucién de los diferentes tipos de fibras en el musculo mediante tin-
ciones ATPasa (Schmidt & Schilling 2007; Singh et al. 2002), pero
ninguno examina la expresion del mRNA de las diferentes isoformas
de MHC en el musculo supraespinoso. El empleo de una RT-PCR
(real-time polymerase chain reaction) para analizar las isoformas de
MHC puede proporcionar nueva informacién sobre las caracteristi-
cas moleculares del musculo supraespinoso en diferentes especies
de primates y su relacién con los tipos de locomocién. La RT-PCR
tiene ventajas frente a la tincidn ATPasa, que se emplea unicamen-
te en musculos obtenidos a partir de biopsias o inmediatamente
después de morir, ya que la variacion del pH post-mortem puede
alterar los resultados. La RT-PCR puede aplicarse a musculos ob-

tenidos a partir de cadaveres criopreservados.
4.3.1. Primates con diferentes tipos de locomocion

En el apartado 5 del capitulo V cuantificamos la expresion de
MRNA de las tres isoformas del MHC empleando RT-PCR en
musculos supraespinosos de humanos modernos y 12 especies de
primates. El principal objetivo es obtener informacion de las caracte-
risticas funcionales del musculo supraespinoso y asociarlas con
adaptaciones a los tipos de locomocién de las especies estudiadas.
Nuestra hipétesis consiste en que el patron de expresion diferencial
de las isoformas de MHC esta relacionado con las diferentes fun-
ciones del musculo supraespinoso en primates ortdgrados y prono-

grados.
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4.3.2. Humanos con diferentes edades y sexos

En el apartado 6 del capitulo V cuantificamos la expresion del
MRNA de las tres isoformas de MHC en musculos supraespinosos
de humanos modernos para determinar si su expresion es similar a
la de un musculo postural (con mayor expresion de la MHC-I lenta,
apropiada para su funcion como estabilizador de la articulacion
glenohumeral) o mas parecida a la de un musculo fasico (con una
mayor expresion de la isoforma MHC-Il rapida, adecuada para su
papel en la elevacion de la extremidad anterior). Por otra parte, el
analisis de la expresion de las isoformas de MHC en el musculo su-
praespinoso, en funcion de la edad y el sexo, podria contribuir a la
comprension de los mecanismos etiopatogénicos potenciales del
sindrome subacromial, relacionados con el debilitamiento de los

musculos del manguito rotador.
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5. OBJETIVOS

El estudio de las adaptaciones de la locomocion en primates
se han centrado fundamentalmente en la cintura pélvica y la extre-
midades posteriores, no sélo debido al interés asociado con la apa-
ricion del bipedismo y del origen y evolucion de nuestra propia es-
pecie, sino también debido a la idea generalizada de que la cintura
escapular y la extremidad anterior presentan escasas diferencias
entre los patrones locomotores. Sin embargo, en la Introduccion
hemos podido constatar que la morfologia de esta regién anatémi-
ca, mucho menos estudiada que la cintura pélvica, esta estrecha-
mente relacionada con los diferentes comportamientos locomotores

observados en el orden de los Primates.

El objetivo principal de esta Tesis Doctoral es conocer mejor
la diversidad anatomica de la escapula y los musculos del manguito
rotador en el orden de los Primates, integrando diferentes enfoques
metodologicos para caracterizar las adaptaciones anatémicas y fun-
cionales de esta region. Esta Tesis Doctoral se centra principalmen-
te en la cara dorsal de la escapula y en los musculos que se inser-
tan en ella. Este objetivo general se puede concretar en seis objeti-

VOS concretos:

1. Clarificar si existe alguna relacion entre la proporcién de las fosas
supraespinosa e infraespinosa y los comportamientos locomoto-
res de los primates hominoideos, incluyendo humanos modernos,
con el fin de terminar con la controversia acerca de si las diferen-
cias morfoldégicas entre las escapulas de primates hominoideos

se asocian con un patrén funcional o no.
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2. Analizar la proporcidon entre las fosas supraespinosa e infraespi-
nosa (indice S/I) en las escapulas de primates hominoideos, no
solo cualitativamente, mediante morfometria geométrica, sino
cuantitativamente, mediante mediciones de las areas de insercion
de los musculos dorsales del manguito rotador.

3. Comparar las diferentes metodologias utilizadas para cuantificar
el indice S/l con el peso real de los musculos que se insertan en
estas fosas, con el fin de conocer su correlacion con el peso
muscular real y su utilidad como indicador adaptativo fiable en
caso de ausencia de musculatura, situacion frecuente en colec-
ciones osteoldgicas o en el caso de escapulas fésiles.

4. Evaluar si las condiciones en cautividad influyen de manera signi-
ficativa en la morfologia de la escapula de los primates, y com-
probar si las escapulas obtenidas a partir de primates en cautivi-
dad se pueden utilizar con confianza en estudios anatomicos y
funcionales.

5.Hacer un estudio detallado de las adaptaciones anatémicas y
funcionales de la cara dorsal de la escapula para cada uno de los
primates prondgrados y sus tipos de locomocion.

6. Comprobar si la expresion diferencial de las isoformas de la mio-
sina del musculo supraespinoso sigue un patrén funcional rela-
cionado con los modos de locomocion en primates, incluyendo
humanos modernos, y, por tanto, con su funcion en cada tipo de

locomocion.
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6. INFORME DE LOS DIRECTORES

La doctoranda, Gaélle Bello Hellegouarch, presenta su Tesis
Doctoral siguiendo el formato de compendio de publicaciones esta-
blecido por la Universitat de Barcelona. Desde un principio su inves-
tigacion se centré en el estudio de las adaptaciones anatomicas y
funcionales de la escapula y los musculos del manguito rotador a
los tipos de locomocidn presentes en el orden de los Primates. Un
objetivo primordial de esta investigacion fue determinar si existen
diferencias morfolégicas en las escapulas relacionadas con los tipos
de locomocién y la funcion diferencial de los musculos del manguito
rotador. También se fij6 como objetivo caracterizar la utilidad del
analisis de las isoformas de las miosinas de los musculos del man-
guito rotador para comparar grupos locomotores. Durante el desa-
rrollo de la investigacion se demostré que era necesario analizar la
influencia de las condiciones de la vida en cautividad sobre la mor-
fologia de la escapula, para determinar si las colecciones osteologi-
cas procedentes de individuos en cautividad son representativas del

grupo estudiado.

Esta Tesis Doctoral ha generado seis publicaciones cientifi-
cas: un capitulo de libro internacional (revisado por evaluadores ex-
ternos y publicado por Nova Science Publishers) y cinco articulos
en revistas internacionales referenciadas en el Science Citation In-
dex. De estos, cuatro ya estan aceptados y publicados y uno se es-
ta terminando para ser evaluado. La doctoranda consta como pri-
mera autora en cuatro de las publicaciones, como tercera autora en

una y como quinta autora en otra.
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Ademas de las seis publicaciones incluidas en su Tesis Docto-
ral, la doctoranda es autora en otras ocho publicaciones, fruto de
sus estancias y colaboraciones internacionales, no incluidas en esta
Tesis Doctoral por no estar directamente relacionadas con el tema
estudiado. De esas, cuatro son atlas de anatomia publicados por
Science Publishers y por Taylor & Francis, y las restantes son ar-
ticulos publicados en revistas internacionales referenciadas en el
Science Citation Index, todos ellos ya aceptados y publicados. La
doctoranda consta como primera autora en una de estas ocho pu-

blicaciones (véase mas abajo).

A continuacion se presentan las publicaciones que forman
parte de la presente Tesis Doctoral, citadas en orden cronolégico de
apariciéon, indicando los autores, afo, titulo, referencia y posicién e
impacto de la revista en que se ha publicado. Para cada una se
describe la labor concreta realizada exclusivamente por la docto-

randa, Gaélle Bello Hellegouarch.

Publicaciones que forman parte de la presente Tesis Doctoral

1. Potau JM, Artells R, Bello G, Mufioz C, Monz6 M, Pastor JF,
de Paz F, Barbosa M, Diogo R, Wood B (2011) Expression of
myosin heavy chain isoforms in the supraspinatus muscle of
different primate species: implications for the study of the ad-
aptation of primate shoulder muscles to different locomotor

modes. International Journal of Primatology 32 (4): 931-944.

IF =1,786 (2012); 38/151 Q2 [ZOOLOGY]
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En este trabajo se analiza la utilidad del estudio de la expre-
sion de las isoformas de la cadena pesada de las miosinas en la ca-
racterizacion de las adaptaciones a la locomocién observadas en
los musculos del manguito rotador en primates. La doctoranda cola-
bor6 en la diseccién de los primates analizados y en el procesa-

miento y posterior analisis molecular de la musculatura estudiada.

2. Bello-Hellegouarch G, Potau JM, Arias-Martorell J, Pastor
JF, Diogo R, Pérez-Pérez A (2012) The rotator cuff muscles in
Hominoidea: evolution and adaptations to different types of lo-
comotion. In: Primates: classification, evolution and behavior.
Hughes EF, Hill ME (Eds.). Nova Science Publishers
(Hauppauge, US).

Este capitulo de un libro presenta una revision anatomica y
funcional de los musculos del manguito rotador y de la escapula en
los primates hominoideos, centrandonos en el funcionamiento e im-
portancia de cada musculo en sus diferentes modos de locomocion.
La doctoranda, como primera autora, realizo la revision bibliografica,
redactd el borrador del capitulo e incorporé las aportaciones de los

demas autores.

3. Potau JM, Artells R, Mufioz C, Diaz T, Bello-Hellegouarch G,
Arias-Martorell J, Pérez-Pérez A, Monz6 M (2012) Expression
of myosin heavy chain isoforms in the human supraspinatus
muscle. Variations related to age and sex. Cells Tissues Or-
gans 196 (5): 456-462.

IF =1,961 (2012); 6/21 Q2 [ANATOMY & MORPHOLOGY]
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Este estudio analiza la expresion diferencial de las isoformas
de la cadena pesada de las miosinas del musculo supraespinoso de
humanos. La doctoranda colaboré en la diseccion de los cadaveres
analizados y en el procesamiento y posterior analisis molecular de

la muestra estudiada.

4. Bello-Hellegouarch G, Potau JM, Arias-Martorell J, Pastor
JF, Pérez-Pérez A (2013) A Comparison of Qualitative and
Quantitative Methodological Approaches to Characterizing the
Dorsal Side of the Scapula in Hominoidea and Its Relationship
to Locomotion. International Journal of Primatology 34: 315-
336.

IF =1,786 (2012); 38/151 Q2 [ZOOLOGY]

Este trabajo constituye una de las principales aportaciones de
la Tesis Doctoral de la doctoranda Gaélle Bello Hellegouarch. En él
se comparan, mediante morfometria geométrica en dos dimensio-
nes las escapulas de los primates hominoideos, incluidos los huma-
nos, con el fin de determinar sus adaptaciones especificas a cada
modo de locomocion. Se comparan diferentes metodologias de ana-
lisis de la relacién entre la fosa supraespinosa y la infraespinosa pa-
ra caracterizar cual de ellas estima mejor el desarrollo de la muscu-
latura. La doctoranda realiz6 la toma de muestra, los moldes de las
fosas, el escaneado y su posterior analisis estadistico y la redaccién

del trabajo.

5.  Bello-Hellegouarch G, Potau JM, Arias-Martorell J, Pastor
JF, Pérez-Pérez A (2013) Brief communication: Morphological
effects of captivity. A geometric morphometric analysis of the

dorsal side of the scapula in captive-bred and wild-caught
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Hominidae. American Journal of Physical Anthropology 152:
306-310.

IF = 2,481 (2012); 7/83 Q1 [ANTHROPOLOGY]

Esta publicacion se realizé con el fin de comparar materiales
osteologicos procedentes de animales en cautividad y libertad. No
es infrecuente que los revisores de las revistas destaquen las limi-
taciones del uso de animales cautivos considerando que no son re-
presentativos de la especie en su conjunto ni fiables para deducir
comportamientos en libertad. Este trabajo sugiere que, al menos en
el caso de la escapula, las colecciones osteoldégicas son Uutiles vy fia-
bles en estudios morfoldégicos. La doctoranda realizé la toma de
muestra, las fotografias, los analisis estadisticos y la redaccion del

borrador del trabajo.

6. Bello-Hellegouarch G, Potau JM, Arias-Martorell J, Pastor
JF, Pérez-Pérez A (en revision) Two-dimensional geometric
morphometric analysis of the anatomical adaptations to loco-
motor behaviors of pronograde primates in the dorsal side of

the scapula.

Esta publicacion completa los resultados que se derivan de la
Tesis Doctoral de la doctoranda Gaélle Bello Hellegouarch. En ella
se analizan las adaptaciones anatdbmicas de la cara dorsal de la es-
capula asociadas a los modos de locomocién en primates proné-
grados. Tanto la obtencion de muestra, como el analisis y la redac-
cion del borrador de este trabajo fueron realizados por la doctoran-
da.
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Otras publicaciones que no forman parte de la presente Tesis

Doctoral

Aunque no forman parte de la presente Tesis Doctoral, se de-
rivan de las labores cientificas desarrolladas durante la misma y de
las colaboraciones realizadas con diversos grupos de investigacion

nacionales e internacionales.

1. Aversi-Ferreira TA, Diogo R, Potau JM, Bello G, Pastor JF,
Ashraf Aziz M (2010) Comparative anatomical study of the
forearm extensor muscles of Cebus libidinosus (Rylands et al.,
2000; Primates, Cebidae), modern humans, and other Pri-
mates, with comments on Primate evolution, phylogeny, and
manipulatory behavior. The Anatomical Record 293: 2056-
2070. IF = 1,343.

2. Diogo R, Potau JM, Pastor JF, de Paz FJ, Ferrero EM, Bello G,
Barbosa M, Wood BA (2010) Photographic and descriptive
musculoeskeletal atlas of Gorilla: With notes on the attach-
ments, variations, innervations, synonymy and weight of the

muscles. Science Publishers (Enfield, USA).

3. Diogo R, Potau JM, Pastor JF, de Paz F, Barbosa MM, Ferrero
EM, Bello G, Aziz MA, Burrows A, Arias-Martorell J & Wood BA
(2012) Photographic and descriptive atlas of gibbons and sia-
mangs (Hylobates) - with notes on the attachments, variations,
innervation, synonymy and weight of the muscles. Taylor &
Francis (Oxford, UK).
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Arias-Martorell J, Potau JM, Bello-Hellegouarch G, Pastor JF,
Pérez-Pérez A (2012) 3D geometric morphometric analysis of

the proximal epiphysis of the hominoid humerus. Journal of
Anatomy 221 (5): 394-405. IF = 2,357.

Bello-Hellegouarch G, Aziz MA, Ferrero EM, Kern M, Francis
N, Diogo R (2012) "Pollical palmar interosseous muscle" (Mus-
culus adductor pollicis accessorius): Attachments, innervation,
variations, phylogeny, and implications for human evolution and
medicine. Journal of Morphology 274 (3): 275-293. IF = 1,719.

Diogo R, Pastor F, de Paz F, Potau JM, Bello-Hellegouarch G,
Ferrero EM, Fisher RE (2012) The head and neck muscles of
the serval and tiger: Homologies, evolution, and proposal of a
mammalian and a veterinary muscle ontology. The Anatomical
Record 295 (12): 2157-2178. IF = 1,343.

Diogo R, Potau JM, Pastor JF, de Paz F, Barbosa MM, Ferrero
EV, Bello G, Aziz MA, Burrows A, Wood BA (2013). Photo-
graphic and descriptive atlas of orangutans (Pongo) - with notes
on the attachments, variations, innervation, synonymy and

weight of the muscles. Taylor & Francis (Oxford, UK).

Diogo R, Potau JM, Pastor JF, de Paz F, Barbosa MM, Ferrero
EV, Bello G, Aziz MA, Burrows A & Wood BA (2013) Photo-
graphic and descriptive atlas of chimpanzees (Pan) - with notes
on the attachments, variations, innervation, synonymy and

weight of the muscles. Taylor & Francis (Oxford, UK).
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"What is a scientist after all? It is
a curious man looking through a
keyhole, the keyhole of nature,

’

trying to know what’s going on'

Jacques Cousteau
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1. INTERPRETACION DE LOS
RESULTADOS

1.1. Cautividad vs. libertad

La mayoria de colecciones osteologicas estan constituidas por
esqueletos de animales procedentes de medios de cautividad, es-
pecialmente en el caso de especies en peligro de extincion. Estas
colecciones son esenciales para la mayoria de estudios morfoldgi-
cos y funcionales. Sin embargo, existe una tendencia a rechazarlas
al considerar que las condiciones de cautividad afectan de un modo
significativo a la morfologia de los huesos. Segun este punto de vis-
ta los individuos procedentes de cautividad no se consideran repre-
sentativos de las especies en su conjunto y, por tanto, las conclu-
siones morfoldgicas y funcionales obtenidas a partir de este tipo de
colecciones no se consideran fiables (O'Regan 2001; O'Regan &
Kitchemer 2005). Algunos estudios han intentado comprender la in-
fluencia de las condiciones de cautividad en la morfologia del hue-
S0, aunque la mayoria de ellos se centraron en el craneo de diferen-
tes especies de mamiferos (Hollister 1917; Groves 1982; O'Regan
2001; Zuccarelli 2004). No obstante, la influencia de la cautividad
nunca habia sido analizada en el caso de las escapulas de los pri-

mates.

El analisis de la morfometria geométrica en 2D realizado so-
bre la cara dorsal de la escapula de varias especies de primates
hominoideos (Bello-Hellegouarch et al. 2013b) no detectdé diferen-
cias significativas entre los especimenes procedentes de cautividad

y de libertad para ninguna de las especies analizadas (Figura 25).
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Este resultado sugiere que la cautividad no afecta significativamente
a la morfologia de la escapula. Por lo tanto, las escapulas de espe-
cimenes en cautividad pueden ser empleadas en estudios morfolo-
gicos como representantes fiables de las escapulas de las especies
en su totalidad, sin riesgo a estar analizando ejemplares no repre-
sentativos de las especies de interés, al menos para las especies
analizadas. Sin embargo, estos resultados no son extrapolables a
otras regiones anatdmicas, ya que los diferentes huesos pueden
responder de un modo diferente a los mismos estimulos externos
(Biewener & Gillis 1999; Pearson & Lieberman 2004; Plochocki et
al. 2008; Green et al. 2012). Este es el caso, por ejemplo, de la ulna
de Pithecia pithecia, cuya morfologia se ve alterada por las frecuen-
tes actividades cuadrupedas a las que se ven forzados estos anima-
les debido al pequefio tamafio de sus jaulas (Fleagle & Meldrum
1988). En este sentido, la morfometria geométrica parece ser una
herramienta extremadamente util para determinar el impacto de la
cautividad sobre la morfologia del hueso. De este modo resultaria
de enorme interés el empleo de esta metodologia en otros huesos
del esqueleto postcraneal con el fin de identificar con precisién si las
condiciones de cautividad afectan de manera diferente a las diver-

sas regiones anatomicas.

Sin embargo, no podemos descartar la posibilidad de que las
condiciones de una vida en cautividad afecten significativamente a
los musculos del hombro mientras que la morfologia de la escapula
se mantiene intacta, ya que los musculos son mas susceptibles que
los huesos ante las diferentes condiciones del habitat y las diferen-
cias comportamentales (Ward & Sussman 1979). Seria de gran inte-

rés, por tanto, comparar la musculatura del hombro de primates
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procedentes tanto de cautividad como de libertad. Aunque ya se
han realizado algunos estudios acerca de la musculatura del hom-
bro en primates (Potau et al. 2009; Myatt et al. 2012) y en organis-
mos modelo como ratones (Green et al. 2012), todos se han reali-
zado con especimenes en cautividad. Resulta extremadamente
complicado obtener datos similares de animales en libertad, debido
a la dificultad de conseguir cadaveres y a los problemas éticos rela-
cionados con el estudio de animales en peligro de extincion en su
medio natural.
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Figura 25. Dispersion de las tres especies analizadas (Gorilla gorilla, Pan tro-
glodytes y Pongo pygmaeus) para los dos primeros PCs (PC1y PC2); se ob-
serva el gran solapamiento entre los individuos de libertad (simbolos huecos) y
los individuos de cautividad (simbolos rellenos) (imagen procedente de Bello-
Hellegouarch et al. 2013b, p 308).
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1.2. Morfologia y funcion

Los primates pueden clasificarse, en funcién de su plan corpo-
ral, en ortégrados o prondgrados. Los primates ortégrados (gorilas,
chimpancés, orangutanes, gibones y humanos) se caracterizan por
adaptaciones anatomicas en el esqueleto postcraneal relacionadas
con la vida arb6rea y modos de desplazamiento suspensorios, co-
mo son la columna dispuesta verticalmente, térax ancho y aplastado
dorsoventralmente, escapula situada dorsalmente, cavidad glenoi-
dea orientada ventrolateralmente y cranealmente para aumentar la
movilidad de la articulacién glenohumeral, etc. (Aiello & Dean 1990;
Larson 1993; Gebo 2010). Los primates prondgrados, por el contra-
rio, presentan el plan corporal tipico de la mayoria de los mamiferos
terrestres cuadrupedos, caracterizado por un térax cilindrico y es-
trecho, con las extremidades situadas ventralmente y las escapulas
situadas en el plano parasagital, y la articulacion glenohumeral con
escasa movilidad (Fleagle 1999; Gebo 2010). De este modo, aun-
que los musculos del manguito rotador ejercen funciones similares
en todas las especies de primates (explicadas en los apartados 2 y
3 de la Introduccion), algunas de estas funciones son mas importan-

tes que otras en relacion con el tipo de locomocion principal.

Las caracteristicas basicas de la funcibn muscular se pueden
conocer analizando la expresidon de las diferentes isoformas de la
cadena pesada de la miosina (MHC). Como vimos en el apartado
4.3 de la Introduccion, existen isoformas asociadas con musculos
resistentes a la fatiga (MHC-I) e isoformas asociadas con musculos
de contraccion rapida pero poco resistentes (MHC-lla y MHC-IIx).

Su analisis nos ha permitido demostrar que el musculo supraespi-
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noso de los primates pronégrados no expresa la isoforma mas rapi-
da y menos resistente MHC-IIx (Potau et al. 2011), que normalmen-
te no se expresa en musculos lentos y posturales (Fitts et al. 1991,
Baldwin 1996; Fitts & Widrick 1996; Schiaffino & Reggiani 1996; Ri-
vero et al. 1999; Talmadge 2000). Por tanto, este resultado propor-
ciona evidencias moleculares de la importancia del musculo supra-
espinoso como musculo postural (estabilizador de la articulacion
glenohumeral) en los primates pronoégrados (Potau et al. 2011),
aunqgue en la seccion 1.2.2 de la Discusion se discute con detalle la
funcion de este musculo y las adaptaciones morfoldgicas de la es-
capula en los diferentes grupos locomotores de primates pronégra-
dos. En cambio, hemos podido constatar que los primates ortégra-
dos, incluidos los humanos, expresan las tres isoformas de MHC,
con un mayor porcentaje de las dos isoformas rapidas MHC-II que
de la isoforma lenta y resistente MHC-| (Potau et al. 2011, 2012).
Este patron de expresidon es tipico de musculos rapidos y potentes
con una baja resistencia a la fatiga (Klitgaard et al. 1990; Harridge
et al. 1996), por lo que este resultado proporciona evidencia mole-
cular de la funcién elevadora, no postural, del musculo supraespi-

noso en los primates ortoégrados (Potau et al. 2011).

Sin embargo, aunque los primates ortogrados emplean varios
modos de locomocién (braquiacion, arm-swinging, knuckle-walking,
etc.) no se han observado diferencias en los patrones de expresion
de las isoformas de MHC en relacidén con estos tipos de locomocién
(Potau et al. 2011), diferencias que si se han detectado en los pe-
sos musculares y la morfologia de la escapula (Bello-Hellegouarch
et al. 2013a), y que se discuten en los apartados 1.2.1y 1.3 de esta

Discusion. Resulta interesante la existencia de diferencias significa-
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tivas en los patrones de expresion de las isoformas de MHC entre
los primates ortoégrados knuckle-walkers y los prondgrados cua-
drupedos (tanto arbéreos como semiterrestres), a pesar de ser to-
dos cuadrupedos (Potau et al. 2011). Este resultado nos indica que
la actividad electromiografica del musculo supraespinoso de chim-
pancés y gorilas (Tuttle & Basmajian 1978a,b; Larson & Stern 1987)
no esta relacionada con un patron de expresion de MHC de tipo

pronégrado (Potau et al. 2011).

Los analisis de la expresion diferencial de las isoformas de
MHC en los musculos de primates con diferentes tipos de locomo-
cion resultan utiles para obtener informacion adicional sobre las
adaptaciones locomotoras de la escapula y los musculos del man-
guito rotador. Por el momento hemos realizado estos analisis uni-
camente en el musculo supraespinoso (Potau et al. 2011, 2012),
pero estamos realizando el mismo tipo de analisis en el resto de

musculos del manguito rotador.
1.2.1. Primates ortogrados

El analisis de la morfometria geométrica (GM) de la escapula
(Bello-Hellegouarch et al. 2013a) permitié detectar diferencias signi-
ficativas entre grupos locomotores, siendo estos resultados consis-
tentes con estudios previos (Young 2008), de modo que los gibones
(Hylobates) difieren claramente del resto de primates hominoideos,
los humanos (Homo) vy los orangutanes (Pongo) comparten morfo-
logias y se diferencian de los gorilas (Gorilla) y los chimpancés
(Pan), que presentan escapulas proximas a las de los gorilas (Figu-
ra 26).
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Las principales diferencias detectadas en la forma de la esca-
pula se relacionan con la variacién en la proporcion entre las fosas
supraespinosa e infraespinosa y con la inclinacion y longitud relativa
de la espina de la escapula (Bello-Hellegouarch et al. 2013a). Estos
dos parametros estan directamente relacionados ya que, aunque
otros musculos que se insertan en la espina de la escapula influyen
en cierta medida en su orientaciéon (p. €j. el deltoides y el trapecio),
la orientacion de la espina de la escapula en primates suspensorios
esta directamente relacionada con los musculos dorsales del man-
guito rotador (supraespinoso e infraespinoso) y con el papel que
juegan durante la elevacion de la extremidad anterior y la suspen-
sion (Larson & Stern 1986; Larson et al. 1991; Bello-Hellegouarch et
al. 2012).

Los knuckle-walkers (Gorilla y Pan) tienen una espina con un
angulo menos inclinado que los gibones pero mas que los orangu-
tanes y humanos (Figura 26), con una fosa supraespinosa relativa-
mente grande, especialmente en Gorilla (Schultz 1930; Roberts
1974; Aiello & Dean 1990; Potau et al. 2007; Young 2008; Bello-
Hellegouarch et al. 2012, 2013a). Esta gran fosa supraespinosa po-
dria estar relacionada con el papel esencial que el musculo supra-
espinoso juega como musculo postural durante el knuckle-walking,
actuando junto con el musculo infraespinoso en la estabilizacion de
la articulacion glenohumeral y controlando la retraccién del humero
durante la fase de soporte (Roberts 1974; Tuttle & Basmajian
1978b; Larson & Stern 1987, 1992; Potau et al. 2009; Bello-
Hellegouarch et al. 2012).
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Figura 26. Dispersion de los canonical variates (CV) para los grupos
locomotores (a) CV1 vs. CV2y (b) CV1 vs. CV3. Las formas escapulares con
trazos negros muestran las formas de cada extremo del CV, mientras que las
formas con trazos discontinuos grises representan la forma media (coordena-

das 0, 0) (Imagen procedente de Bello-Hellegouarch et al. 2013a, p 324).
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El musculo supraespinoso también interviene resistiendo las
tensiones de cizalla que actuan sobre la articulaciéon glenohumeral
provocadas por la posicién dorsal de la escapula de los knuckle-
walkers (Roberts 1974; Larson 1993).Las diferencias que encon-
tramos entre gorilas y chimpancés, ambos knuckle-walkers, podrian
explicarse por sus diferencias locomotoras. Los chimpancés son al-
tamente arbodreos, aunque pasan mucho tiempo en el suelo como
knuckle-walkers (Goodall 1965; Fleagle 1999; Ward 2007), mientras
que los gorilas son trepadores ocasionales de habitos mas terres-
tres que los chimpancés (Tuttle & Watts 1985; Remis 1995; Fleagle
1999; Ward 2007), especialmente las hembras del gorila occidental
de llanura (Tutin & Fernandez 1985; Kuroda 1992; Doran 1996).

La hipertrofia del musculo supraespinoso de los gorilas podria
estar relacionada con una mayor frecuencia de habitos cuadrupe-
dos terrestres de tipo knuckle-walker, que combinados con su gran
tamafo, determinan una enorme necesidad de estabilizaciéon de la
articulacion glenohumeral (Bello-Hellegouarch et al. 2013a). Esta
diferencia de tamafo relativo del musculo supraespinoso entre
chimpancés y gorilas se confirmo con el analisis de los pesos mus-
culares (Potau et al. 2011). El musculo supraespinoso de los gorilas
esta hipertrofiado en comparacion con el de los chimpancés. Aun-
que se ha sugerido que gran parte de la variacion interespecifica en
la morfologia y comportamiento de gorilas y chimpancés podria de-
berse a diferencias de tamafio (Doran 1997; Isler 2005), algunos
rasgos anatomicos, especialmente los relacionados con las diferen-
cias comportamentales y locomotoras, no se pueden explicar por

esa diferencia (Doran 1997).
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Los humanos son los hominoideos con la espina de la esca-
pula con menor inclinacion (Figura 26) y, por tanto, con la mayor di-
ferencia de tamano entre las fosas supraespinosa e infraespinosa
(Bello-Hellegouarch et al. 2012, 2013a). En humanos modernos la
posicion colgante habitual de la extremidad anterior y su uso casi
exclusivo como 6rgano manipulador (Larson 1993, 1995; Potau et
al. 2011) han reducido las tensiones de cizalla que actuan sobre la
articulaciéon glenohumeral, reduciendo la necesidad de tener un
musculo altamente desarrollado. De este modo, |la fosa supraespi-
nosa de los humanos esta poco desarrollada (Roberts 1974; Potau
et al. 2007; Bello-Hellegouarch et al. 2012, 2013a), igual que el
musculo supraespinoso (Potau et al. 2011). Este escaso desarrollo
del musculo supraespinoso permite el aumento de velocidad y pre-
cision de los movimientos de la articulacion glenohumeral, lo que es
favorable para la funcion manipuladora de la extremidad anterior
(Potau et al. 2007).

Sin embargo, al mismo tiempo que aumenta la velocidad y
precision de los movimientos de la articulacion, se reduce la habili-
dad para elevar la extremidad anterior en comparacién con el resto
de primates hominoideos (Ashton & Oxnard 1963, 1964; Oxnard
1967, 1969; Larson 1993; Bello-Hellegouarch et al. 2012). Esta na-
turaleza rapida y poco resistente del musculo supraespinoso se
confirma por estudios electromiograficos (Basmajian & de Luca
1985) y por la expresion mas elevada de las isoformas rapidas de
MHC-II (incluyendo la mas rapida de todas, la MHC-lIx) en humanos
(Potau et al. 2011, 2012). Por otro lado, el musculo infraespinoso de
los humanos esta relativamente bien desarrollado en comparacion

con el musculo supraespinoso (Roberts 1974; Aiello & Dean 1990).
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Esto es debido a la necesidad de rotacion externa durante la eleva-
cion de la extremidad anterior en el plano escapular, con el fin de
retrasar el contacto entre el acromion y el tubérculo mayor del hu-

mero (Inman et al. 1944; Basmajian & de Luca 1985).

Los orangutanes, altamente arbdreos y suspensores, se
muestran mas cercanos a los humanos en el analisis de GM que a
los knuckle-walkers y a los gibones (Bello-Hellegouarch et al.
2013a). Su escapula se caracteriza por una espina escasamente
angulada y una fosa supraespinosa pobremente desarrollada en
comparacion con la fosa infraespinosa (Figura 26) (Roberts 1974;
Oxnard 1984; Young 2008; Bello-Hellegouarch et al. 2012, 2013a).
La relativamente bien desarrollada fosa del musculo infraespinoso
confirma el papel esencial de este musculo en los comportamientos
suspensores. Por un lado, actua como rotador externo (lateral) de la
extremidad anterior (asistido por el musculo redondo menor) duran-
te la swing phase del vertical climbing, mientras que, por otro, actua
como estabilizador de la articulaciéon glenohumeral durante la pen-
dant suspension y durante la fase de soporte del arm-swinging (Lar-
son & Stern 1986).

En los hilobatidos la espina de la escapula muestra una incli-
nacién maxima (Figura 26), de modo que las fosas supraespinosa e
infraespinosa tienen tamafios similares. Esta hipertrofia de la fosa
supraespinosa no puede deberse a una funcién postural, como en
los knuckle-walkers, ya que nunca emplean la cuadrupedia como
modo de locomocién, sino a las enormes especializaciones del
hombro de los hilobatidos relacionadas con la braquiacién (Young
2008). Para alcanzar un soporte elevado durante el vertical clim-

bing, los gibones muestran un grado de abduccion del humero ma-
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yor que en los grandes simios, probablemente debido a la escasa
torsion de la cabeza del humero en los gibones (Isler 2002, 2005).
Por tanto, la gran fosa supraespinosa podria deberse a la necesidad
de un gran musculo abductor con ese fin (Bello-Hellegouarch et al.
2013a). Algunos estudios han sugerido que los abductores del
hombro de los braquiadores (hilobatidos) son especialmente impor-
tantes para realizar rapidas aceleraciones de la extremidad anterior,
y para alcanzar soportes situados por encima de la cabeza que no
se encuentran exactamente en el plano sagital del cuerpo (Michel-
sens et al. 2009, 2010). Ademas, el musculo infraespinoso, al igual
que los rotadores de la escapula, tiene una funcién fundamental en
la estabilizacién del cuerpo durante la braquiacion, evitando que se
balancee mediolateralmente en lugar de anterioposteriormente (Mi-
chelsen et al. 2009; Kikuchi et al. 2012). Las diferencias encontra-
das en la forma de las escapulas entre orangutanes y gibones pue-
den deberse a diferencias en sus comportamientos locomotores, a
pesar de que ambos taxones tengan habitos arboéreos estrictos. Los
orangutanes, debido a su gran tamafo y peso, adoptan un modo
mas lento y cauteloso de locomocion suspensoria cuadrumana,
empleando las extremidades anteriores y posteriores (Fleagle 1999;
Thorpe y Crompton 2005, 2006; Ward 2007). Los gibones, peque-
Aos y ligeros, impulsan su cuerpo de un modo rapido y efectivo a
través del dosel mediante braquiacién, sin el uso de las extremida-
des posteriores (Napier 1963; Tuttle 1975; Fleagle 1999).

Las diferencias encontradas en las proporciones entre las fo-
sas supraespinosa e infraespinosa de los grupos locomotores de los
primates ortégrados permiten especular acerca de la evolucion del

comportamiento locomotor en hominoideos (Bello-Hellegouarch et
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al. 2013a). El enorme parecido entre los orangutanes (Pongo) y los
humanos (Homo) sugiere que el ultimo ancestro comun del clado
chimpancé-humano probablemente mostraba un patron general del
hombro propio de animales suspensores (Oxnard 1984; McHenry
1986; Thorpe et al. 2007; Crompton et al. 2008, 2010; Kivell & Sch-
mitt 2009), en lugar de una estructura propia de knuckle-walker,
como se ha sugerido frecuentemente (Begun 1992; Richmond &
Strait 2000; Corruccini & McHenry 2001; Richmond et al. 2001; Orr
2005; Williams 2010). Ademas, a pesar de las similitudes encontra-
das entre los gorilas (Gorilla) y los chimpancés (Pan), presentan pa-
trones morfolégicos diferenciados, apoyando la evolucidén indepen-
diente del knuckle-walking en los dos taxones (Larson 1996; Dain-
ton & Macho 1999; Kivell & Schmitt 2009), sugiriendo una homopla-
sia entre Pan y Goirilla. Finalmente, el hecho de que los gibones
(Hylobates) se encuentren completamente separados de los otros
grupos apoya la hipétesis altamente aceptada de que los hilobatidos
fueron los primeros hominoideos en divergir (Groves 1972; Tuttle
1975; Ruvolo 1997; Young 2003). Prueba de esto son las multiples
autapomorfias, como un reducido tamafio corporal combinado con
especializaciones para la braquiacién altamente derivadas (Cartmill
1985), que los diferencian del resto de hominoideos mas generali-

zados.
1.2.2. Primates pronogrados

Entre los factores externos que pueden potencialmente influir
en la forma de la escapula de los primates pronogrados (Bello-
Hellegouarch et al. en revision), la locomocion es el que muestra
mayor correlacion con ella, seguido de la filogenia a nivel de familia

(Figura 27). Aunque existe una clara agrupacion relacionada con la
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historia evolutiva de las especies (generalmente las especies de
una misma familia tienen escapulas similares) el modo de locomo-
cion tiene una elevada influencia sobre la morfologia de la escapula.
Asi, Lagothrix, en lugar de situarse cerca de los otros atélidos (Ate-
les y Alouatta), permanece proximo a especies con modos de loco-
mocion cuadrupedos arbéreos mas estrictos (p. ej. Colobus guere-
za, Cercopithecus mitis o Cercopithecus ascanius). Ademas, los
prosimios (Lemuridae, Lorisidae, Tarsiidae, Galagidae), en lugar de
compartir una forma escapular similar y permanecer juntos en el
grafico, muestran una elevada dispersion consistente con sus diver-
sos modos de locomocién. Finalmente, los cercopitécidos muestran
un gradiente en su distribucion relacionado con el tipo de cuadrupe-

dia: terrestre o arbérea.

Estos resultados concuerdan con otros estudios que indican
que la sefal filogenética en la escapula es mas débil que la funcio-
nal (Young 2008; Preuschoft et al. 2010). Por consiguiente, la varia-
cion morfolégica del esqueleto postcraneal (Pilbeam 1996; Ward
1997; Lockwood 1999; Collard et al. 2001) y del hombro en primates
(Ashton & Oxnard 1963; Young 2008; Preuschoft et al. 2010) parece
ser principalmente adaptativa, relacionada con la funcion durante la
locomocién, mas que determinada por la historia evolutiva del gru-
po. Estudios recientes sugieren que algunos aspectos morfologicos
de la escapula se ven altamente influenciados por los estreses me-
canicos, mostrando una naturaleza altamente adaptativa a las dife-
rentes fuerzas resultantes de los diferentes modos de locomocién
(Preuschoft et al. 2010; Green et al. 2012).
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Figura 27. Dispersion de los dos primeros componentes principales (PC1 y
PC?2) derivados del analisis de morfometria geométrica de las escapulas de los
primates pronogrados realizado en Bello-Hellegouarch et al. en revisiéon. A: dis-
tribucion de las nueve familias de primates pronoégrados incluidas en el estudio
(Atelidae, Callitrichidae, Cebidae, Cercopithecidae, Galagidae, Lemuridae, Lori-
sidae, Pitheciidae y Tarsiidae); B: detalle de la distribucion de las siete especies

de Atelidae analizadas (Alouatta caraya, Al. palliata, Al. seniculus, Al. villosa,
Ateles fusciceps, At. geoffroyi y Lagothrix lagothricha); C: detalle de la distribu-
cion de las siete especies de prosimios (Galagidae, Lemuridae, Lorisidae y
Tarsiidae) analizadas (Eulemur fulvus, Galago senegalensis, Lemur catta,
Nycticebus coucang, Perodicticus potto, Tarsius bancanus y Varecia variegata);
D: detalle de la distribucion de las once especies de Cercopithecidae analiza-
das (Cercopithecus ascanius, C. mitis, C. neglectus, Chlorocebus aethiops, Co-
lobus guereza, Erythrocebus patas, Macaca fascicularis, M. mulatta, M. sylva-
nus, Mandrillus sphinx y Papio hamadryas); E: detalle de la distribucion de las
cinco especies de Callitrichidae (Callithrix jacchus, Ca. penicillata, Cebuella
pygmaea, Leontopithecus rosalia y Saguinus midas), la especie de Pitheciidae
(Pithecia pithecia) y las dos especies de Cebidae (Cebus capucinus y Saimiri
sciureus)analizadas.

Los primates cuadrupedos terrestres realizan posturas loco-
motoras con los brazos extendidos, en aduccion, con la articulacion
del hombro limitada para realizar movimientos anteroposteriores en
el plano parasagital (Roberts 1974; Fleagle 1999). El peso del cuer-
po actua comprimiendo la articulacion glenohumeral durante la fase
de soporte, asegurando su integridad (Roberts & Davidson 1975;
Jouffroy et al. 1990; Whitehead & Larson 1994). En cambio, los
primates cuadrupedos arboreos se mueven a través de un medio
tridimensional y discontinuo, de modo que requieren una articula-
cion del hombro mas moévil para usar las extremidades anteriores en
posturas de abduccion (Roberts & Davidson 1975; Fleagle 1999).
Por lo tanto, los musculos del manguito rotador y sus fosas, espe-
cialmente el musculo supraespinoso, estaran mas desarrollados en
los primates cuadrupedos arboreos que en los terrestres (Roberts
1974; Roberts & Davidson 1975; Manaster 1979; Larson & Stern
1987, 1989, 1992). Sin embargo nuestros resultados no son consis-

tentes con esta explicacion, ya que observamos que los cuadrupe-
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dos terrestres comparten una fosa supraespinosa relativamente
mas grande y una espina escapular mas larga que la de los cua-
drupedos arbéreos (Figura 28a, c). Esto podria estar relacionado
con la necesidad de estabilizacion de la articulacion glenohumeral
para resistir las fuerzas de compresion que se generan entre el sus-
trato y las extremidades anteriores durante la fase de soporte de la
locomocién cuadrupeda terrestre (Oxnard 1967, 1976; Kimes et al.
1981; Larson & Stern 1989, 1992; Whitehead & Larson 1994;
Preuschoft et al. 2010; Potau et al. 2011). La escapula relacionada
con la cuadrupedia semiterrestre (Figura 28b) presenta una forma
intermedia entre las escapulas de los cuadrupedos arbéreos y los
terrestres, lo que concuerda con estudios previos (Anapol & Gray
2003). El musculo redondo mayor ayuda a retraer el humero con el
fin de elevar la mano lejos del sustrato durante la transicidén entre la
fase de soporte y la swing phase (Larson & Stern 1989, 2007; Whi-
tehead & Larson 1994). Sin embargo, las diferencias son muy suti-
les, siendo la forma de la escapula de todos los cuadrupedos muy
similar. Las diferencias entre cuadrupedos terrestres, semiterrestres
y arboreos parecen ser significativamente mayores en los musculos
de la extremidad anterior que en los del hombro (Anapol & Gray
2003).

Durante la suspension bimanual realizada por Ateles (mono
arafna) y, en menor medida, por Lagothrix (mono lanudo), las extre-
midades anteriores estan completamente extendidas por encima de
la cabeza. Para reforzar su capacidad de movimiento en todas las
direcciones, su escapula, relativamente corta y ancha (Figura 28d),
esta situada dorsalmente en la caja toracica en lugar de lateralmen-

te, lo que los diferencia totalmente del resto de primates pronégra-
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dos, que tienen la escapula situada en el plano parasagital (Larson
1993; Fleagle 1999). Los atélidos suspensores, especialmente Afe-
les, han sufrido una convergencia con los hominoideos en su ana-
tomia postcraneal debido a este comportamiento suspensor (Erik-
son 1963; Andrews & Grove 1976; Corrucini & Ciochon 1978; Lar-
son 1998). Sin embargo, los platirrinos suspensores se diferencian
de los hominoideos principalmente en la utilizacién de su cola pren-
sil que actua como un quinto brazo durante la fase de soporte de la
progresion bimanual (Carpenter & Durham 1969; Mittermeier &
Fleagle 1976; Mittermeier 1978). Su articulacién glenohumeral debe
ser altamente movil para realizar libremente multitud de movimien-
tos con el fin de alcanzar las ramas situadas por encima de la cabe-
za. Por ello, estos animales requieren un musculo infraespinoso
bien desarrollado, el principal estabilizador de la articulaciéon
glenohumeral durante la pendant suspension y la fase de soporte
del arm-swinging (Roberts 1974; Larson & Stern 1986; Larson
1995). La fosa supraespinosa es amplia, pero no tanto como se es-
peraba en un primate suspensor que realiza actividades anti-
pronogradas, con las extremidades anteriores en posturas elevadas
y abducidas (Cant 1986; Larson & Stern 1986, 1987). La abduccion
del brazo en los platirrinos suspensores es realizada principalmente
por el musculo deltoides, lo que hace innecesario un musculo su-

praespinoso extremadamente hipertrofiado (Youlatos 2000).

La suspension cuadrupeda (Figura 28e), tipica de primates
arboreos como los lorisidos y Ateles, se caracteriza por un despla-
zamiento horizontal por debajo del sustrato en una posicion inverti-
da, empleando las cuatro extremidades en tension (Napier 1967;

Hunt et al. 1996; Fujiwara et al. 2011). Los requerimientos de los
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musculos del hombro en este tipo de locomocion son similares a los
encontrados en la suspension bimanual, es decir, un musculo infra-
espinoso relativamente grande para estabilizar la articulacion
glenohumeral (Roberts 1974; Larson & Stern 1986; Larson 1995) y
un musculo supraespinoso relativamente bien desarrollado para ab-
ducir y elevar la extremidad anterior (Larson & Stern 1986, 1987).
Sus ligeramente menores fosas en comparacién las de las escapu-
las de los primates que realizan suspension bimanual, se pueden
explicar debido a la participacidon de las extremidades posteriores en
la progresion del desplazamiento, a diferencia del caso de la sus-
pension bimanual, en la que solo las extremidades anteriores parti-

cipan en la locomocion.

El pronograde clambering se diferencia de la cuadrupedia en
la ausencia de un patron de marcha constante (gait pattern) y en
que requiere una abduccién de los brazos mas pronunciada (Lo-
ckwood 1999; Youlatos 2000). Los caracteres morfolégicos de su
escapula (Figura 28f) son similares a las adaptaciones de la sus-
pension bimanual, con la fosa infraespinosa y del redondo mayor
ligeramente mas cortas, y la fosa supraespinosa significativamente
grande por la enorme necesidad de abduccion y elevacion de la ex-
tremidad anterior durante este tipo de desplazamiento (Youlatos
2000).

El slow-climbing quadrupedalism consiste en una forma de locomo-
cion cuadrupeda lenta, suave y deliberada (Demes et al. 1990; Jouf-
froy & Petter 1990; Ishida et al. 1992). Durante la fase de soporte,
mucho mas larga que la swing phase, la articulaciéon glenohumeral
esta tan abducida y rotada lateralmente que el tronco casi toca la

rama (Ishida et al. 1992), requiriendo un musculo infraespinoso bien
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desarrollado y, por tanto, una gran fosa infraespinosa (Roberts
1974; Roberts & Davidson 1975; Gebo 1989). El musculo infraespi-
noso actua como el principal sinergista del deltoides en movimien-
tos que combinan rotacién lateral con abduccién del brazo (Larson
& Stern 1986). Ademas, las especies que realizan este tipo de lo-
comocion, como los lorisidos (Nycticebus coucang y Perodicticus
potto en este estudio) se mueven a través de un soporte tridimen-
sional, requiriendo una articulacion glenohumeral movil para alcan-
zar las ramas que se encuentran a diferentes alturas.Durante estos
movimientos la estabilizacion de la articulacion glenohumeral la rea-
lizan unos musculos supraespinoso e infraespinoso bien desarrolla-
dos (Figura 28g) (Oxnard 1967; Roberts & Davidson 1975; Larson &
Stern 1986, 1989, 1992; Gebo 1989; Higurashi et al. 2007).

Menos evidentes son las adaptaciones al modo de locomocion co-
nocido como /eaping (Figura 28h), debido a que la mayoria de las
adaptaciones extremas a este modo de locomocion se encuentran
en las extremidades posteriores (Demes et al. 1996; Runestad
Connour et al. 2000). El salto (leap) es llevado a cabo, fundamen-
talmente, por las extremidades posteriores y muchos leapers tien-
den a aterrizar con ellas también, mientras que las especies de ma-
yor tamafo suelen aterrizar con las manos en primer lugar (Demes
et al. 1996). Las extremidades anteriores de los leapers de gran ta-
mafo, como Lemur o Eulemur, son particularmente importantes pa-
ra el posicionamiento del cuerpo durante la aceleracion que tiene
lugar en el despegue (takeoff) y también durante la fase aérea del
leap, durante la que levantan los brazos por encima de la cabeza
con el fin de incrementar el momento de inercia de la parte anterior
del cuerpo (Dunbar 1988; Demes et al. 1996; Terranova 1996). Por
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ello, la articulacion glenohumeral de los leapers requiere cierta mo-
vilidad, que se consigue con una fosa supraespinosa relativamente
bien desarrollada y una fosa infraespinosa mayor que en los peque-
Aos y especializados vertical clingers and leapers, caracterizados
por emplear la cola para ajustar la posicion corporal en lugar de los

brazos (Demes et al. 1996).

Figura 28. Formas escapulares asociadas con cada modo de locomocion, ex-
traidas del analisis de componentes principales realizado en Bello-Hellegouarch et
al. en revision. a: cuadrupedia arbdrea; b: cuadrupedia semiterrestre; c: cuadru-
pedia terrestre; d: suspension bimanual; e: suspension cuadrupeda; f: pronograde
clambering; g: slow-quadruped climbing; h: leaping; i: vertical clinging and leaping;
Jj: vertical clinging. La forma escapular asociada con cada modo de locomocion
esta representada mediante trazos negros, mientras que la forma media relacio-
nada con el modo climbing se representa mediante trazos grises.
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En el vertical clinging and leaping las extremidades anteriores
no se emplean directamente en el desplazamiento, por lo que estos
animales no necesitan musculos del manguito rotador muy desarro-
llados, lo que les permite controlar los rapidos movimientos con pre-
cision (Roberts & Davidson 1975; Higurashi et al. 2007). Sus esca-
pulas son largas y estrechas, con fosas supraespinosa, infraespino-
sa y del redondo menor reducidas (Figura 28i). Aunque su articula-
cion glenohumeral es capaz de realizar movimientos de elevacion
de la extremidad anterior, la capacidad de aduccion y abduccion es
reducida (Roberts 1974; Roberts & Davidson 1975; Gebo 1989). La
mayoria de adaptaciones de este tipo de locomocidén se encuentran
en las extremidades posteriores, mas que en las anteriores (Demes
et al. 1996; Runestad Connour et al. 2000).

El vertical clinging se caracteriza por una menor necesidad de
estabilizacion del hombro por los musculos del manguito rotador
(Fleagle & Meldrum 1988), con un musculo redondo mayor relati-
vamente bien desarrollado. Este musculo es principalmente un
aductor del humero en relacion con la escapula, muy importante du-
rante el climbing y clinging (Fleagle & Meldrum 1988). Sin embargo,
hemos observado una gran diferencia entre la escapula de los verti-
cal clingers (Callitrichidae y Pithecia) y los vertical clingers and
leapers (Tarsius y Galago), relacionada con la longitud de las fosas
y de la espina de la escapula. Parece que los vertical clingers nece-
sitan musculos supraespinoso, infraespinoso y redondo mayor rela-
tivamente mas desarrollados (Figura 28j) que los vertical clingers
and leapers, tal vez debido al empleo del clinging como modo de

desplazamiento, mientras que los vertical clinger and leapers usan
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el clinging como comportamiento postural y saltan (leap) desde esa
postura (Napier 1967; Napier & Walker 1967).

Las formas escapulares descritas son formas tedéricas que re-
flejan las adaptaciones morfologicas relacionadas con tipos especi-
ficos de locomocién considerados independientemente para su me-
jor comprension. Sin embargo, la mayoria de primates realizan mas
de un tipo de locomocion para desplazarse a través de su habitat
(Hunt et al. 1996; Fleagle 1999). Por tanto, la forma real de su es-
capula sera el resultado de un compromiso entre los diferentes re-
querimientos de los diversos modos de locomociéon que realizan.
Por ejemplo, la escapula de los cuadrupedos terrestres esta carac-
terizada por una fosa supraespinosa relativamente mas grande que
la de los cuadrupedos arbéreos (Bello-Hellegouarch et al. en revi-
sion). Sin embargo, mucho estudios indican que en realidad los
cuadrupedos terrestres tienen una fosa supraespinosa relativamen-
te mas pequefa que los cuadrupedos arbdéreos, debido a que en los
terrestres la proyeccion del tubérculo mayor del humero aumenta el
brazo de palanca del musculo supraespinoso, no necesitando un
musculo de gran tamano (Roberts 1974; Roberts & Davidson 1975;
Manaster 1979; Larson & Stern 1987, 1989, 1992). Las especies
que realizan cuadrupedia arbdérea nunca realizan exclusivamente
este modo de locomocion, sino que frecuentemente saltan, trepan o
realizan otros modos de locomocion que requiere una fosa supra-
espinosa mayor que la que se espera en un cuadrupedo arboreo
estricto. Ademas, hay que tener en cuenta que no existe una rela-
cion simple entre anatomia y comportamiento. Comportamientos
similares pueden estar asociados a caracteres morfolégicos diferen-

tes, y caracteres anatdmicos parecidos pueden cumplir los requisi-
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tos mecanicos de mas de un comportamiento locomotor (Bock &
von Wahlert 1965; Ward & Sussman 1979; Ruff & Runestad 1992;
Fleagle 1999).

1.3. Métodos de medicion del indice S/I

1.3.1. Fiabilidad de la discriminacion de grupos loco-

motores

El indice S/I, es decir, la relacion entre los tamarios de las fo-
sas supraespinosa e infraespinosa, es una medida que se ha em-
pleado frecuentemente en estudios relacionados con la morfologia
de la escapula y la funcidon de los musculos del manguito rotador
(Frey 1923; Schultz 1930; Inman et al. 1944; Roberts et al. 1974,
Young 2008; Green et al. 2010; Bello-Hellegouarch et al. 2013a).
Esto es debido a la estrecha relacion que existe entre esta propor-
cion y las diferencias funcionales de los diversos modos de locomo-
cion de los primates. El modo clasico de calcular este indice consis-
te en medir la proporciéon entre las anchuras de ambas fosas, cono-
cida como SFI (spinal fossae index, Frey 1923). Otro modo de obte-
ner este indice puede ser considerando las areas en 2D (2D, a par-
tir de fotografias) o en 3D (3DI, a partir de escaneados tridimensio-
nales) de ambas fosas. Este enfoque se podria considerar, a priori,
mas fiable que clasico SFI, especialmente para el 3DI, que utiliza
medidas reales de las areas de las fosas y no s6lo aproximaciones.
El indice 3DI no ha sido utilizado en estudios previos a esta Tesis

Doctoral.
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Figura 29. Analisis Discriminante Lineal (LDA) de los tres indices estu-

diados (SFI, 2Dl y 3DI) en Bello-Hellegouarch et al. 2013a (p 329).

A la hora de discriminar por grupos locomotores los dos indi-
ces mas eficaces son, efectivamente, el 2Dl y el 3Dl (Figura 29; Be-
llo-Hellegouarch et al. 2013a). Los orangutanes (Pongo) y los hu-
manos (Homo) presentan los valores mas bajos para los tres indi-
ces analizados (SFI, 2DI, 3DI), un resultado que demuestra que es-
tos dos grupos comparten la fosa supraespinosa mas pequena en
relacion con la fosa infraespinosa, comparados con los gorilas (Go-
rilla), los chimpancés (Pan) y los gibones (Hylobates). No existen
diferencias significativas entre Homo y Pongo para ninguno de los
tres indices, lo que concuerda con los resultados del analisis de
morfometria geométrica (Bello-Hellegouarch et al. 2013a) en el que

Homo y Pongo se solapan ligeramente. Sin embargo, los resultados
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obtenidos para Pan, Hylobates y Gorilla no son tan claros de inter-
pretar. Hay diferencias significativas entre Gorilla y Pan para el 2DlI,
pero no entre Gorilla e Hylobates. No hay diferencias significativas
para el 3DI entre Gorilla'y Pan y tampoco entre Gorilla e Hylobates.
Curiosamente, el analisis de morfometria geométrica encuentra si-
militudes entre Gorilla y Pan (Bello-Hellegouarch et al. 2013a),
mientras que los indices 2DI y 3DI encuentran similitudes entre Go-
rilla e Hylobates. Ademas, aunque los indices 2Dl y 3DI identifican
Gorilla e Hylobates como los dos grupos con la fosa supraespinosa
relativamente mas grande de todos, el analisis de morfometria
geomeétrica indentifica Hylobates con una fosa supraespinosa lige-

ramente mayor que la de Gorilla.
1.3.2. Hueso vs. musculo

La reconstruccion de comportamientos posturales y locomoto-
res de especies extintas, especialmente las relacionadas con el ori-
gen de la especie humana, asumen que existe una relacioén directa
entre el tamafio muscular y las inserciones musculares (Roberts
1974; Aiello & Dean 1990; Richmond & Strait 2000). Sin embargo,
una parte sustancial de la informacién de los tejidos blandos se
pierde al considerar solamente datos osteoldgicos, ya que el tama-
Ao del musculo no refleja necesariamente el tamafo de la fosa o el
area de insercion muscular. Hay multitud de factores, aparte del ta-
mafio muscular, que pueden determinar el tamafo de la fosa y cuya
influencia es practicamente desconocida (Zumwalt 2006; Green
2010; Green et al. 2011), lo que complica la interpretacién de la
morfologia de las inserciones musculares. Sin embargo, en las es-
pecies fosiles los huesos son la uUnica evidencia disponible para

analizar el patron locomotor, por lo que resulta de gran importancia
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encontrar medidas osteolégicas que sean buenas estimaciones de
las medidas musculares. Con este fin, se compararon los indices
entre la fosa supraespinosa y la infraespinosa (indice S/I) obtenidos
de tres modos diferentes (SFI, 2DI, 3DI) con el indice S/l obtenido a
partir de pesos musculares (muscle weight index, MWI), con el fin

de determinar cual de ellos se aproxima mas al indice muscular.

De los tres indices S/l analizados a partir de datos osteoldgi-
cos (SFI, 2Dl y 3DlI) el que mas se aproxima a los valores muscula-
res del indice MWI es el 3DI (Bello-Hellegouarch et al. 2013a), co-
mo se podria esperar, ya que las areas tridimensionales de las fo-
sas musculares se corresponden con los valores reales del tamafio
de estas fosas, no con una aproximacion o estimacion de las mis-

mas, como es el caso de los otros indices, el 2Dl y el SFI.

Los humanos (Homo) siempre mostraron tanto la fosa como el
musculo supraespinoso relativamente mas pequefos en compara-
cion con el resto de hominoideos. Los gibones (Hylobates) siempre
presentaron la fosa supraespinosa relativamente mas grande aun-
que los gorilas (Gorilla) presentaron el musculo supraespinoso mas
grande. También se observaron resultados contradictorios para los
chimpancés (Pan) y los orangutanes (Pongo). En los especimenes
disecados los tres indices coincidieron en que Pongo tiene una fosa
supraespinosa relativamente mas pequefia en comparacion con
Pan, pero el MWI demuestra que Pongo tiene un musculo supraes-

pinoso relativamente mas grande que Pan.

Estas discrepancias entre los datos osteolégicos y musculares
sugieren que hay que actuar con cautela al hacer inferencias sobre

el tamafno muscular y los comportamientos locomotores basadas
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exclusivamente en analisis osteoldgicos. Se necesitan mas estudios
para comprender mejor la influencia del tamafio muscular sobre las
inserciones en los huesos, especialmente si el objetivo es recons-
truir modelos comportamentales a partir de datos osteoldgicos (Be-
llo-Hellegouarch et al. 2013a). El indice 3Dl demostrd ser el indice
mas fiable para inferir patrones funcionales cuando los musculos
estan ausentes aunque los resultados obtenidos no siempre coinci-

den con los valores musculares.
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Esta Tesis Doctoral sirve como punto de partida de una inves-
tigacion que puede aportar informacién valiosa sobre las adaptacio-
nes funcionales de la escapula y los musculos del manguito rotador

en el orden de los Primates.

Figura 30. Escaneados 3D de los moldes realizados de las tres fosas de la
escapula (de izquierda a derecha: fosas supraespinosa, infraespinosa y subes-
capular) de un chimpancé (Pan troglodytes).

El estudio de las areas 3D de las fosas de la escapula ha de-
mostrado ser un buen estimador del tamafio del musculo (Bello-
Hellegouarch et al. 2013a). Aunque hasta ahora hemos analizado
unicamente la proporcidén entre las areas de las fosas supraespino-
sa e infraespinosa, planeamos incluir la fosa subescapular, situada
en la cara anterior de la escapula. La mayoria de estudios que tra-
tan de inferir el uso de la extremidad anterior en relacion con el mo-

do de locomocion se han centrado exclusivamente en los musculos
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de la cara dorsal de la escapula (supraespinoso e infraespinoso),
ignorando que la superficie anterior de la escapula esta ocupada
exclusivamente por el musculo subescapular (Larson & Stern 2013).
El musculo subescapular podria influir decisivamente en la forma de
la escapula o, al menos, con la misma intensidad que los musculos
de la cara dorsal (Larson & Stern 1986, 2013). Por tanto, seria de
gran interés realizar un estudio detallado de las areas de las tres
fosas con el fin de conocer la influencia relativa de cada musculo,
incluido el subescapular, en la forma de la escapula, y la relacion
entre los tamanos de las tres fosas y los diferentes tipos de locomo-
cion. Ya hemos escaneado los moldes 3D (figura 30) de 253 indivi-
duos pertenecientes a diversos grupos locomotores, y disponemos

ya de las areas 3D de la mayoria de ellos.

El analisis detallado de las adaptaciones de la escapula a los
modos de locomocion en primates prondégrados sugiere que es
practicamente imposible crear un sistema de clasificacion de estos
modos de locomocion sin perder parte de la informacién. Es excep-
cionalmente problematico realizar con precisién una clasificacién de
todos los modos de locomocién existentes, ya que los primates son
los mamiferos que exhiben mayor diversidad de comportamientos
locomotores, combinandolos de un modo tan extremo que difieren
no sélo entre subfamilias o géneros (Preuschoft 1989) sino también
entre individuos, o incluso en funcién de las condiciones externas
en las que se mueven. Para clasificar la locomocién de las espe-
cies analizadas se consideraron los comportamientos locomotores
mas frecuentes con el fin de simplificar su categorizacién y su pos-
terior analisis. Sin embargo, muchos de los primates prondgrados

estudiados son capaces de realizar comportamientos infrecuentes
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pero criticos (Prost 1965), esenciales para la obtencién de alimento
O para escapar, que crean enormes cargas que pueden afectar a la
forma de la escapula a pesar de su baja frecuencia (Rose 1973;
Martin 1990; Schmidt 2010). Ademas, se ha sugerido que las fun-
ciones no locomotoras de las extremidades anteriores, como la
busqueda de alimento o el grooming, podrian tener un fuerte impac-
to en la anatomia de la extremidad anterior, mayor incluso que las
adaptaciones locomotoras (Larson 1998; McGraw 1998; Larson et
al. 2000; Hanna et al. 2006; Stevens 2008; Wright-Fitzgerald et al.
2010). Sin embargo, algunos autores han sugerido que las fuerzas
transmitidas a través del hombro durante los comportamientos pos-
turales son menores que las transmitidas durante la locomocion, no
requiriendo ninguna adaptacion especial (Roberts 1974; Rose 1974;
Preuschoft et al. 2010). Anapol & Gray (2003) han sugerido que es-
tas funciones posturales podrian afectar mas a la morfologia de la
extremidad anterior que a la del hombro. En cualquier caso, aunque
nuestros resultados pueden servir de base para analisis mas deta-
llados de la morfologia de la escapula y sus adaptaciones locomoto-
ras en primates, es necesario definir categorias locomotoras mas
precisas y realistas con el fin de comprender los requisitos anatémi-
cos y morfolégicos precisos de cada modo de locomocién propio de

cada taxon.

Finalmente, el analisis de la expresidon de las isoformas de la
cadena pesada de la miosina en el musculo supraespinoso ha de-
mostrado ser util para caracterizar las adaptaciones locomotoras de
los primates (Potau et al. 2011, 2012). Durante las disecciones rea-
lizadas en esta Tesis Doctoral se han tomado muestras de todos los

musculos del manguito rotador, al igual que de todos los musculos
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del brazo, antebrazo y mano de las diferentes especies estudiadas.
Estas muestras se estan procesando en estos momentos con el fin
de realizar el mismo tipo de analisis de las miosinas y asi poder
comprender mejor el funcionamiento de estos musculos en los dife-

rentes grupos locomotores.
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Conclusiones

Conclusiones metodolégicas

e La proporcion 3DI, obtenida a partir de los escaneados en 3D de
los moldes de las fosas es la proporcion mas fiable en ausencia
de informacién muscular.

e Hay que ser cautos al hacer inferencias locomotoras exclusiva-
mente a partir de datos osteolégicos ya que, aunque se asume
que existe una relacion directa entre el tamafo de la insercion y
el del musculo, son diversos los factores que determinan el ta-
mafio de la insercibn muscular.

e La RT-PCR es una técnica que complementa la informacién ob-

tenida mediante técnicas osteoldgicas o electromiograficas.

Morfologia y funcion

Cautividad vs Libertad

¢ No existen diferencias significativas en la morfologia de la esca-
pula entre primates hominoideos procedentes de cautividad y de
libertad, lo que sugiere que la cautividad no afecta significativa-
mente a su morfologia.

e Las escapulas de los especimenes en cautividad analizados se
pueden utilizar en analisis morfolégicos o taxonémicos, solos o
combinados con especimenes en libertad, ya que son represen-

tativos de las especies en su conjunto.
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Primates ortogrados

e Tanto las metodologias cualitativas (GM) como las cuantitativas

(indices S/I) confirman la presencia de diferencias significativas
en la morfologia de la escapula relacionadas con las adaptacio-
nes locomotoras de los primates hominoideos.

Las principales diferencias en la forma de la escapula estan re-
lacionadas con la proporcion entre las fosas supraespinosa e in-
fraespinosa, y con la longitud e inclinacion de la espina de la es-
capula.

Homo y Pongo se caracterizan por una fosa supraespinosa rela-
tivamente pequefa, relacionada con las adaptaciones a la vida
arbérea en Pongo y con la necesidad de movimientos rapidos y
precision de los movimientos de la articulacion glenohumeral en
Homo.

Pan, Gorilla e Hylobates se caracterizan por una fosa supraespi-
nosa relativamente grande, relacionada con la locomocion te-
rrestre en los knuckle-walkers (Pan y Gorilla), y con la braquia-

cion en Hylobates.

Primates pronogrados

La locomocion es el factor que mas se correlaciona con la forma
de la escapula en primates prondgrados, seguido de la filogenia
a nivel de familia.

Los cuadrupedos terrestres comparten una fosa supraespinosa
relativamente mas grande que la de los cuadrupedos arbéreos,

relacionada con la estabilizacion de la articulacion glenohumeral
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durante la fase de soporte de la locomocion cuadrupeda terres-
tre.

La suspensidon bimanual, el pronograde clambering y la suspen-
sion cuadrupeda tienen escapulas caracterizadas por una fosa
infraespinosa relativamente grande, estabilizadora de la articula-
cion glenohumeral.

El slow-climbing quadrupedalism se caracteriza por fosas supra-
espinosa e infraespinosa relativamente bien desarrolladas, ne-
cesarias para la estabilizacion de la articulacion glenohumeral,
altamente movil, y la participacion del musculo infraespinoso en
movimientos que combinan rotacién lateral con abduccion de la
extremidad.

Las fosas supraespinosa e infraespinosa de los leapers estan
relativamente bien desarrolladas para estabilizar su articulacion
glenohumeral, permitiendo el aumento del momento de inercia
de la extremidad anterior durante el leap.

Los vertical clingers and leapers no emplean las extremidades
anteriores directamente en el desplazamiento, por lo que sus
escapulas son largas y estrechas, con fosas supraespinosa € in-
fraespinosa reducidas, de modo que la capacidad de aduccién y
abduccion es reducida.

La escapula de los vertical clingers se caracteriza por fosas su-
praespinosa e infraespinosa poco desarrolladas, pero con una
gran area de insercion del musculo redondo mayor, importante

en la aduccion del humero durante el climbing y el clinging.
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Miosinas y funcién

e Las diferencias funcionales del musculo supraespinoso entre los
primates pronégrados y ortdgrados se reflejan en los patrones
de expresion de las isoformas de la cadena pesada de las mio-
sinas (MHC).

e Ninguno de los primates prondgrados expresa la isoforma MHC-
lIx, la mas rapida y menos resistente, en el musculo supraespi-
noso, lo que pone de relieve la importancia del musculo supra-
espinoso como un musculo postural (estabilizador de la articula-
cion glenohumeral).

e EI musculo supraespinoso de los primates ortogrados, incluidos
los humanos, muestra una mayor expresion de las dos isofor-
mas rapidas MHC-II, tipica de musculos rapidos y potentes con
poca resistencia a la fatiga, lo que pone en evidencia la funcion
elevadora del musculo supraespinoso en los primates ortégra-
dos.

e Aunque los primates ortogrados no humanos emplean varios
modos de locomocién (braquiacién, arm-swinging, knuckle-
walking), no se observan diferencias significativas en los patro-
nes de expresion de las isoformas de MHC en relacion con sus
modos de locomocion.

e Los humanos modernos presentan un mayor porcentaje de ex-
presién de la isoforma rapida MHC-lIx en comparacién con los
primates ortogrados que puede deberse a la gran movilidad y
precision de los musculos de la extremidad anterior cuya funcion

locomotora ha sido reemplazada por una funcion manipulativa.

108



“If I have seen further it is by stand-

ing on the shoulders of Giants.”

Isaac Newton

V. Bibliografia






Bibliografia

A

AIELLO L, DEAN C (1990) An introduction to human evolutionary anato-
my. Academic Press, London.

ANAPOL F, GRAY JP (2003) Fiber architecture of the intrinsec muscles
of the shoulder and arm in semiterrestrial and arboreal guenons.
American Journal of Physical Anthropology 122: 51-65.

ANAPOL F, TURNER TR, MOTT CS, JOLLY CJ (2005) Comparative
postcranial body shape and locomotion in Chlorocebus aethiops and

Cercopithecus mitis. American Journal of Physical Anthropology
127: 231-239.

ANDREWS P (1988) A phylogenetic analysis of the primates. In: MJ Ben-
ton, editor. The phylogeny and classification of the tetrapods.
Claredon Press, Oxford. p 143-175.

ANDREWS P, GROVES CP (1976) Gibbons and brachiation. In: DM
Rumbaugh, editor. Gibbon and Siamang, Vol. 4. Basel: S. Karger. p
167-218.

ANKEL-SIMONS F (2007). Primate anatomy. An introduction. London:
Academic Press.

ASHTON EH, FLINN RM, OXNARD CE, SPENCE TF (1976) The adapta-
tive and classificatory significance of certain quantitative features of
the forelimb in primates. Journal of Zoology 179: 515-556.

ASHTON EH, OXNARD CE (1963) The musculature of the primate
shoulder. Transactions of the Zoological Society of London 29: 553-
650.

ASHTON EH, OXNARD CE (1964) Functional adaptations in the primate
shoulder girdle. Proceedings of the Zoological Society of London
142: 49-66.

ASHTON EH, OXNARD CE, SPENCE TF (1965) Scapular shape and
primate classification. Proceedings of the Zoological Society of Lon-
don 145: 125-142.

B

BALDWIN KM (1996) Effects of altered loading states on muscle plastici-
ty: What have we learned from rodents? Medicine and Science in
Sports and Exercise 28: 101-106.

BALDWIN KM, HADDAD F (2001) Plasticity in skeletal, cardiac, and
smooth muscle. Journal of Applied Physiology 90: 345-357.

BASMAJIAN JV, DE LUCA CJ (1985) Muscles alive: Their functions re-
vealed by electromyography. Baltimore: Williams & Wilkins.

BEGUN DR (1992) Miocene fossil hominids and the chimp-human clade.
Science 257: 1929-1933.

111



IV BIBLIOGRAFIA

BIEWENER AA, GILLIS GB (1999) Dynamics of muscle function during
locomotion: accommodating variable conditions. Journal of Experi-
mental Biology 202: 2287-2296.

BOCK WJ, VON WAHLERT G (1965) Adaptation and the form-function
complex. Evolution 19 (3): 269-299.

BOOKSTEIN FL (1991) Morphometric tools for landmark data: geometry
and biology. Cambride University Press.

BOTTINELLI R, PELLEGRINO MA, CANEPARI M, ROSSI R, REGGIANI
C (1999) Specific contributions of various muscle fibre types to hu-
man muscle performance: An in vitro study. Journal of Electromyog-
raphy and Kinesiology 9: 87-95.

BOTTINELLI R, REGGIANI C (2000) Human skeletal muscle fibres: Mo-
lecular and functional diversity. Progress in Biophysics and Molecu-
lar Biology 73: 195-262.

C

CANT JGH (1986) Locomotion and feeding postures of spider and howl-
ing monkeys: field study and evolutionary interpretation. Folia Prima-
tologica 46: 1-14.

CANT JGH (1992) Positional behavior and body size of arboreal pri-
mates: a theoreticla framework for field studies and an illustration of
its application. American Journal of Physical Anthropology 88: 273-
283.

CANT JGH, YOULATOS D, ROSE MD (2001) Locomotor behavior of
Lagothrix lagothricha and Ateles belzebuth in Yasuni National Park,
Ecuador: general patterns and nonsuspensory modes. Journal of
Human Evolution 41: 141-166.

CANT JGH, YOULATOS D, ROSE MD (2003) Suspensory locomotion of
Lagothrix lagothricha and Ateles belzebuth in Yasuni National Park,
Ecuador. Journal of Human Evolution 44: 685-699.

CARPENTER CR, DURHAM NM (1969) A preliminary description of sus-
pensory behavior in nonhuman primates. Proceedings of the 2nd In-
ternational Congress of Primatology 2: 147-154.

CARTMILL M (1974) Pads and claws in arboreal locomotion. In: FA Jen-
kins Jr, editor. Primate locomotion. New York: Academic Press. p
45-83.

CARTMILL M (1985) Climbing. In M Hildebrand, DM Bramble, KF Liem,
DB Wake, editors. Functional vertebrate morphology . Cambridge:
Belknap Press of Harvard University Press. p 73-88.

CARTMILL M (2010) Primate classification and diversity. In: ML Platt, AA

Ghazanfar, editors. Primate neuroethology. Oxford University Press.
p 10-30.

112



Bibliografia

CARTMILL M, MILTON K (1977) The lorisiform wrist joint and the evolu-
tion of "brachiating" adaptations in the Hominoidea. American Jour-
nal of Physical Anthropology 47: 249-272.

CHARLES-DOMINIQUE P (1990) Ecological adaptations related to loco-
motion in primates: an introduction. In: FK Jouffroy, MH Stack, C
Niemitz, editors. Gravity, posture and locomotion in primates. Firen-
ze: Il Sedicesimo. p 19-31.

COLLARD M, GIBBS S, WOOD B (2001) Phylogenetic utility of higher
primate postcranial morphology. American Journal of Physical An-
thropology (suppl) 32: 52.

CORRUCINI RS, CIOCHON RL (1976) Morphometric affinities of the hu-
man shoulder. American Journal of Physical Anthropology 45: 19-38.

CORRUCINI RS, CIOCHON RL 1978 Morphoclinal variation in the An-
thropoid shoulder. American Journal of Physical Anthropology 48:
539-542.

CORRUCINI RS, MCHENRY HM (2001) Knuckle-walking hominid ances-
tors. Journal of Human Evolution 40: 507-511.

CROMPTON RH, LIEBERMAN SS, OXNARD CE (1987) Morphometrics
and niche metrics in prosimian locomotion: an approach to measur-
ing locomotion, habitat, and diet. American Journal of Physical An-
thropology 73: 149-177.

CROMPTON RW, VEREECKE EE, THORPE SKS (2008) Locomotion
and posture from the common hominoid ancestor to fully modern
hominins, with special reference to the last common panin/hominin
ancestor. Journal of Anatomy 212: 501-543.

CROMPTON RW, SELLERS WI, THORPE SKS (2010) Arboreality, ter-

restriality and bipedalism. Philosophical Transactions of the Royal
Society B: Biological Sciences 365: 3301-3314.

D

DAINTON M, MACHO GA (1999) Did knuckle-walking evolve twice?
Journal of Human Evolution 36: 171-194.

DEMES B, JUNGERS WL, NIESCHALK U (1990) Size -and speed- relat-
ed aspects of quadrupedal walking in slender and slow lorises. In:
FK Jouffroy, MH Stack, C Niemitz, editors. Gravity, posture and lo-
comotion in primates. Firenze: || Sedicesimo. p 175-198.

DEMES B, JUNGERS WL, FLEAGLE JG, WUNDERLICH RE,
RICHMOND BG, LEMELIN P (1996) Body size and leaping kinemat-
ics in Malagasy vertical clingers and leapers. Journal of Human Evo-
lution 31: 367-388.

DE PALMA AF (2008) The origin and comparative anatomy of the pecto-
ral limb. Clinical Orthopaedics and Related Research 466: 531-542.

113



IV BIBLIOGRAFIA

DORAN DM (1996) Comparative positional behavior of the African apes.
In: MC McGrew, LF Marchant, T Nishida, editors. Great Apes Socie-
ties. Cambridge: Cambridge University Press. p 213-224.

DORAN DM (1997) Ontogeny of locomotion in mountain gorillas and
chimpanzees. Journal of Human Evolution 32: 323—-344.

DRAKE RL, VOGL W, MITCHELL AWM (2005) Gray's anatomy for stu-
dents. Philadelphia: Elsevier (Churchill Livingstone).

DUNBAR DC (1988) Aerial maneuvers of leaping lemurs: the physics of
whole-body rotations while airborne. American Journal of Primatolo-
gy 16: 291-303.

DUNBAR DC, BADAM GL (2000) Locomotion and posture during termi-
nal branch feeding. International Journal of Primatology 21 (4): 649-
669.

E

ERIKSON GE (1963) Brachiation in New World monkeys and in anthro-
poid apes. Symposium of the Zoological Society of London 10: 135-
164.

F

FITTS RH, WIDRICK JJ (1996) Muscle mechanics: Adaptations with ex-
ercise-training. Exercise and Sports Sciences Reviews 24: 427-473.

FITTS RH, MCDONALD KS, SCHLUTER JM (1991) The determinants of
skeletal muscle force and power: Their adaptability with changes in
activity pattern. Journal of Biomechanics 24: 111-122.

FLEAGLE JG (1999) Primate adaptation and evolution. London: Academ-
ic Press.

FLEAGLE JG, MELDRUM DJ (1988) Locomotor behavior and skeletal
morphology of twooo sympatric Pitheciine monkeys, Pithecia pithe-
cia and Chiropotes satanas. American Journal of Primatology 16:
227-249.

FREY H (1923) Untersuchungen Uber die Scapula, speziell Gber ihre
aulRere Form und deren Abhangigkeit von der Funktion. Anatomy
and Embryology 68 (1): 277-324.

FUJIWARA S, ENDO H, HUTCHINSON JR (2011) Topsy-turvy locomo-
tion: biomechanical specializations of the elbow in suspended quad-

rupeds reflect inverted gravitational constraints. Journal of Anatomy
219: 176-191.

114



Bibliografia

G

GARBER PA (1992) Vertical clinging, small body size, and the evolution
of feeding adaptations in the Callitrichinae. American Journal of
Physical Anthropology 88: 469-482.

GARBER PA (2007) Primate locomotor behavior and ecology. In: CJ
Campbell, A Fuentes, KC MacKinnon, editors. Primates in perspec-
tive. Oxford University Press. p 543-560.

GEBO DL (1987) Locomotor diversity in prosimian primates. American
Journal of Primatology 13: 271-281.

GEBO DL (1989) Postcranial adaptation and evolution in Lorisidae. Pri-
mates 30 (3): 347-367.

GEBO DL (1996) Climbing, brachiation, and terrestrial quadrupedalism:
historical precursors of Hominid bipedalism. American Journal of
Physical Anthropology 101: 55-92.

GEBO DL (2010) Locomotor function across Primates (Including Homo).
In: CS Larsen, editor. A companion to biological anthropology. Wiley-
Blackwell. p 530-544.

GOODALL J (1965) Chimpanzees of the gombe stream reserve. In |. De-
Vore, editor. Primate behavior . New York: Holt Rinehart and Win-
ston. p 425-473.

GRAND TI (1984) Motion economy within the canopy: four strategies for
mobility. In: JG Cant, PC Rodman, editors. Adaptations for foraging
in non-human primates. New York: Columbia University Press. p 54-
72.

GREEN DJ (2010) PhD Dissertation. Shoulder functional anatomy and
development: implications for interpreting early hominin locomotion.
The George Washington University.

GREEN DJ, HAMRICK MW, RICHMOND BG (2011) The effects of hy-
permuscularity on shoulder morphology in myostatin-deficient mice.
Journal of Anatomy 218 (5): 544-557.

GREEN DJ, RICHMOND BG, MIRAN SL (2012) Mouse shoulder mor-
phology responds to locomotor activity and the kinematic differences
of climbing and running. Journal of Experimental Zoology (Molecular
and Developmental Evolution) 9999B: 1-18.

GROVES CP (1972) Systematics and phylogeny of gibbons. In DM
Rumbaugh, editor. Gibbon and Siamang. New York: |. Karger. p 1-
89.

GROVES CP (1982) The skulls of Asian rhinoceroses: wild and captive.
Zoo Biology 1: 251-261.

GROVES C (2001) Primate taxonomy. Smithsonian Institution Press,
Washington D.C.

115



IV BIBLIOGRAFIA

GROVES C (2005) Order Primates. In: DE Wilson, DAM Reader, editors.
Mammal species of the world: A taxonomic and geographic refer-
ence (3rd ed), John Hopkins University Press, Baltimore. p 38-42.

H

HANNA JB, POLK JD, SCHMITT D (2006) Forelimb and hindlimb forces
in walking and galloping primates. American Journal of Physical An-
thropology 130: 529-535.

HARRIDGE SD, BOTTINELLI R, CANEPARI M, PELLEGRINO M,
REGGIANI C, ESBJORNSSON M, et al. (1996) Whole muscle and
single fibre contractile properties and myosin isoforms in humans.
Prltigers Archiv 432: 913-920.

HARRIDGE SD, BOTTINELLI,R, CANEPARI M, PELLEGRINO M,
REGGIANI C, ESBJORNSSON M, et al. (1998) Sprint training, in
vitro and in vivo muscle function, and myosin heavy chain expres-
sion. Journal of Applied Physiology 84: 442-449.

HESS SA (2000) Functional stability of the glenohumeral joint. Manual
Therapy 5 (2): 63-71.

HIGURASHI Y, TANIGUCHI Y, KUMAKURA H (2007) Density of muscle
spindles in prosimian shoulder muscles reflects locomotor adapta-
tion. Cells, Tissues and Organs 284: 96-101.

HOLLISTER N (1917) Some effects of environment and habit on captive
lions. Proceedings of the United States National Museum 53: 177—
193.

HOWELL JA (1917) An experimental study of the effect of stress and
strain on bone development. Anatomical Record 3: 233-252.

HOWELL SM, IMOBERSTEG AM, SEGER DH, MARONE PJ (1986)
Clarification of the role of the supraspinatus muscle in shoulder func-
tion. Journal of Bone and Joint Surgery. 68 (3): 398-404.

HUNT KD (1992) Positional behavior of Pan troglodytes in the Mahale
Mountains and Gombe Stream National Parks, Tanzania. American
Journal of Physical Anthropology 87: 83-105.

HUNT KD, CANT JGH, GEBO DL, ROSE MD, WALKER SE, YOULATOS
D (1996) Standardized descriptions of primate locomotor and pos-
tural modes. Primates 37 (4): 363-387.

INMAN VT, SAUNDERS JB, ABBOTT LC (1944) Observations on the
function of the shoulder joint. Journal of Bone and Joint Surgery 26:
1-30.

INOUYE SE, SHEA BT (1997) What's your angle? Size correction and
bar-glenoid orientation in "Lucy" (AL-288-1). International Journal of
Primatology 18 (4): 629-650.

116



Bibliografia

INOUYE SE, TAYLOR AB (2000) Ontogenetic variation in scapular form
in African apes. American Journal of Physical Anthropology (suppl)
30: 185.

ISHIDA H, HIRASAKI E, MATANO S (1992) Locomotion of the slow loris
between discontinuous substrates. In: S Matano, R Tuttle, H Ishida,
M Goodman, editors. Topics in primatology. Volume 3: Evolutionary
biology, reproductive endocrinology, and virology. University of To-
kyo Press. p 139-152.

ISLER K (2002) Characteristics of vertical climbing in gibbons. Evolution-
ary Anthropology (Suppl) 1: 49-52.

ISLER K (2005) 3D-kinematics of vertical climbing in hominoids. Ameri-
can Journal of Physical Anthropology 126: 66—81.

J

JENKINS DB (2009) Hollinshead's Functional anatomy of the limbs and
back. Saunders Elsevier.

JENKINS Jr. FA, DOMBROWSKI PJ, GORDON EP (1978) Analysis of
the shoulder in brachiation spider monkeys. American Journal of
Physical Anthropology 48: 65-76.

JOUFFROY FK (1989) Quantitative and experimental approaches to pri-
mate locomotion. In: PK Seth, S Sthe, editors. Perspectives in pri-
mate biology. Vol. 2. New Deli: Today & Tomorrow's. p 47-108.

JOUFFROY FK, NIEMITZ C, STACK MH (1990) Nonhuman primates as
a model to study the effect of gravity on human and nonhuman lo-
comotor systems. In: FK Jouffroy, MH Stack, C Niemitz, editors.
Gravity, posture and locomotion in primates. Firenze: Il Sedicesimo.
p 11-18.

JOUFFROY FK, PETTERS A (1990) Gravity-related kinematic changes in
lorisine horizontal locomotion in relation to position of the body. In:
FK Jouffroy, MH Stack, C Niemitz, editors. Gravity, posture and lo-
comotion in primates. Firenze: Il Sedicesimo. p 199-208.

JUNGERS WL, STERN Jr JT (1981) Preliminary EMG analysis of brachi-
ation in gibbon and spider monkey. International Journal of Primatol-
ogy 2 (1): 19-33.

JUNGERS WL, STERN JT (1984) Kinesiological aspects of brachiation in
lar gibbons. In: H Preuschoft, DJ Chivers, WY Brockelman, N Creel,
editors. The lesser apes. Edinburgh University Press. p 119-134.

K

KAGAYA M (2007) Glenohumeral joint surface characters and its relation
to forelimb suspensory behavior in three ateline primates, Ateles,
Lagothrix, and Alouatta. Anthropological Science 115: 17-23.

117



IV BIBLIOGRAFIA

KEITH A (1923) Man's posture: its evolution and disorders. British Medi-
cal Journal 1: 669-672.

KIKUCHI'Y, TAKEMOTO H, KURAOKA A (2012) Relationship between
humeral geometry and shoulder muscle power among suspensory,
knuckle-walking, and digitigrade/palmigrade quadrupedal primates.
Journal of Anatomy 220: 29—-41.

KIMES KR, SIEGEL MI, SADLER DL (1981) Musculoskeletal scapular
correlates of plantigrade and acrobatic positional activities in Papio
cynocephalus and Macaca fascicularis. American Journal of Physical
Anthropology 55: 463-472.

KIVELL TL, SCHMITT D (2009) Independent evolution of knuckle-walking
in African apes shows that humans did not evolve from a knuckle-

walking ancestor. Proceedings of the National Academy of Sciences
of the United States of America 34: 14241-14246.

KLITGAARD H, MANTONI M, SCHIAFFINO S, AUSONO S, GORZALL,
LAURENT-WINTER C, et al. (1990) Function, morphology and pro-
tein expression of ageing skeletal muscle: A cross-sectional study of
elderly men with different training backgrounds. Acta Physiologica
Scandinavica 140: 41-54.

KURODA S (1992) Ecological interspecies relationships between gorillas
and chimpanzees in the Ndoki-Nouabale Reserve, Northern Congo.
In N Itoigawa, Y Sugiyama, G Sackett, RKR Thompson, editors.
Topics in primatology, Vol. 2: Behavior ecology and conservation.
Tokyo: University of Tokyo Press. p 385-394.

L

LARSON SG (1988) Subscapularis function in gibbons and chimpanzees:
implications for interpretation of humeral head torsion in hominoids.
American Journal of Physical Anthropology 76: 449-462.

LARSON SG (1993) Functional morphology of the shoulder in primates.
In: DL Gebo, editor. Postcranial adaptation in nonhuman primates.
DeKalb: Northern lllinois University Press. p 45-69.

LARSON SG (1995) New characters for the functional interpretation of
primate scapulae and proximal humeri. American Journal of Physical
Anthropology 98: 13-35.

LARSON SG (1996) Estimating humeral torsion on incomplete fossil an-
thropoid humeri. Journal of Human Evolution 31: 239-257.

LARSON SG (1998) Unique aspects of quadrupedal locomotion in non-
human primates. In: E Strasser, JG Fleagle, A Rosenberg, H
McHenry, editors. Primate locomotion. Recent advances. New York:
Plenum Press. p 157-173.

LARSON SG, SCHMITT D, LEMELIN P, HAMRICK M (2000) Uniqueness
of primate forelimb posture during quadrupedal locomotion. Ameri-
can Journal of Physical Anthropology 112: 87-102.

118



Bibliografia

LARSON SG, STERN JT (1986) EMG of scapulohumeral muscles in
chimpanzee during reaching and "arboreal" locomotion. American
Journal of Anatomy 176: 171-190.

LARSON SG, STERN JT (1987) EMG of chimpanzee shoulder muscles
during knuckle-walking: problems of terrestrial locomotion in a sus-
pensory adapted primate. Journal of Zoology 212: 629-655.

LARSON SG, STERN JT (1989) Role of supraspinatus in the quadruped-
al locomotion of vervets (Cercopithecus aethiops): implications for in-
terpretation of humeral morphology. American Journal of Physical
Anthropology 79: 369-377.

LARSON SG, STERN JT (1992) Further evidence for the role of suprasp-
inatus in quadrupedal monkeys. American Journal of Physical An-
thropology 87: 359-363.

LARSON SG, STERN JT (2007) Humeral retractor EMG during quadru-
pedal walking in primates. Journal of Experimental Biology 210:
1204-1215.

LARSON SG, STERN JT (2013) Rotator cuff muscle function and its rela-
tion to scapular morphology in apes. Journal of Human Evolution 65
(4): 391-403.

LARSON SG, STERN JT, JUNGERS WL (1991) EMG of serratus anterior
and trapezius in the chimpanzee: scapular rotators revisited. Ameri-
can Journal of Physical Anthropology 85: 71-84.

LARSSON L, MOSS RL (1993) Maximum velocity of shortening in rela-
tion to myosin isoform composition in single fibres from human
skeletal muscles. The Journal of Physiology 472: 595-614.

LEMELIN P, SCHMITT D (2007) Origin of grasping and locomotor adap-
tations in primates: comparative and experimental approaches using

an opossum model. In: MJ Ravosa, M Dagosto, editors. Primate ori-
gins: adaptations and evolution. Part Ill. Springer US. p 329-380.

LOCKWOOD CA (1999) Homoplasy and adaptation in the Atelid postcra-
nium. American Journal of Physical Anthropology 108: 459-482.

MANASTER BJ (1979) Locomotor adaptations within the Cercopithecus
genus: a multivariate approach. American Journal of Physical An-
thropology 50: 169-182.

MARTIN RD (1990) Primate origins and evolution. A phylogenetic recon-
struction. Princeton, New Jersey: Princeton University Press.

MCGRAW WS (1998) Posture and support use of old world monkeys
(Cercopithecidae): the influence of foraging strategies, activity pat-
terns, and spatial distribution of preferred food items. American
Journal of Primatology 46: 229-250.

119



IV BIBLIOGRAFIA

MCHENRY H (1986) The first bipeds: a comparison of the A. afarensis
and A. africanus postcranium and implications for the evolution of bi-
pedalism. Journal of Human Evolution 15: 177-191.

MICHILSENS F, VEREECKE EE, D'AOUT K, AERTS P (2009) Functional
anatomy of the gibbon forelimb: adaptations to a brachiating lifestyle.
Journal of Anatomy 215: 335-354.

MICHILSENS F, VEREECKE EE, D'AOUT K, AERTS P (2010) Muscle
moment arms and function of the siamang forelimb during brachia-
tion. Journal of Anatomy 217: 521-535.

MITTERMEIER RA (1978) Locomotion and posture in Ateles geoffroyi
and Ateles paniscus. Folia Primatologica 30: 161-193.

MITTERMEIER RA, FLEAGLE JG (1976) The locomotor and postural
repertoires of Ateles geoffroyi and Colobus guereza, and a reevalua-
tion of the locomotor category semibrachiation. American Journal of
Physical Anthropology 45: 235-256.

MYATT JP, CROMPTON RH, PAYNE-DAVIS RC, VEREECKE EE,
ISLER K, SAVAGE R, D'AOUT K, GUNTHER MM, THORPE SKS
(2012) Functional adaptations in the forelimb muscles of non-human
great apes. Journal of Anatomy 220: 13-28.

N

NAPIER JR (1963) Brachiation and brachiators. Symposia of the Zoologi-
cal Society of London 10: 183-194.

NAPIER JR (1967) Evolutionary aspects of primate locomotion. American
Journal of Physical Anthropology 27: 333-341.

NAPIER JR, NAPIER PH (1967) A handbook of living primates. London:
Academic Press.

NAPIER JR, WALKER AC (1967) Vertical clinging and leaping -a newly
recognized category of locomotor behaviour of primates. Folia Pri-
matologica 6: 204-219.

NETTER FH (2007) Atlas of human anatomy 4th edition. Saunders Else-
vier.

NI X, WANG Y, HU Y, LI C (2004) A euprimate skull from the early Eo-
cene of China. Nature 427: 65-68.

NOWAK RM (1999) Walker's mammals of the world. Baltimore and Lon-
don: The John Hopkins University Press.

O

O'REGAN H (2001) Morphological effects of captivity in big cat skulls. In:
Proceedings of the 3rd Annual Symposium on Zoo Research 9th and
10th of July. p 18-22.

120



Bibliografia

O’Regan HJ, KITCHENER A (2005) The effects of captivity on the mor-
phology of captive, domesticated and feral mammals. Mammal Re-
view 35: 215-230.

ORR CM (2005) Knuckle-walking anteater: A convergence test of adapta-
tion for purported knuckle-walking features of African Hominidae.
American Journal of Physical Anthropology 128: 639—658.

OXNARD CE (1967) The functional morphology of the primate shoulder
as revealed by comparative anatomical, osteometric and discrimi-

nant function techniques. American Journal of Physical Anthropology
26: 219-240.

OXNARD CE (1968) The architecture of the shoulder in some mammals.
Journal of Morphology 126 (3): 249-290.

OXNARD CE (1969) Evolution of the human shoulder: some possible
pathways. American Journal of Physical Anthropology 30: 319-331.

OXNARD CE (1976) Primate quadrupedalism: some subtle structural cor-
relates. Yearbook of Physical Anthropology 20: 538-553.

OXNARD CE (1977) Morphometric affinities of the human shoulder.
American Journal of Physical Anthropology 46 (2): 367-374.

OXNARD CE (1984) The order of man: A biomathematical anatomy of
the primates. New Haven: Yale University Press.

OXNARD CE, NEELY PM (1969) The descriptive use of neighborhood
limited classification in functional morphology: an analysis of the
shoulder in primates. Journal of Morphology 129: 127-148.

P

PEARSON OM, LIEBERMAN DE (2004) The aging of Wolff ’s “Law”: on-
togeny and responses to mechanical loading in cortical bone. Ameri-
can Journal of Physical Anthropology (suppl) 39: 63-99.

PETTE D, STARON RS (2000) Myosin isoforms, muscle fiber types, and
transitions. Microscopy Research and Technique 50: 500-5009.

PILBEAM D (1996) Genetic and morphological records of the Hominoidea
and Hominid origins. A synthesis. Molecoular Phylogenetics and
Evolution 5 (1): 155-168.

PLOCHOCKI JH, RIVERA JP, SHANG C, EBBA SA (2008) Bone model-
ing response to voluntary exercise in the hindlimb of mice. Journal of
Morphology 269: 313—-318.

POTAU JM, BARDINA X, CIURANA N (2007) Subacromial space in Afri-
can Great Apes and subacromial impingement syndrome in humans.
International Journal of Primatology 28: 865-880.

POTAU JM, BARDINA X, CIURANA N, CAMPRUBI D, PASTOR JF
(2009) Quantitative analysis of the deltoid and rotator cuff muscles in

humans and great apes. International Journal of Primatology 30:
697-708.

121



IV BIBLIOGRAFIA

PREUSCHOFT H (1989) Body shape and differences between species.
Human Evolution 4: 145-156.

PREUSCHOFT H, HOHN B, SCHERF H, SCHMIDT M, KRAUSE C,
WITZEL U (2010) Functional analysis of the primate shoulder. Inter-
national Journal of Primatology 31: 301-320.

PROST JH (1965) A definitional system for the classification of primate
locomotion. American Anthropologist 67 (5): 1198-1214.

R

RAVEN HC (1950) The anatomy of the gorilla. New York, Columbia Uni-
versity Press.

REMIS M (1995) Effects of body size and social context on the arboreal
activities of lowland gorillas in the Central African Republic. Ameri-
can Journal of Physical Anthropology 97 (4): 413—-433.

RICHMOND BG, STRAIT DS (2000) Evidence that humans evolved from
a knuckle-walking ancestor. Nature 404: 382—385.

RICHMOND BG, BEGUN DR, STRAIT DS (2001) Origin of human bi-
pedalism: the knuckle-walking hypothesis revisited. Yearbook of
Physical Anthropology 44: 70-105.

RIVERO JL, TALMADGE RJ, EDGERTON VR (1999) Interrelationships
of myofibrillar ATPase activity and metabolic properties of myosin
heavy chain-based fibre types in rat skeletal muscle. Histochemistry
and Cell Biology 111: 277-287.

ROBERTS D (1974) Structure and function of the primate scapula. In: FA
Jenkins, editor. Primate locomotion. New York: Academic Press. p
171-200.

ROBERTS D, DAVIDSON | (1975) The lemur scapula. In: | Tattersall, RW
Sussman, editors. Lemur Biology. New York: Plenum Press. p 125-
147.

ROLLINSON JMM, MARTIN RD (1981) Comparative aspects of primate
locomotion, with special reference to arboreal cercopithecines. Sym-
posia of the Zoological Society of London 48: 377-427.

ROSE MD (1973) Quadrupedalism in Primates. Primates 14 (4): 337-357.

RUFF CB, RUNESTAD JA (1992) Primate limb bone structural adapta-
tions. Annual Review of Anthropology 21: 407-433.

RUNESTAD JA (1997) Postcranial adaptations for climbing in Loridae
(Primates). Journal of Zoology 242: 261-290.

RUNESTAD CONNOUR J, GLANDER K, VINCENT F (2000) Postcranial
adaptations for leaping in primates. Journal of Zoology 251: 79-103.

RUVOLO M. 1997. Molecular phylogeny of the hominoids: Inference from
multiple independent DNA sequence data sets. Molecular Biology
and Evolution 14: 248-265.

122



Bibliografia

S

SCHIAFFINO S, REGGIANI C (1996) Molecular diversity of myofibrillar
proteins: Gene regulation and functional significance. Physiological
Reviews 76: 371-423.

SCHMIDT M (2010) Locomotion and postural behaviour. Advances in
Science and Research 5: 23-39.

SCHMIDT M, KRAUSE C (2011) Scapula movements and their contribu-
tion to three-dimensional forelimb excursions in quadrupedal pri-
mates. In: K D'Ao(t, EE Vereecke, editors. Primate locomotion: link-
ing field and laboratory research. Developments in Primatology: Pro-
gress and Prospects. p 83-108.

SCHMIDT M, SCHILLING N (2007) Fiber type distribution in the shoulder
muscles of the tree shrew, the cotton-top tamarin, and the squirrel
monkey related to shoulder movements and forelimb loading. Jour-
nal of Human Evolution 52: 401-419.

SCHMITT D (1998) Forelimb mechanics during arboreal and terrestrial
quadrupedalism in Old World Monkeys. In: E Strasser, A Rosen-
berger, H McHenry, J Fleagle, editors. Primate locomotion: recent
advances. New York: Plenum. p 175-200.

SCHMITT D (2003) Substrate size and primate forelimb mechanics: Im-
plications for understanding the evolution of primate locomotion. In-
ternational Journal of Primatology 24 (5): 1023-1036.

SCHMITT D (2010) Primate locomotor evolution: biomechanical studies
of primate locomotion and their implications for understanding pri-
mate neuroethology. In: ML Platt, AA Ghazanfar, editors. Primate
neuroethology. New York: Oxford University Press. p 31-63.

SCHMITT D, LEMELIN P (2002) Origins of primate locomotion: gait me-
chanics of the woolly opossum. American Journal of Physical An-
thropology 118: 231-238.

SCHON YBARRA MA, SCHON MA 11l (1987) Positional behavior and
limb bone adaptations in red howling monkeys (Alouatta seniculus).
Folia Primatologica 49 (2): 70-89.

SCHULTZ AH (1930) The skeleton of the trunk and limbs of higher pri-
mates. Human Biology 2 (3): 303-438.

SHEA BT (1986) Scapula form and locomotion in chimpanzee evolution.
American Journal of Physical Anthropology 70: 475-488.

SIMPSON GG (1945) The principles of classification and classification of
mammals. Bulletin of the American Museum of Natural History, Vol.
85. New York.

SINGH K, MELIS EH, RICHMOND FJR, SCOTT SH (2002) Morphometry
of Macaca mulatta forelimb. Il. Fiber-type composition in shoulder
and elbow muscles. Journal of Morphology 251: 323-332.

123



IV BIBLIOGRAFIA

SONNABEND DH, YOUNG AA (2009) Comparative anatomy of the rota-
tor cuff. Journal of Bone and Joint Surgery 91B: 1632-1637.

STEVENS NJ. 2008. The effect of branch diameter on primate gait se-
quence pattern. American Journal of Primatology 70: 356-362.

T

TALMADGE RJ (2000) Myosin heavy chain isoform expression following
reduced neuromuscular activity: Potential regulatory mechanisms.
Muscle & Nerve 23: 661-679.

TAYLOR AB (1997) Scapula form and biomechanics in gorillas. Journal
of Human Evolution 33: 529-553.

TAYLOR AB, SLICE DE (2005) A geometric morphometric assessment of
the relationship between variation and locomotion in African apes. In:
DE Slice, editor. Modern morphometrics in physical anthropology.
New York: Kluwer Academic / Plenum Press. p 299-318.

TERRANOVA CJ (1996) Variation in the leaping of lemurs. American
Journal of Primatology 40: 145-165.

TERRY GC, CHOPP TM (2000) Functional anatomy of the shoulder.
Journal of Athletic Training 35 (3): 248-255.

THOMPSON WO, DEBSKI RE, BOARDMAN ND, TASKIRAN E,
WARNER JJP, FU FH, WOO SLY (1996) A biomechanical analysis
of rotator cuff deficiency in cadaveric model. American Journal of
Sports Medicine 24 (3): 286-292.

THORPE SKS, CROMPTON RH (2005) Locomotor ecology of wild
orangutans (Pongo pygameus abelli) in the Gunung Leuser ecosys-
tem, Sumatra, Indonesia: a multivariate analysis using log-linear
modeling. American Journal of Physical Anthropology 127: 58—78.

THORPE SKS, CROMPTON RH (2006) Orangutan positional behavior
and the nature of arboreal locomotion in Hominoidea. American
Journal of Physical Anthropology 131: 384—401.

THORPE SKS, HOLDER RL, CROMPTON RH (2007) Origin of human
bipedalism as an adaptation for locomotion on flexible branches.
Science 316: 1328-1331.

TREVOR JC (1963) The history of the word "brachiation" and a problem
of authorship in primate nomenclature. Symposia of the Zoological
Society of London 10: 197-198.

TUTIN CE, FERNANDEZ M (1985) Foods consumed by sympatric popu-
lations of Gorilla g. gorilla and Pan t. troglodytes in Gabon: some
preliminary data. International Journal of Primatology 6: 27—43.

TUTTLE RH (1967) Knuckle-walking and the evolution of hominoid
hands. American Journal of Physical Anthropology 26 (2): 171-206.

124



Bibliografia

TUTTLE RH (1969) Quantitative and functional studies on the hands of
the anthropoidea. I. The Hominoidea. Journal of Morphology 128 (3):
309-363.

TUTTLE RH (1975) Parallelism, brachiation, and hominoid phylogeny. In
WP Luckett, FS Szalay, editors. Phylogeny of the primates. New
York: Plenum Press. p 447—-480.

TUTTLE RH, BASMAJIAN JV (1978a) EMG of pongid shoulder muscles.
Part Il: deltoid, rhomboid, and "rotator cuff". American Journal of
Physical Anthropology 49: 47-56.

TUTTLE RH, BASMAJIAN JV (1978b) EMG of pongid shoulder muscles.
Part Ill: quadrupedal positional behavior. American Journal of Physi-
cal Anthropology 49: 57-70.

TUTTLE RH, WATTS DP (1985) The positional behavior and adaptative
complexes of Pan gorilla. In S Kondo, editor. Primate morphophysi-
ology, locomotor analyses, and human bipedalism. Tokyo: University
of Tokyo Press. p 261-288.

\'

VAUGHAN TA, RYAN JM, CZAPLEWSKI NJ (2010) Mammalogy (5th
ed.) Jones & Bartlett Publishers.

W

WALKER A (1974) Locomotor adaptations in past and present prosimian
primates. In: FA Jenkins Jr, editor. Primate locomotion. London: Ac-
ademic Press. p 349-381.

WARD CV (1997) Functional anatomy and phyletic implications of the
hominoid trunk and hindlimb. In: DR Begun, CV Ward, MD Rose, ed-
itors. Function, phylogeny, and fossils: Miocene hominoid evolution
and adaptations. NewYork: Plenum Press. p 101-130.

WARD CV (2007) Postcranial and locomotor adaptations of hominoids.
In: W Jenke, | Tattersall, editors. Handbook of Paleoanthropology.
Volume II. Primate evolution and human origins. Springer. p 1011-
1030.

WARD SC, SUSSMAN RW (1979) Correlates between locomotor anato-
my and behavior in two sympatric species of Lemur. American Jour-
nal of Physical Anthropology 50 (4): 575-590.

WHITEHEAD PF, LARSON SG (1994) Shoulder motion during quadru-
pedal walking in Cercopithecus aethiops: integration of cineradio-
graphic and electromyographic data. Journal of Human Evolution 26:
525-544.

WILLIAMS SA (2010) Morphological integration and the evolution of
knuckle-walking. Journal of Human Evolution 58 (5): 432—440.

125



IV BIBLIOGRAFIA

WOLFFSON DM (1950) Scapula shape and muscle function, with special
reference to the vertebral border. American Journal of Physical An-
thropology 8: 331-341.

WRIGHT-FITZGERALD AS, BALCENIUK MD, BURROWS AM (2010)
Shouldering the burdens of locomotion and posture: glenohumeral
joint structure in prosimians. Anatomical Record 293: 680-691.

Y

YOULATOS D (2000) Functional anatomy of forelimb muscles in Guianan
atelines (Platyrrhini: Primates). Annales des Sciences Naturelles 21
(4): 137-151.

YOUNG NM (2003) A reassessment of living hominoid postcranial varia-
bility: implication for ape evolution. Journal of Human Evolution 45:
441-464.

YOUNG NM (2006) Function, ontogeny and canalization of shape vari-
ance in the primate scapula. Journal of Anatomy 209: 623-636.

YOUNG NM (2008) A comparison of the ontogeny of shape variation in
the Anthropoid scapula: functional and phylogenetic signal. Ameri-
can Journal of Physical Anthropology 136: 247-264.

Z

ZELDITCH ML, SWIDERSKI DL, SHEETS HD, FINK WL (2004) Geomet-
ric morphometrics for biologists: a primer. Philadelphia: Elsevier Ac-
ademic Press.

ZUCCARELLI MD (2004) Comparative morphometric analysis of captive
vs. wild African lion (Panthera leo) skulls. Bios 75: 131-138.

ZUMWALT A (2006) The effect of endurance exercise on the morphology
of muscle attachment sites. The Journal of Experimental Biology
209: 444454,

126



"Science is the poetry of reality”

Richard Dawkins

V. Publicaciones






1. The rotator cuff muscles in Hominoidea:
evolution and adaptations to different
types of locomotion.

Bello-Hellegouarch G, Potau JM, Arias-Martorell J, Pastor
JF, Diogo R, Pérez-Pérez A. 2012.

In: Primates: classification, evolution and behavior. Hughes
EF, Hill ME (Eds.). Nova Science Publishers (Hauppauge,
USA).

129






RESUMEN

Los musculos del manguito rotador (subescapular, supraespi-
noso, infraespinoso y redondo menor) juegan un papel fundamental
en el movimiento y estabilizacion de la articulaciéon glenohumeral en
los primates, proporcionandole la movilidad necesaria para el des-
plazamiento, pero manteniendo al mismo tiempo la estabilizacion
necesaria (Ashton & Oxnard 1963; Roberts 1974; Larson & Stern
1986, 1987).

El musculo supraespinoso estabiliza la articulacion glenohu-
meral en posturas cuadrupedas, en la fase de soporte de la loco-
mocion cuadrupeda, y durante la fase inicial de la elevacién de la
mano. Ademas, es esencial como musculo abductor (junto con el
deltoides) durante la elevacion de la extremidad anterior (Larson &
Stern 1986, 1987, 1989).

El musculo infraespinoso es principalmente un rotador lateral
de la extremidad anterior. Ademas, estabiliza la articulacion
glenohumeral en posturas cuadrupedas y durante la fase de soporte
de la locomocién cuadrupeda, al igual que durante la fase de sopor-
te del arm-swinging (Larson & Stern 1986, 1987). Por este motivo,
este musculo es relativamente grande en primates con comporta-

mientos locomotores arboéreos.

El musculo redondo menor es un rotador lateral del humero, y
también participa en el mantenimiento de la posicion de la cabeza
del humero en la cavidad glenoidea (Larson & Stern 1986; Aiello &
Dean 1990).
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El musculo subescapular presenta tres partes funcionalmente
diferenciadas, de modo que actua como rotador medial de la extre-
midad anterior; rotacidon que puede combinarse con abduccion (por
la porcidn superior del musculo) o aduccién (por la porcién inferior
del musculo) dependiendo de la posicion y los movimientos de la
extremidad (Larson & Stern 1986; Larson 1988).
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Abstract

The rotator cuff muscles (subscapularis, supraspinatus, infraspinatus
and teres minor) are the principal stabilizers of the glenohumeral joint in
primates. This function is particularly important in hominoids due to their
orthograde corporal pattern, characterized by a dorsal position of the
scapulae, a high mobility of the glenohumeral joint and the presence of
tensile forces that affect the shoulder region during locomotion. These
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functional and physiological conditions imply an special morphology of
the rotator cuff muscles in hominoids, which present an increased global
mass and important differences in the proportion of the different muscles
with respect to the more quadrupedal pronograde primates. Although
sharing some similarities, the different general that form the Hominoidea
have developed different types of locomotion such as brachiation
(Hylobates), arm-swinging and vertical climbing (Pongo), knuckle-
walking (Gorilla and Pan) and bipedalism (Homo). Thus, the
morphology of the rotator cuff muscles in these genera is also related to
the functional requirements of these types of locomotion. In this chapter
we will discuss the anatomical and functional aspects of the rotator cuff
muscles in hominoids by focusing on the evolutionary transformations
and adaptations related to the different locomotor modes developed by
hylobatids, orangutans, gorillas, chimpanzees and modern humans.

Introduction

As stressed by Gebo (2010: p. 530), “life in the canopy is a constant
stream of body adjustments”. Environmental changes result in the alteration of
the requirements for posture and locomotion, requirements that are reflected in
anatomical adaptations (Sonnabend and Young, 2009), closely related to the
type of locomotion used to move through the canopy.

It has been proposed that hominoids became different from other primates
(and from mammals in general) due to their specific adaptations to an arboreal
environment where the capacity to a below-branch forelimb-dominated
arboreal locomotion was an advantage in survival (Le Gros Clark, 1959;
Larson, 1993; Fleagle, 1999; Sonnabend and Young, 2009). Thus, extant apes
are characterized by some locomotor specializations, sharing body
morphologies associated to their locomotor behaviors (Ward, 2007), especially
those related to suspension and orthograde climbing, many of them still seen
in modern humans. Crucial anatomical features characterizing the Hominoidea
are seen in the thoracic region and principally the shoulder, which displays a
significant amount of morphological variation related to an accommodation to
different habits and habitats (Figure 1; Oxnard, 1967; Larson, 1993).
Pronograde primates (and mammals in general) share a pronograde back, a
deep dorso-ventrally thorax, a scapula located in the parasagittal plane lateral
to the rib cage and a glenohumeral joint adapted for quadrupedal locomotion
(both arboreal and terrestrial) with movements restricted to the parasagittal
plane (Schultz, 1930; Roberts, 1974; Aiello and Dean, 1990; Larson, 1993;
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Sonnabend and Young, 2009; Gebo, 2010). In contrast, living ape and human
backs are adapted to vertical and erect postures, sharing an erect back (what is
commonly known as orthogrady) and a thorax that is shallow antero-
posteriorly and wide laterally. Their scapula is displaced to a dorsal position
rather than along the side of the ribcage as in quadrupedal primates, forcing
the shoulder to the sides and away from the midline of the body, developing a
more mobile and less stable glenohumeral joint with the glenoid fossa facing
laterally rather than ventrally, which can additionally rotate and move in the
coronal plane, allowing more freedom of mobility with multi-directional
movements (the shoulder joint is the most freely movable in the body of
hominoids; Figure 1; Keith, 1923; Schultz, 1930; Roberts, 1974, Aiello and
Dean, 1990; Larson, 1993; Fleagle, 1999; Sonnabend and Young, 2009; Gebo,
2010). The shoulder acquired the required mobility to reach the irregular
supports of a discontinuous arboreal substrate (Larson, 1993), allowing more
specialized forms of locomotion, including brachiation, vertical climbing,
suspensory posture and knuckle-walking, and, in modern humans, the use of
the hand for complex manipulation (Schultz, 1961; Corruccini and Ciochon,
1976; Aiello and Dean, 1990; Larson, 1993; Sonnabend and Young, 2009).
However, it should be noted that the increase of mobility reduces the stability
of the glenohumeral joint (Roberts, 1974; Larson, 1993); this means that the
shoulder region will reflect a compromise between the free mobility demands
and the need for stability, facing the disruptive forces generated during
locomotion and the support of the body weight (Larson, 1993).

Within extant apes, hylobatids are the more arboreal ones, being true
brachiators due to their particular type of locomotion where the arms are
usually fully extended above their head in order to suspend and propel the
body through the trees (Napier, 1963; Tuttle, 1975; Fleagle, 1999). Gorillas,
chimpanzees and orangutans are considered modified brachiators (Aiello and
Dean, 1990) because they use their lower limbs too to a greater or lesser extent
in order to provide some support for the body. Orangutans, as hylobatids,
almost never move on the ground, but they differ in that the former show a
larger body size, moving cautiously through the upper levels of the canopy
with quadrumanous climbing and arm-hanging (Fleagle, 1999; Thorpe and
Crompton, 2005, 2006; Ward, 2007). Common chimpanzees are arboreal
especially when they forage, hunt and sleep, but, in contrast to orangutans,
they spend much of their time as terrestrial knuckle-walkers (Goodall, 1965;
Fleagle, 1999). The locomotor behavior of bonobos is less well studied, but it
seems to be somewhat similar to that of common chimpanzees (Doran, 1993),
although it is thought (Susman, 1984; Doran and Hunt, 1994) that bonobos
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often engage in more arboreal leaping, diving and arm-swinging. Gorillas are
the biggest modern primates and are almost exclusively terrestrial, although
sporadically in certain habitats they climb trees, frequently for feeding and
sleeping (Tuttle and Watts, 1985; Remis, 1995; Fleagle, 1999). Knuckle-
walking, the primary type of locomotion of the African apes, is a
quadrupedalism that has been secondarily imposed on a forelimb that was
being primarily adapted to suspensory postures and locomotion (Larson and
Stern, 1987). Thereby, gorillas and chimpanzees may have evolved to acquire
those functions related to quadrupedal weight bearing, but without losing the
previous arm-swinging and suspensory functions (Oxnard, 1969). Modern
humans, with their bipedal locomotion, lost any adaptations needed solely for
locomotion, accentuating those ones that permitted them to transform the
upper limb into an almost exclusively manipulative extremity possessing
important tactile, prehensile, manipulatory, communicative and agonistic
functions (Ziegler, 1964; Oxnard, 1969; Fleagle, 1999).

Long acromion
and coracoid
processes

Globular
humeral
head

Redirected — {

glenoid \ /

Craniocaudally

elongated scapula
Dorsally

placed Z=\
scapula

thorax

Figure 1. Characteristic skeletal features of the shoulder region of extant apes
(modified from Fleagle, 1999).

The comparative morphology of the primate upper limb, and more
specifically, of the scapula, has been very useful to establish functional
differences in behaviour among hominoids (Ashton and Oxnard, 1964,
Roberts, 1974; Corruccini and Ciochon, 1976). This focus on the primate
scapula is due to the fact that this is the most variable bone of the forelimb
(Oxnard, 1967), and, as it is suspended almost completely by muscles it is
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supposed to reflect, at least in some of its variations, the deep relationship with
the function of the upper limb (Figure 2; Inman ef al, 1944; Oxnard, 1967) and
the forces this limb has to endure during locomotor behaviors. For example,
the shoulder of brachiators is mainly subject to tensile forces, while the

shoulder of quadrupeds is mainly subject to compressive forces (Oxnard,
1967, 1969; Roberts, 1974; Larson, 1993).

Figure 2. Scapulae of the different groups of the Hominoidea. From left to right:
Hylobates (ref.395156, from the Royal Belgian Institute of Natural Sciences), Pongo
(ref.94-0703 from the Natural History Museum of Barcelona), Gorilla (ref.2003-0544
from the Natural History Museum of Barcelona), Pan (ref.95.0258 from the Natural
History Museum of Barcelona) and Homo (ref.038 from the Unit of Human Anatomy
and Embryology of the University of Barcelona).

Before presenting our own data and describing in detail the differences
between the shoulder, and more specifically the scapula and scapulohumeral
muscles of the different hominoid taxa, it is convenient to carry out a brief,
simplified introduction to some of the muscles attached onto the scapula.

Brief Introduction to the Rotator
Cuff Muscles

As we explained above, the emphasis on the mobility of the hominoid
shoulder joint results in a reduction of the stability of the joint (Roberts, 1974;
Larson, 1993), thus requiring additional stabilization to prevent its dislocation.
This is easy to understand when we observe the bony architecture of the
glenohumeral joint, with its large articulating humeral head and its relatively
small glenoid surface (Terry et al, 2000). This stabilization is especially
important during behaviors that imply large tensile stress in the joint, so it is
not maintained solely by static osseoligamentous structures but also, and
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principally, by dynamic stabilizers (Larson and Stern, 1986; Terry et al, 2000;
Jenkins, 2009). The dynamic stabilization is accomplished by a group of
muscles known as the rotator cuff or the musculotendinous cuff of the
shoulder (Hess, 2000; Jenkins, 2009), whose tendons are closely related to the
capsule of the joint anteriorly, above and posteriorly (Terry et al, 2000;
Jenkins, 2009). Anteriorly, the cuff is made up of the subscapularis muscle
(Figure 3), while posteriorly, from a superior to an inferior position, it is made
up of the supraspinatus, infraspinatus and teres minor muscles (Figure 4).

The supraspinatus muscle originates from the dorsal surface of the scapula
above the spine, known as supraspinous fossa, and from the fascia covering
the muscle itself (Figure 4). It passes first over the top of the glenohumeral
joint, inserting on the proximal part of the great tubercle (Ashton and Oxnard,
1963; Jenkins, 2009). Before its insertion, the fibers converge upon a short and
stout tendon that adheres to the glenohumeral capsule. Between the
supraspinatus and the acromion we find the subacromial bursa. The
supraspinatus is principally an abductor of the arm, assisting the deltoid in this
movement (Larson and Stern, 1986; Aiello and Dean, 1990; Jenkins, 2009),
and it is also important to resist humeral displacement (Larson and Stern,
1986, 1987).

The infraspinatus muscle originates from the infraspinous fossa and from
its covering fascia, and inserts on the dorsal facet of the great tubercle,
inferiorly to the the supraspinatus insertion (Figure 4). The teres minor
originates from about the upper two thirds of the posterior surface of the
lateral border of the scapula, and from a septa between it and both the
infraspinatus above and the teres major below (Figure 4). This muscle inserts
distally on the greater tubercle, directly inferior to the insertion of the
infraspinatus, after adhering to the dorsal aspect of the glenohumeral capsule.
Both the teres minor and the infraspinatus are primarily lateral rotators of the
humerus, and they also participate in the maintenance of the position of the
humeral head during other movements of the arm (Ashton and Oxnard, 1963;
Larson and Stern, 1986; Aiello and Dean, 1990; Jenkins, 2009).

The subscapularis muscle originates from most of the anterior surface of
the scapula, known as subscapular fossa, and passes across the front of the
glenohumeral joint to its insertion on the lesser tubercle of the humerus
(Figure 3). Before inserting, the fibers converge upon a short and thick tendon
which adheres to the anterior part of the glenohumeral capsule (Ashton and
Oxnard, 1963). Between this muscle and the neck of the scapula lies the
subscapularis bursa, usually opening into the synovial cavity of the
glenohumeral joint. The subscapularis muscle produces mainly medial
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rotation, as well as protection to prevent anterior dislocation of the head of the
humerus (Aiello and Dean, 1990; Jenkins, 2009).

Figure 3. Anterior view of the dissection of Pan troglodytes showing the anterior side
of the rotator cuff muscles and some other muscles of the shoulder and arm. 1:
Subscapularis. 2: Teres major. 3: Coracobrachialis. 4: Biceps brachii (caput breve).

Figure 4. Dorsal view of the dissection of a male Pan troglodytes showing the dorsal
side of the rotator cuff muscles and some other muscles of the shoulder and arm. 1:
Supraspinatus. 2: Infraspinatus. 3: Teres minor. 4: Teres major. 5: Triceps brachii
(caput longum).
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Thus, in general, the rotator cuff contributes, on the one hand, to the
mobility of the shoulder, and on the other hand, to the dynamic stabilization of
the shoulder (Roberts, 1974; Sonnabend and Young, 2009), by holding the
head of the humerus in the glenoid cavity with a dynamic steering mechanism
(Terry et al, 2000; Jenkins, 2009).

Accordingly, the architectural arrangement of the rotator cuff muscles
fibers is consistent with this stabilizing role, as they seem to be configurated
for force production rather than excursion (Ward ef al, 2006).

Since this increasing need for stability seems to be related to the increased
range of motion of the glenohumeral joint, i.e. to the increased use of the arm
away from the sagittal plane (Sonnabend and Young, 2009), it seems logical to
think that the appearance of a true rotator cuff, with tendons closely related to
the capsule and to each other, should be associated with the ability to carry out
regular overhead activity.

Indeed, some authors (e.g. Sonnabend and Young, 2009) consider that
only primates with an important amount of arboreal locomotion develop true
rotator cuff, such as hominoids and some arboreal New World monkeys.

As we will be seen throughout this chapter, the evolution of the bony
skeleton of the shoulder girdle has been well described, specially the
morphology of the scapula, while there is little information related to the soft
tissue, and in particular to the rotator cuff (Sonnabend and Young, 2009).

Many of the measures and studies related with the scapula are not focused
on the rotator cuff mechanism, that is, many authors employ some anatomical
measures only in order to discriminate between, for example, locomotor
groups, without focusing on where the differences are, or which is the reason
(related to the musculature) for those differences.

However, as we shall see later, in the last years the musculature per se is
starting to be the subject of more studies, including gross anatomical,
electromyographic and myosine analyses.

Below we will thus provide a detailed review of what is currently known
about the rotator cuff muscles in hominoids, based on our own studies and on
those of other authors, including classical methods such as the analysis of
linear measures of the scapula to the most innovative techniques such as 3D
geometric morphometrics and the analysis of the expression of the myosin
heavy chain (MHC) isoform.
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State of the Art Concerning the Rotator
Cuff Muscles

After several empirical studies, from the removal of muscles in rats (e.g.
Wolffson, 1950) to genetically modified mice (e.g. Green et al, 2011), it has
been clearly demonstrated that the rotator cuff muscles have a significant
influence on the scapular shape (Howell, 1917; Wolffson, 1950; Roberts,
1974; Green et al, 2011), enlarging or reducing their relative sizes and
generating stresses that have a great impact in the scapular structure (Inman et
al, 1944; Roberts, 1974). Thus, the adaptations of size, shape and position of
the muscles according to the functional demands of the upper limb can cause
adaptations in the position and orientation of the insertions on the bones and
joints over which the muscles act, increasing the mechanical efficiency of arm-
raising, compared to quadrupeds (Inman et al, 1944; Roberts, 1974; Ashton
and Oxnard, 1964; Oxnard, 1967). This relationship between the scapular
shape and the muscular features of the rotator cuff justifies that the scapula is
usually studied in order to obtain muscular information from the osteological
data, an easier way to research, due to the limitations (or impossibility in the
case of extinct species) related to the direct study of the muscles (principally,
the difficulty in obtaining cadavers of primates).

In relation to the rotator cuff mechanism, the model proposed by Inman et
al (1944) was assumed to be correct and most of the scapular shape variables
employed in several studies were derived from this model (see, e.g. Ashton &
Oxnard, 1963). According to this model in modern humans there is a force
couple operating at the glenohumeral joint, the upper unit of the model being
composed by the deltoid and supraspinatus, the lower unit including the
infraspinatus, teres minor and subscapularis; the pressure and friction of the
humeral head at the glenoid was also taken into account. According to Inman,
the deltoid, assisted by the supraspinatus, provides the power to elevate the
arm, while the lower unit acts collectively to hold the humeral head down thus
preventing the tendency for the deltoid to produce superior humeral
displacement. This model was considered correct for many years, not only for
modern humans, but for the great apes (Tuttle and Basmajian, 1978a, 1978b),
implying that the glenohumeral joint integrity was maintained solely by
osseoligamentous structures (Tuttle and Basmajian, 1978a, 1978b). However,
further EMG analyses of non-human primate shoulder muscle function
(Larson and Stern 1986, 1987) have shown that this model of force couple is
not correct in at least chimpanzees, and probably also in other hominoids,
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beause these analyses emphasized the distinct role of each member of the
rotator cuff in free arm movements (Larson and Stern, 1986). Furthermore, the
rotator cuff has a second and equally important function in stabilizing the
shoulder joint, a role proposed by Roberts in 1974. Therefore, considering that
each muscle plays a distinct role in the rotator cuff mechanism for the free
movement of the arm, we will try to make its understanding clear and simple,
by examining separately each of the rotator cuff muscles.

Supraspinatus

The supraspinatus is the better studied of the rotator cuff muscles,
probably due to its importance in stabilizing the joint, in abducting the arm,
and also because of its clinical implications (e.g. the subacromial
mmpingement, a typical human disease, see Potau ef al, 2007). As explained
above, most of the studies of the rotator cuff muscles are based on the analysis
of the shape and size of their origins, especially in the case of the
supraspinatus and the infraspinatus muscles. Thus, much of the information
available concerns the supraspinous and infraspinous fossae, obtained in
different ways, e.g. multivariate analyses of lineal measures (Ashton and
Oxnard, 1964; Ashton, Oxnard and Spence, 1965; Oxnard, 1967; Oxnard and
Neely, 1969; Roberts, 1974) and geometric morphometric analyses of the
scapula (Young, 2002, 2008). This is a useful way to obtain information about
a muscle when this muscle is absent (e.g. fossils; osteological collections), but
one must be cautious because our own studies indicate that the size of the
muscle and of its origin (in this case, the fossae of the scapula) may not be as
closely related as previously though (Bello-Hellegouarch et al, unpublished
data).

It is clear that the morphology of the supraspinatus varies with the type of
locomotion. Hominoids are associated with relatively well-developed
supraspinous fossa (Frey, 1923; Schultz, 1930; Inman et al, 1944; Roberts,
1974; Corruccini and Ciochon, 1976; Shea, 1986; Larson, 1993), and, by
implication, with well developed supraspinatus muscles. This seems to be
associated to the presence of relatively large, heavy and powerful limbs with a
great need for glenohumeral joint stabilization during the elevation of the
upper limb (Roberts, 1974; Corruccini and Ciochon, 1976; Larson and Stern,
1986; Larson, 1993). While in African apes the supraspinatus is relatively
broader, especially in gorillas (Schultz, 1930; Inman et al, 1944; Raven, 1950;
Roberts, 1974), in orangutans and modern humans the proportions of the
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supraspinatus are only slightly larger than those seen in quadrupeds, i.e. the
muscle is long and narrow compared to the infraspinatus (Ashton and Oxnard,
1963).

Electromyographic analyses provided additional information confirming a
great part of the conclusions that were previously obtained from osteological
data (Inman et al, 1944; Jungers and Stern, 1984; Tuttle and Basmajian,
1978a, 1978b; Larson and Stern, 1986, 1987), as well analyses done on the
muscular weights (Potau et al, 2009). In general, the supraspinatus seems to
play a similar role in different species of primates, depending on their
locomotor behaviors. That is, the supraspinatus is extremely important in
quadrupedal postures and locomotor support phases, as it stabilizes the
glenohumeral joint; it plays a major role assisting the deltoid during the
abduction of the upper limb in free arm movements; and it may also
occasionally make a small contribution during the swing phase of the
quadrupedal locomotion (Larson and Stern, 1986, 1987; Larson, 1989).

The knuckle-walkers are the hominoids that possess relatively broader
scapulae and large supraspinous fossae, i.e. gorillas and chimpanzees (and a
large infraspinous fossa, as we shall see later; Schultz, 1930, Roberts, 1974;
Aiello and Dean, 1990; Potau et al, 2007, Young, 2008). In Gorilla, the most
highly adapted hominoid for quadrupedalism, the supraspinous fossa is
relatively larger than in other primate species; this can be explained because
these apes need a greater stabilization due to their extremely large body size
and the compressive forces that they have to bear since they use the upper limb
in an abducted and externally rotated position during feeding (Roberts, 1974;
Taylor and Slice, 2005; Potau et al, 2007). This has been confirmed by
electromyographic studies that showed that during knuckle-walking, the
supraspinatus, together with the infraspinatus, are essential stabilizers of the
glenohumeral joint, which undergoes severe shearing stress, controlling
specifically the humeral retraction during the support phase (Roberts, 1974;
Tuttle and Basmajian, 1978b; Larson and Stern, 1987; Larson and Stern,
1992). During the first part of the swing-phase of the arm-rising the
supraspinatus is recruited in concert with the deltoid muscle to abduct the
upper limb in hominoids (Inman et al, 1944; Tuttle and Basmajian, 1978a;
Larson and Stern, 1986; Larson and Stern, 1989). This is especially important
during brachiation, vertical climbing and suspensory locomotion (Inman et al,
1944; Oxnard, 1966, 1967; Ashton and Oxnard, 1964; Ciochon and
Corruccini, 1977). Apart its role as abductor, the supraspinatus, with its
attachment on the top of the great tubercle, bears the main responsibility for
preventing the superior displacement of the humeral head provoked by the
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deltoid and for stabilizing the humerus during the initial phase of brachial
elevation (Howell et al, 1986; Larson and Stern, 1986; Thompson et al, 1996).
Once the initial phase of brachial elevation passes, the tendency of the deltoid
to displace the humerus decreases, and then the supraspinatus acts to assist the
deltoid in the abduction (Larson and Stern, 1986).

In orangutans the supraspinous fossa may seem poorly developed due to
the broad infraspinous, but it is, in fact, better developed than in any
pronograde primate (Roberts, 1974) although it is quite small if compared to
the African apes (Oxnard, 1984; Young, 2002). This supraspinous fossa,
combined with the relatively large infraspinous fossa, may reflect the great
range of circumduction that the orangutan can display when it has the forelimb
raised above the shoulder level, being necessary a much greater muscular force
to secure the shoulder joint (Roberts, 1974). However the especial locomotor
behaviour of orangutans is reflected in a scapula that shares some similarities
with that of the ateline monkey Lagothrix (Young, 2003) and of other arboreal
quadruped primates, as will be seen below. Hylobatids are different from the
great apes because they have a relatively small supraspinous fossa (and, as we
shall see later, a relatively small infraspinous fossa), a difference that can
reflect the overwhelming lineage-specific specializations of their shoulder for
brachiation (Young, 2008). Hylobatid dissimilarities to the great apes, and the
specialized nature of their locomotion, i.c., a true brachiation, are considered
by some authors to reflect specialized and divergent adaptations; so, the great
apes are more likely to reflect the ancestral morphotype, being less specialized
than hylobatids (Young, 2003). In modern humans the habitual use of the arm
below the level of the shoulder and the fact that the forelimb has mainly
manipulative skills, reduced the levels of shearing stress in the joint and thus
the need for a developed supraspinatus muscle, being the supraspinous fossa as
well as the rest of the rotator cuff muscles relatively poorly developed
(Roberts, 1974; Potau et al, 2007). This reduction of the rotator cuff is
beneficial for modern humans as it provides to the glenohumeral joint greater
speed and precision on its movements, which is essential to the manipulative
skills of the modern human upper limb (Potau et al, 2007). Electromyographic
analyses of modern humans confirm that the supraspinatus acts together with
the deltoid to abduct the arm (Inman et al, 1944). Thus, we find in humans a
unique arrangement of the shoulder muscles. Some of their features are similar
to those of apes, e.g. their extremely huge deltoid, while others resemble those
of quadrupeds, e.g. the reduction of the development of the rotator cuff
muscles. This particular mosaic distribution allows modern humans to raise
the arm as freely as that of apes, but without their power, duration and

144



The Rotator Cuff Muscles in Hominoidea 123

frequency (Ashton and Oxnard, 1963, 1964; Oxnard, 1967, 1969; Larson,
1993). Few studies have examined the molecular characteristics of the rotator
cuff muscles, and the few ones that were performed were related to the
quantification and distribution of the muscular fibers (Singh et al, 2002;
Schmidt and Schilling, 2007). Recently, we started to examine the mRNA
expression of the different MHC (myosin heavy chain) isoforms of the rotator
cuff muscles (Potau et al, 2011). Three different MHC isoforms can be found
in the skeletal muscles of adult mammals, and their expression is related to the
functional properties of the muscle fibres (Bottinelli and Reggiani, 2000).
Those isoforms are the slow MHC-I, the fast MHC-IIa and the fastest MHC-
IIx. A fourth isoform is expressed only in very small mammals, the MHC-IIb
(Baldwin and Haddad, 2001). In general, the slow postural muscles express
mainly the slow MHC-I isoform, with a variable expression of the MHC-IIa
isoform (Fitts ef al, 1991; Baldwin, 1996; Fitts and Widrick, 1996; Schiaffino
and Reggiani, 1996; Rivero et al, 1999; Talmadge, 2000). Furthermore, in the
powerful, fast, and less resistant muscles all three isoforms can be expressed in
variable proportions, but with a predominance of the MHC-II isoforms
(Harridge et al, 1998; Larsson and Moss, 1993). While pronograde primates
show higher proportions of the slow and resistant MHC-I isoform, evidencing
the importance of their supraspinatus as a postural muscle, hominoids show
higher proportions of the two fast MHC-II isoforms than the slow MHC-I
isoform, a typical expression of fast and powerful muscles, with low resistance
to fatigue (Klitgaard et al, 1990; Harridge et al, 1996). This is an evidence for
the elevator function of the supraspinatus in hominoids (Potau et al, 2011), as
we have seen above. In addition, modern humans showed a higher expression
of the fastest MHC-IIx than the rest of hominoids, which can be the result of
the greater mobility and precision of the muscles of the arm to perform their
manipulative function (Potau et al, 2011). We have to point out that, probably
due to the small sample size, no differences were found within the expression
patterns of the MHC isoforms of the different hominoids. Thus, our studies
confirm that molecular techniques can effectively be useful to better
understand the different locomotor behaviors displayed by primates.

Infraspinatus
As in the case of the supraspinatous fossa, the predominantly arboreal

hominoids share a scapula with relatively broad infraspinous fossa (Frey,
1923; Schultz, 1930; Inman et al, 1944; Roberts, 1974; Corruccini and
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Ciochon, 1976; Manaster, 1979; Shea, 1986; Larson, 1993). Within
hominoids, African apes show the relatively broader infraspinous fossa,
gorillas having a relatively broader infraspinous fossae than chimpanzee; this
may be a reflection of the greater need for shoulder joint stabilization in
gorillas (Schultz, 1930; Roberts, 1974; Corruccini and Ciochon, 1976; Larson,
1993). This is also in agreement with the conclusions obtained from analyses
of the muscular weights (Potau et al, 2009) and from electromyographic
analyses (Tuttle and Basmajian, 1978a, 1978b; Larson and Stern, 1987).
During knuckle-walking, highly mobile forelimbs experience greater demands
for a different type of glenohumeral joint stabilization, because the shoulder
joint bears stress produced by the lateral orientation of the glenoid, resulting in
a tendency of the humerus to be displaced dorsally (Roberts, 1974; Larson and
Stern, 1987). Such a stabilization seems to be performed by the supraspinatus
and the infraspinatus without the assistance of the other muscles of the rotator
cuff (Tuttle and Basmajian, 1978b; Larson and Stern, 1987).

During pendant suspension and support phase of arm-swinging, the
infraspinatus seems to play a special role in the stabilization of the
glenohumeral joint, resisting transarticular stresses suffered by the shoulder
joint providing the required humeral head depressor action, although other
muscles may also contribute to maintain the joint integrity (Roberts, 1974;
Larson and Stern, 1986). In addition, in motions combining abduction with
lateral rotation (e.g. overhead reaches) the infraspinatus seems to act as the
primary synergist of the deltoid (Larson and Stern, 1986; Larson, 1987), a role
that can be explained by the superolateral orientation of the infraspinatus
insertion facet on the greater tubercle of the humerus, instead of the more
typical lateral orientation usually seen in pronograde primates (Larson and
Stern, 1986; Larson, 1995). It therefore seems that the orientation and position
of the infraspinatus insertion facet may be a useful indicator of the frequency
of arm-raising and overhead forelimb postures (Larson, 1995): within
hominoids, hylobatids display highly suspensory behaviors and have the more
superolateral oriented facets, orangutans being in an intermediate position, and
African apes and modern humans exhibiting the least superolateral oriented
facets (Larson, 1995).

The infraspinous fossa of orangutans confirms the important role of the
infraspinatus muscle in suspensory locomotion. Orangutans have a broad
infraspinous fossa, i.e. in comparison to this fossa the supraspinous fossa
appears to be poorly developed (Roberts, 1974). This broad infraspinous fossa
is related to the quadrumanous climbing behavior of these Asian apes, and to
the greater muscular force required to stabilize the glenohumeral joint while
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raising the forelimb above their heads (Roberts, 1974). The scapula of
hylobatids differs from that of orangutans because the former exhibit a
relatively narrower infraspinous fossa (probably related to their overwhelming
specializations for true brachiation; see above). This difference can seem to be
surprising due to the apparent similar locomotor behavior shared by Asian
apes, but when one looks in detail to their behaviors one can see that the
scapula of orangutans exhibits a mosaic of suspensory and quadrupedal
features, being more closely related to arboreal quadrupeds despite their highly
arboreal and suspensory behaviors (Young, 2008). Orangutans are much
bigger than gibbons, and this is a crucial difference because they need to avoid
lifting their body weight and thus combine both pronograde/orthograde
suspensory locomotion and postures that require additional stabilization
(Roberts, 1974; Young, 2008). It can thus be said that their principal type of
locomotion is moving through the canopy using a slow, cautious pronograde
suspension, with frequent “drop leaps” (Thorpe and Crompton, 2005; 2006).
Another difference between hylobatids and orangutans concerns the
orientation of the base of the scapular spine (Larson and Stern, 1986; Larson,
1995), a feature that seems to have a great influence in the line of action of the
infraspinatus as a stabilizer during pendant suspension and the support phase
of the arm-swinging. While hylobatids possess extremely acute angles,
orangutans display very obtuse scapular spine angles (Larson, 1995),
reflecting the different locomotor demands of these taxa.

In modern humans the infraspinatus seemingly participates in the
regulation of a typical pendant position of the upper limb. Modern humans
have a relatively wide infraspinous fossa (together with a relatively small
supraspinous fossa; Roberts, 1974; Aiello and Dean, 1990) and have a nearly
horizontal scapular spine, falling outside the range of all other primates; these
features are related to the exclusive use of the forelimb as a manipulatory
organ (Larson, 1995).

Subscapularis

During primate evolution the subscapularis has reduced its size, being the
largest muscle of the rotator cuff in 'lower' primates and decreasing relatively,
but only slightly, from phylogenetically plesiomorphic hominoids to modern
humans (Inman et al, 1944). However, there was an evolutionary increase of
the number of fascicules with the expansion of its origin, as well as an increase
of the elongation of the scapula (this same skeletal change increased the
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infraspinous fossa; Inman et al, 1944; De Palma, 2008). The subscapularis
displays internal functional differentiation, in terms of fiber orientation and
origin from different regions of the subscapularis fossa (Larson and Stern,
1986). In the case better studied by Larson and Stern (1986, 1987), the
chimpanzees, three different parts are distinguished, and similar structures
seem to be found in the other hominoids: there is an upper portion arising in
the upper region of the subscapularis muscle, approximately opposite to the
supraspinous fossa; the middle portion arises opposite to the infraspinous
fossa, but in the anterior side of the scapula; and the lower portion arises from
the ventral sulcus, lateral to the axillary bar, and from a common fascial plane
with the teres major muscle (Larson and Stern, 1986). Each differentiated
region of the muscle acts individually, depending on arm position, to help
controlling the rotator state of the humerus (Larson and Stern, 1986; Larson,
1988). Moreover, there seems to be a relationship between the region of the
facet of the lesser tubercle of the humeral head, where the fibers insert, and the
function of those specific fibers (Larson, 1995). Thus, the abduction and
medial rotation is carried out by those fibers inserting onto the more proximal
region of the facet, corresponding to the upper portion of the subscapularis,
while the adduction and medial rotation is conducted by those fibers inserting
more distally, corresponding to the lower portion of the subscapularis (Larson
and Stern, 1986; Larson, 1988; Larson, 1995).

The insertion facets in the lesser tubercle of the humerus are thought to be
a useful tool to predict the degree of functional differenciation within the
subscapularis (Larson, 1995). Hominoids have the longest and narrowest
subscapularis insertion facets, confering a greater degree of versatility of the
muscle for influencing the position and motion of the humeral head (Larson,
1995); this is important in order to provide higher mobility to the shoulder
joint. In summary, the subscapularis is mainly a medial rotator of the arm,
rotation that can be combined with abduction (by the upper portion) or
adduction (by the lower portion) depending on the position and movements of
the upper limb (Larson and Stern, 1986; Larson, 1988). The medial rotation of
the humerus is especially important during knuckle-walking in African apes,
as it contributes to stabilize the glenohumeral joint (Tuttle and Basmajian,
1978b; Larson and Stern, 1987), compensating for the shearing force that this
joint bears due to the dorsal position of the scapula (Roberts, 1974; Larson,
1993). This is consistent with the results obtained from eletromyographic
studies (Tuttle and Basmajian, 1978b; Larson and Stern, 1987) and the
proportionally large mass of the subscapularis found in chimpanzees (Inman et
al, 1944; Potau et al, 2009).
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During the support phase of the arm-swinging of chimpanzees, the
subscapularis has no contribution to joint stabilization (Larson and Stern,
1986; Larson, 1988), demonstrating that the force couple model of Inman et al
(1944) was wrong (see above). By contrast, this muscle is recruited during the
support phase of the arm-swinging in hylobatids (Jungers and Stern, 1984), a
difference that can be interpreted as a rotatory function, rather than a
stabilizing function, because in hylobatids there is a greater participation in
free arm movements than in chimpanzees (Larson, 1988). The most important
function of the subscapularis takes place during the support (or “pull-up™)
phase of vertical climbing, where its role as medial rotator becomes extremely
important (Larson and Stern, 1986; Larson, 1988). This is a major difference
between the subscapularis and the other rotator cuff muscles, and another
evidence of the individuality of these muscles. Climbing species are thus
expected to have larger subscapularis muscles (Larson, 1988), associated with
an increased enlarging of the lateral expansion of the subscapular fossa beyond
the ventral bar (the area corresponding to the origin of the lower subscapularis;
Larson, 1988; Larson, 1995; Larson and Stern, 1986).

As predicted, great apes show a relatively wider lateral expansion of the
subscapular fossa, but not as wide as that found in hylobatids (Larson, 1995).
This greater contribution of the subscapularis to the shoulder motion in
hylobatids is related to the low degree of humeral head torsion, and the
resulting “lateral set” to the gibbon’s elbow joint (Larson, 1988), considered
an adaptive advantage for limb positioning during brachiation. The “lateral
set” refers to the posture of the limbs that these animals adopt while they are
resting, with the long axis of the humeral head perpendicular to the glenoid
fossa, and the elbow joint in a position such as the arm seems to be laterally
rotated, with their forearms splayed out to the side (Larson, 1988). In other
words, it is the elbow that is rotated, and not the head of the humerus as it may
seem at first sight. The increased demands on the susbcapularis can be
explained to overcome the “lateral set”, that is, the lateral rotation at the
elbow, during free arm movements by the medial rotation of the muscle
(Larson, 1995), in order to reestablish the correct arm position needed for
normal reaching motions (Larson, 1988). The limited humeral torsion seen in
hylobatids can be a compromise between the need to maintain a transverse
axis at the elbow joint, which is a consequence of the scapular dorsal
reorientation, and the demand for an extreme positioning of the elbow during
arm-swinging (Larson, 1988). In the case of modern humans, they do not
frequently use their forelimbs for climbing, so the lateral expansion of the
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subscapularis fossa is relatively small in relation to their body size (Larson,
1995).

Teres Minor

The teres minor is a muscle that is absent in phylogenetically
plesiomorphic mammals, being derived from the deltoid complex (Inman et al,
1944; De Palma, 2008). When the infraspinous fossa started to progressively
increase, a part of the deltoid separated from it, and started to increase too.
Over the time, the skeletal changes have altered the position of this “new”
muscle, permitting it to act upon the humerus in a downward direction (Inman
et al, 1944; De Palma, 2008). According to Ashton and Oxnard (1963), in
hominoids the teres minor is completely differentiated from the infraspinatus
and deltoid muscles to form a separate unit. For a long time the teres minor
was thought to form a functional group with the subscapularis and the
infraspinatus (see above), depressing the head of the humerus and rotating it
(Inman et al, 1944; Tuttle and Basmajian, 1978a, 1978b). However, we
currently know that in general terms the teres minor is primarily a lateral
rotator of the humerus, participating in the maintenance of the humeral head in
position (Larson and Stern, 1986; Aiello and Dean, 1990; Jenkins, 2009).

It is important to highlight that the teres minor and, as we have seen
above, a great part of the subscapularis, are not involved in the swing phase of
the arm-raising (Larson and Stern, 1986), being only active during its support
phase. This may indicate that, at least in arm-raising behaviors, teres minor
helps in resisting transarticular tensile stresses at the glenohumeral joint
(Larson and Stern, 1986), and as a retractor of the humerus during hoisting in
orangutans (Tuttle and Basmajian, 1987a). That is, it is an adductor of the arm
(Larson and Stern, 1986). During knuckle-walking, teres minor acts, at least in
chimpanzee, in the rotation of the arm laterally (Larson and Stern, 1987).
From this review we can conclude that of the muscles of the rotator cuff, the
teres minor is the least studied and further studies are needed to better
understand its function and evolution.

Conclusion

Understanding primate and human rotator cuff anatomy is crucial for
enhancing our understanding of primate upper limb adaptations and thus of
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primate and human evolutionary history. Each muscle of the rotator cuff has
its own role in the movement of the upper extremity, this role varying in
different locomotor groups and being adapted to the functional requirements of
each type of locomotion. Thus, if we understand how the rotator cuff muscles
work in each locomotor groups, we can improve our understanding about
which were the evolutionary processes that took place in the origin and
evolution of the hominoids and thus of our lineage.
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RESUMEN

A pesar de los numerosos estudios realizados sobre la forma
de la escapula de los primates, todavia no hay un acuerdo acerca
de si existe una relacidon directa entre la morfologia de la escapula
y los comportamientos locomotores de los primates (Schultz 1930;
Roberts 1974; Shea 1986; Inouye & Shea 1997; Taylor 1997; Ward
1997; Inouye & Taylor 2000; Taylor & Slice 2005; Young 2006,
2008). En este estudio se analiza mediante diferentes metodologias
cualitativas y cuantitativas la relacion entre la morfologia de la cara
dorsal de la escapula, especialmente la proporcion entre las fosas
supraespinosa e infraespinosa (S/l), y los comportamientos locomo-

tores de los primates hominoideos, incluyendo humanos modernos.

El analisis de la morfometria geométrica 2D de la cara dorsal
de la escapula, con el fin de comparar grupos locomotores, mostré
diferencias significativas en la proporcion S/l y en la longitud relativa
y angulacion de la espina de la escapula. También se observaron
diferencias entre grupos en las proporciones entre las fosas supra-
espinosa e infraespinosa (S/I) medidas con diferentes indices: SFI
(spinal fossae index, con medidas lineales), 2Dl (areas de las fosas
en 2D) y 3DI (areas de las fosas en 3D). Las diferencias morfologi-
cas encontradas, tanto en el analisis cualitativo como en el cuantita-
tivo, son un reflejo de los requerimientos funcionales asociados a
cada tipo de locomocion. Los taxones Homo y Pongo comparten
una morfologia que se caracteriza por una fosa supraespinosa rela-
tivamente pequefa, relacionada con la necesidad de movimiento
rapidos y precision manipulativa en Homo, y con las adaptaciones a

la vida arborea en Pongo. Por el contrario, Pan, Gorilla e Hylobates
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se caracterizan por una fosa supraespinosa relativamente grande,
relacionada con la locomocion terrestre de los knuckle-walkers (Go-

rilla'y Pan), y con la braquiacién en Hylobates.

Finalmente, la comparacion de estos indices de forma con la
proporcidén entre los pesos de los musculos supraespinoso e infra-
espinoso, mostré que la proporcion 3DI es la mas fiable como esti-
mador del indice de peso muscular (MWI) en ausencia de musculo.
Los resultados obtenidos indican que no es posible hacer inferen-
cias locomotoras exclusivamente a partir de medidas osteologicas
ya que no existe una relacion directa entre el tamafio de la insercion
y del musculo. Los factores que pueden alterar esta relacion son

muy diversos (Zumwalt 2006).
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Introduction

Extant hominoids (Homo, Pan, Gorilla, Pongo, and Hylobates) share an orthograde
locomotion body plan (Aiello and Dean 1990; Gebo 2010; Larson 1993) character-
ized by a vertical, transversely broad, and dorsoventrally shallow thorax and a
laterally oriented glenoid fossa of the scapula. This lateral orientation increases the
mobility of the glenohumeral joint greatly, allowing free overhead elevation of the
arm in the scapular plane (Larson 1993; Roberts 1974) and a great variety of
locomotor behavior patterns. Within the extant apes, hylobatids are the most arboreal,
performing true brachiation, suspending and propelling the body below tree branches
without using the lower limbs (Fleagle 1999; Napier 1963; Tuttle 1975). Orangutans
(Pongo) rarely move on the ground, traveling cautiously through the upper levels of
the canopy using quadrumanous climbing and arm-hanging (Fleagle 1999; Thorpe
and Crompton 2005, 2006; Ward 2007). Chimpanzees (Pan) are mostly arboreal
when they forage, hunt, and sleep, but they spend much of their time as terrestrial
knuckle-walkers (Fleagle 1999; Goodall 1965). Gorillas (Gorilla), the largest living
primates, are almost exclusively terrestrial, although they sporadically climb trees,
especially for feeding and sleeping (Doran 1996; Fleagle 1999; Kuroda 1992; Tutin
and Fernandez 1985; Tuttle and Watts 1985; Remis 1995). Modern humans, with
obligate bipedal locomotion, have an upper limb that is almost exclusively a manip-
ulative extremity (Fleagle 1999; Oxnard 1969; Ziegler 1964). Despite some overlap
in locomotor repertoires among the hominoids, we can observe the specificities of
their locomotor behaviors in the morphology of their scapular bone.

The scapula is the forelimb bone that varies most in shape among primates
(Oxnard 1967) because its morphology depends largely on muscular function during
locomotion (Ashton and Oxnard 1963; Inman ef al. 1944; Larson 1993, 1995; Larson
and Stern 1986, 1987, 1989, 1992; Larson et al. 1991; Oxnard 1967, 1968, 1969;
Oxnard and Neely 1969; Roberts 1974; Shea 1986). The scapulae of quadruped
mammals, which are affected mainly by compressive forces, are long (reaching from
the vertebral border to the glenoid fossa) and narrow (from the superior to the inferior
angles), whereas the scapulae of suspensory primates, affected mainly by tensile
forces during locomotion, are shorter and wider (Ashton and Oxnard 1963, 1964;
Ashton et al. 1965; Larson 1993; Schultz 1930). However, this morphological
dichotomy ignores intermediate shapes of scapular bones because the variation in
the osteological and muscular anatomy of the shoulder actually forms a fairly
continuous spectrum, as observed in spider monkeys of the genus Afeles (Larson
1993; Oxnard 1967).

The shape of the scapula is determined largely by the rotator cuff muscles (sub-
scapularis, supraspinatus, infraspinatus, and teres minor), which attach to its fossae.
The spine, the acromion, and the margins of the scapula also serve as attachments of
muscles of the upper limb, back, and neck. These muscles, including the deltoid,
trapezius, levator scapulae, thomboid major and minor, serratus anterior, latissimus
dorsi, and teres major all also influence, to some extent, the shape of the scapula. The
rotator cuff muscles play an important role in the movement and stabilization of the
glenohumeral joint in primates (Ashton and Oxnard 1963; Potau et al. 2009; Roberts
1974; Wolffson 1950). Inman et al. (1944), in a classic electromyographic study of
the human arm during elevation, described a force couple operating in concert at the
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glenohumeral joint, the deltoid and supraspinatus muscles providing the power for
arm elevation, with the infraspinatus, teres minor and subscapularis compensating
the superior displacement of the humerus. Tuttle and Basmajian (1978a,b) conclud-
ed that this force couple model existed not only in humans but also in all the great
apes. However, this force couple model has since been shown to be imprecise,
because all the rotator cuff muscles have been shown to be essential for the active
stabilization of the glenohumeral joint (Larson and Stern 1986, 1987; Roberts
1974), each having a specific role during arm movements (Larson and Stern
1986, 1987); see Bello-Hellegouarch et al. (2012) for further information about
the rotator cuff muscles. The subscapularis is mainly a medial rotator and adductor
of the arm (Larson 1988; Larson and Stern 1986). The supraspinatus is an abductor
muscle that assists the deltoid in providing strength during the abduction of the
upper limb in free arm movements (Inman et al. 1944; Larson and Stern 1986;
Tuttle and Basmajian 1978a), also bearing the main responsibility for preventing the
superior displacement of the humeral head caused by the deltoid and for stabilizing
the humerus during the initial phase of brachial elevation (Howell ef al. 1986;
Larson and Stern 1986; Thompson ef al. 1996). It is also essential to resist humeral
displacement, stabilizing the glenohumeral joint during the support phase of qua-
drupedal postures, such as during knuckle-walking (Larson and Stern 1987, 1989,
1992). The infraspinatus is a lateral rotator of the humerus that acts as the primary
synergist to the deltoid in motions combining lateral rotation with arm abduction,
such as overhead reaches and vertical climbing (Larson and Stern 1986). In
addition, the infraspinatus is the principal muscle that stabilizes the glenohumeral
joint during pendant suspension and the support phase of arm-swinging (Larson and
Stern 1986; Roberts 1974) and, together with the supraspinatus, during the support
phase of knuckle-walking (Larson and Stern 1987; Tuttle and Basmajian 1978b).
The teres minor is a lateral rotator (Inman et al. 1944; Larson and Stern 1986), and
on some occasions, e.g., during hoisting in the orangutan, it can act as adductor of
the arm (Tuttle and Basmajian 1978a, b).

The ratio between the sizes of the supraspinous and infraspinous fossae is one of
the most used parameters relating the morphology of the scapula with the functional
anatomy of the rotator cuff muscles. Classical studies (Frey 1923; Inman et al. 1944,
Roberts 1974; Schultz 1930) used the spinal fossae index (SFI), the supraspinous/in-
fraspinous fossae breadth ratio, to compare the morphology of the dorsal side of the
scapula among different primate species and make inferences regarding their differ-
ential anatomies and forms of locomotion. Some of the results obtained with this
index indicated that the infraspinous fossa is larger than the supraspinous one in
arboreal primates, and both fossae are larger than in terrestrial primates (Roberts
1974). The supraspinous fossa of knuckle-walkers —and especially of gorillas— is
the largest relative to the infraspinous fossa, perhaps due to the hypertrophy of the
supraspinatus caused by the dorsal position of the scapula in knuckle-walkers, which
places additional demands on the supraspinatus to resist shearing stresses at the
glenohumeral joint (Roberts 1974). Orangutans, however, have the largest infra-
spinous fossa relative to the supraspinous fossa, reflecting their quadrumanous
climbing and suspensory habits (Roberts 1974; Schultz 1930). Humans have a
relatively small supraspinous fossa, a reflection of their use of the arm with the
humerus held below the shoulder (Roberts 1974).
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More recent studies of scapular shape have used landmark-based geometric
morphometrics (GM), an analysis of geometric information based on a config-
uration of landmarks independent of size, position, and orientation (Dryden and
Mardia 1998) providing informative and intuitive graphic displays of shape
changes. GM has been used to study scapular shape variation in several groups
of vertebrates, including squirrels (Swiderski 1993), armadillos (Monteiro and
Abe 1999), turtles (Depecker et al. 2006), rodents (Morgan 2009), and marsu-
pials (Asttia 2009), as well as primates, although in this case the findings were
inconsistent. Taylor and Slice (2005) used two-dimensional GM to compare the
shape of the dorsal side of the scapula, including the fossae, the spine, and the
acromion, of chimpanzees with that of gorillas. They found differences in
scapular shape between chimpanzees and gorillas, as well as between the two
gorilla species they analyzed (Gorilla beringei and G. gorilla), but found no
functional pattern of differentiation across taxa. This lack of a clear link
between scapular shape and locomotion was consistent with previous conven-
tional studies of African ape scapular morphology (Inouye and Shea 1997;
Inouye and Taylor 2000; Shea 1986; Taylor 1997), suggesting that differences
in scapular shape among hominoids might be too subtle to reflect differences in
locomotor behavior accurately (Ward 1997). Nevertheless, Young (2008),
employing three-dimensional GM to compare ontogenetic shape variation in
the scapula of different anthropoids, found that the main factor influencing
scapular shape was function, as there was a substantial convergence in shape
driven by functional similarities, with some evidence of phylogenetic influence
during infancy. Moreover, this pattern of shape did not seem to change during
ontogeny, being determined prenatally and remaining constant after birth
(Young 2006). Although Young (2006, 2008) analyzed intra- and interspecific
shape variation in his GM studies, he neither quantified it nor included humans
in the numerous species of primates he studied.

Despite the numerous studies of scapular shape, some authors consider that
we still lack an overall consensus on the interdependence between the scapular
fossae ratio and locomotor behaviors in the Hominoidea (Inouye and Shea
1997; Inouye and Taylor 2000; Shea 1986; Taylor 1997; Taylor and Slice
2005; Ward 1997), whereas others suggest a clear association between scapular
shape and locomotion (Roberts 1974; Schultz 1930; Young 2006, 2008). In this
study we attempt to clarify the relationship between the supraspinous/infraspi-
nous fossae ratio and locomotor behaviors in hominoids, including Homo, by
comparing the results obtained with different methods applied to the same
scapulae sample. First, we conducted a two-dimensional geometric morphomet-
ric analysis of the dorsal side of the scapula to obtain qualitative information
on scapular shape differences among hominoid groups. Next we analyzed
scapular shape morphology focusing on supraspinous/infraspinous ratios using
scapular linear dimensions, as in the classic spinal fossae index, and 2D and 3D
measures of muscle insertion areas. We used the intergroup variability of these
supraspinous to infraspinous fossae indices to make inferences about the evo-
lution of locomotor behavior in hominoids. We predicted that the supraspinous/
infraspinous ratio for the three-dimensional fossae areas would be the most
informative measure of scapular function because it was an actual measure of
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muscle insertion areas and, thus, assumed to be informative concerning func-
tion. We calculated the index of supraspinatus to infraspinatus and teres minor
muscles weights (the three muscles of the rotator cuff related to the supra-
spinous and infraspinous fossae) to test whether the information derived from
the osteological analyses was consistent with the soft-tissue data. We obtained
muscle weight information from dissections for some of the hominoid speci-
mens studied because they were previously used in myosin expression analyses
of the rotator cuff muscles that required cryopreservation of muscle tissues
(Potau et al. 2011). This preservation procedure makes macroscopic information
on muscular bellies or fibers hard to observe. However, because muscle weight
correlates with its physiological cross-sectional area (PCSA), it may be a good
indicator of the force capacities of muscles (Kikuchi 2010), allowing direct
comparisons with the scapular shape analysis.

Materials and Methods

We obtained the scapulae of 55 Hominoidea primate specimens (Table I) from
four institutions: the Museum of Natural Sciences, Barcelona, Spain (N=14);
the Anatomical Museum of the University of Valladolid, Spain (N=20); the
Royal Institute of Natural Sciences in Brussels, Belgium (N=9); and the Unit of
Human Anatomy and Embryology of the University of Barcelona, Spain
(N=12). All the nonhuman specimens studied were adult captive individuals
of unknown age at death, and the human samples consisted of adult specimens
with known ages at death. The specimens were representative of the five main
locomotor behaviors according to Schmitt (2010), whose locomotor classifica-
tion we adopted because of its simplification of the diverse locomotor behavior
patterns performed by the hominoids.

Table I Number of specimens analyzed, samples dissected (in parentheses), and form of locomotion
(according to Schmitt 2010) for each of the hominoid species included in the study

Species Male Female  Unknown  Total Form of locomotion
Hylobates gabriellae 1 (1) 1 (1) Arboreal brachiator
Hylobates lar 1 7 8 Arboreal brachiator
Hylobates syndactylus 1 1 2 Arboreal brachiator
Hylobates klossi 1 1 Arboreal brachiator
Pan paniscus 1 1 Arboreal arm-swinger/terrestrial

knuckle-walker

Pan troglodytes 503) 7 (1) 12 (4) Arboreal arm-swinger/terrestrial
knuckle-walker

Pongo pygmaeus 1 6 () 7 (3) Arboreal arm-swinger/arboreal
quadrumanous

Gorilla gorilla 5(1) 6(2) 11 (3) Terrestrial knuckle-walker

Homo sapiens 6 (6) 6 (6) 12 (12)  Biped

Total 20(11) 3412 1 55 (23)
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GM Analysis

Following Bookstein’s nomenclature (1991), we defined nine anatomical landmarks
for the GM analysis (Table II; Fig. 1). Seven of them (all except landmarks 5 and 8)
have been considered operationally homologous and representative of scapular shape
(Ashton and Oxnard 1964; Ashton et al. 1976; Larson 1993, 1995; Oxnard 1967;
Roberts 1974; Schultz 1930; Shea 1986; Taylor 1997; Taylor and Slice 2005; Young
2006, 2008). Landmarks 5 and 8 are indicative of the origin of the teres major muscle,
differentiating the infraspinatus and teres minor insertion areas from that of the teres.
We considered the infraspinatus and teres minor muscles together because both act
mainly as lateral rotators of the glenohumeral joint (Larson and Stern 1986, 1987;
Tuttle and Basmajian 1978a, b).

We defined all the landmarks on 2D digital images of the scapular blades.
Because scapulae are not perfectly flat, some dimensions may be distorted when
we represent 3D objects in two dimensions. To minimize this, we kept the
distance to the digital camera constant and oriented the scapulae with the plane
defined by landmarks 3, 4, and 5 parallel to the plane of focus. The distortion
caused by projecting all landmarks onto this plane will have its greatest effect on
the acromion (Swiderski 1993), not affecting our analysis. After obtaining the
digital images with a Canon EOS 550D digital camera we recorded the coor-
dinates of the landmarks with tpsDig 2.16 software. We used MorphoJ 1.02 to
conduct the GM analyses, which provides an integrated and easy environment for
standard multivariate analyses used in phylogenetic applications, quantitative
genetics, and analyses of modularity in shape data (Klingenberg 2010). GM
analyses are based on a General Procrustes analysis, a procedure that removes
variability due to size, position, and orientation (Bookstein 1991; Dryden and
Mardia 1998; Klingenberg 2010; Zelditch et al. 2004) and minimizes the sum of
square distances between equivalent landmarks (O’Higgins 2010; Rohlf and Slice
1990). The resulting data set, known as Procrustes residuals, can then be used for
multivariate statistical analyses (Bookstein 1991; Dryden and Mardia 1998;
Klingenberg 2010; Rohlf and Marcus 1993; Zelditch et al. 2004).

Table II Type and description of

landmarks used in the GM analysis Landmark  Type Name/definition

I Suprascapular notch
1 Superior angle of the scapula
I Intersection between vertebral border

and base of scapular spine

4 I Spinoglenoid notch

I Intersection point of the teres major fossa
and the vertebral border of the scapula

1 Inferior angle of the scapula

1 Lateral expansion of the teres major fossa

I Intersection point of the teres major fossa
and the lateral border of the scapula

“Bookstein et al. 1991; 9 1 Infraglenoid tubercle

O’Higgins 2010.
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Fig. 1 Dorsal view of the scapulae of (a) Gorilla, (b) Pongo, (¢) Homo, (d) Pan, and (e) Hylobates.
Landmarks used in the GM analysis are shown for the scapula of Gorilla. Linear measurements used to
obtain the SFI are shown for the scapula of Pongo. The orientation of the scapulae was made with all
superior borders aligned.

We conducted a principal components analysis (PCA) to assess the main shape
variations among samples (Klingenberg 2010). PCA incorporates and reduces com-
plex multidimensional data to a few simple variables known as eigenvectors
(Klingenberg 2010; O’Higgins 2010; Zelditch et al. 2004). We then performed a
multivariate regression analysis of shape to rule out allometric scaling (Bookstein
1991; Gould 1966), the potential influence of size on variation in shape, by describ-
ing the percentage of variance predicted to be related to size (Klingenberg 2010;
O’Higgins 2010; Zelditch et al. 2004). The main principal component, indicative of
shape, was the dependent variable, and the logarithm of the centroid size, indicative
of size, was the independent variable (Klingenberg 1996; O’Higgins 2010). With
Morphol it is possible to perform multivariate regressions with a permutation test
with 1000 randomizations and to pool the regression within given subgroups (genus
in this case) as an external variable, making it ideal when a correction of size among
groups is required.

We analyzed differences in scapular shape between groups using canonical var-
iates analysis (CVA). CVA finds the maximum variation among a priori groups, in
our case type of locomotion. The canonical variates derived from the analysis
maximize the shape differences between groups (Klingenberg 2010; Zelditch et al.
2004), which can be represented as landmark displacements with regard to the mean
shape along the canonical variate. We tested the reliability of group differences found
in the CVA using linear discriminant analysis (LDA), with Fisher’s classification rule
and a leave-one-out, jackknife cross-validation method to obtain the post hoc prob-
abilities of correct classification (Klingenberg 2010). Finally, we used the
Mahalanobis distances derived from the CVA to plot an unweighted pair group
method with arithmetic mean (UPGMA) unrooted tree, using the PHYLIP 3.5C
NEIGHBOR package, which shows shape similarities among groups in a hierarchical
phenetic tree assuming constant rates of evolution.

Quantitative Analyses
Using AnalySYS, we calculated the SFI (Frey 1923) by measuring the supraspinous

and infraspinous fossae breadths (in mm) perpendicular to the line defined by the
distance from the midpoint on the dorsal border of the glenoid fossa to the
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intersection between the scapular spine and the vertebral border (Frey 1923; Schultz
1930) (Fig. 1). We then calculated the two-dimensional index (2DI) by measuring
two-dimensional areas (in mm?) of the supraspinous and infraspinous fossae, using
the digital images obtained for the GM analysis. We defined the perimeters of the
fossae with SigmaScan (SPSS™) to obtain the two-dimensional areas required for
computation of the supraspinous/infraspinous ratio. Finally, we calculated the three-
dimensional index (3DI) by measuring the three-dimensional areas (in mm?) of the
scapular insertion surfaces of the supraspinatus, infraspinatus, and teres minor
muscles, using a Picza LPX-600 3D laser scanner (Roland DGA Co.). Because laser
reflectance on original bones was poor, we scanned high-quality molds of the fossae
made with polysiloxane condensation-type silicone elastomer (Colténe Speedex
Putty, Coltene/Whaledent AG). Scan dot resolution was 0.4 mm. We saved the
three-dimensional coordinates of scanned points in Drawing Exchange Format
(.dxf) and measured the areas of the insertions with Rhinoceros 3.0 after cutting the
three-dimensional mesh at the insertion area border.

We used the Kolmogorov—Smirnov test to check the normal distribution of the
data and the ANOVA tests and Bonferroni post hoc comparisons to test for differ-
ences in locomotor group means. We also tested how reliably the three quantitative
indices discriminated locomotor groups using LDA, followed by a post hoc correct
classification analysis with leave-one-out, jackknife cross-validation. We plotted a
UPGMA tree based on the squared Euclidean distances of the three quantitative
analyses, and compared it with the tree obtained in the GM analysis by using a
Mantel test (XLSTAT™) with 1000 permutations to determine the correlation be-
tween the distance matrices of both trees.

Muscle Weight Index

We measured the weights of the rotator cuff muscle in 12 human and 11
nonhuman shoulders that had been cryopreserved 24-48 h after death and not
treated with any fixation method. The same researcher (J. M. Potau) dissected all
the muscles and recorded the origin and insertion of each rotator cuff muscle. He
then removed each muscle, cleaned it of adipose tissue and muscle fascia, and
weighed it. We calculated the ratios of the supraspinatus to infraspinatus + teres
minor weights. The 12 human cadavers (six males and six females), showing no
signs of macroscopic pathological conditions, came from the Body Donation
Service and dissection rooms of the University of Barcelona. Ages at death
ranged from 38 to 80 yr (mean 65 yr; mode 60 yr). The 11 nonhuman primates
(one Hylobates gabriellae, three Pongo pygmaeus, three Gorilla gorilla, and four
Pan troglodytes) were provided by the Department of Anatomy and Radiology of
the University of Valladolid, Spain. They had lived in captivity in various
Spanish zoos and their deaths were unrelated to our study. One Pongo and one
Pan were provided at the last minute and could be included in the quantitative
analysis of the supraspinous and infraspinous fossae but not in the GM analysis.
We compared the muscle weight indices with the three quantitative indices (SFI,
2DI, 3DI) obtained in the 23 samples. However, owing to the relatively small
samples available for some specimens in this comparison, we were cautious in
drawing definite conclusions that need to be confirmed with a larger sample.
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Results
GM Analysis

The first two principal components (PC1 and PC2) of the PCA derived from the
Procrustes residuals explained 70.27 % of scapular shape variation (56.88 % PCl,
13.38 % PC2). The specimens clearly clustered by type of locomotion in the plot of
PC1 vs. PC2 (Fig. 2). Both the bipedal Homo and the arboreal quadrumanous and
arm-swinger Pongo showed minimum values for PC1, though they differed for PC2,
whereas the arboreal brachiator Hylobates showed the highest values for PCI.
Although Pan and Gorilla showed intermediate values for PC1, the arboreal arm-
swinger and terrestrial knuckle-walker Pan had slightly higher PC1 values than the
mostly terrestrial knuckle-walker Gorilla. Pan and Gorilla showed the highest mean
values for PC2. The multivariate regression analysis (with 1000 permutations) of PC1
and PC2 and the logarithm of the centroid size (logCS) indicated that neither PC1
(P=0.20), with 5.63 % of total shape variation explained by size variation, nor PC2
(P=0.22), with 0.96 % of total shape variation explained by size variation, correlated
significantly with logCS, indicating that size allometry had little effect on scapular
shape variation.

Three canonical variates (CV1, CV2, and CV3) (Fig. 3) derived from the CVA
explained 93.43 % of scapular shape variation. In the LDA, using Mahalanobis
distances to calculate differences between mean scapular shapes, all pairwise group
comparisons were significant (Table III) except that between Pongo and Hylobates,
which was significant when the Procrustes permutation test was used (Table III). The
post hoc correct classification probabilities derived from the LDA after leave-one-out
jackknife cross-validation varied 66.7-100 % depending on sample size (Table IV).
CV1 explained 62.75 % of total variance and was indicative of the increase in the
angulation of the scapular spine (displacement of landmark 3 toward landmark 5;
Fig. 3) that results in the increase in size of the supraspinous fossa in relation to the
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PC1 56.88%
Fig. 2 Scatterplot of the first two principal components (PC1 and PC2) derived from the PCA of the GM
analysis.
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O Hylobates

O Gorilla

O Pan

O Homo

Fig. 3 Scatterplots showing the dispersion of the locomotor groups for (a) CV1 vs. CV2 and (b) CV1 vs.
CV3. Solid black wireframes shots show the extreme shape of each CV and the dashed gray wireframes
shots represent the mean shape (coordinates 0, 0).

infraspinous fossa, the elongation of the scapular spine, and the reduction of the teres
major insertion area (landmarks 6 and 7 becoming closer). Homo and Pongo, the only
groups with negative CV1 values, have short scapular spines, oriented perpendicu-
larly to the vertebral border, relatively small supraspinous fossae compared to the
infraspinous fossae, and large teres major insertion areas. In contrast, Hylobates, with
the highest positive CV1 values, have a long, more angulated spine; similar supra-
spinous and infraspinous fossae sizes; and a small teres major insertion area. Pan and
Gorilla had intermediate CV1 values between these two extremes. CV2 explained
21.75 % of total variance and was indicative of a reduction of scapular length (inward
displacement of landmarks 3 and 4; Fig. 3), maintenance of the spinal angle, and an
increase of the sharpness of the superior angle of the scapula (outward displacement
of landmark 2). Hylobates, with the lowest CV2 values, had a long scapular blade and

@ Springer 170



Dorsal Side of Scapula and Locomotion in Hominoidea 325

Table III Mahalanobis and Procrustes (in italics) distances between groups with P-values (in parentheses)
based on 1000 permutations

Mahalanobis distance (P value)

Procrustes distance (P value)

Species Gorilla Homo Pan Pongo
Homo 18.43 (<0.0001)
0.18 (<0.0001)
Pan 7.44 (0.0023) 17.82 (0.0001)
0.11 (<0.0001) 0.22 (<0.0001)
Pongo 37.33 (0.0192) 20.22 (0.0135) 14.48 (0.0351)
0.18 (<0.0001) 0.13 (<0.0001) 0.20(<0.0001)
Hylobates ~ 12.75 (<0.0001) 25.48 (<0.0001)  13.74 (<0.0001)  11.92 (0.0601)
0.21 (<0.0001) 0.32 (<0.0001) 0.17 (<0.0001) 0.27 (<0.0001)

a less sharp superior angle, whereas Pan, with the highest CV2 values, showed a
short scapular blade and a sharper superior angle. Homo and Pongo had intermediate
CV2 values and Gorilla were midway between Pongo and Pan. CV3 explained only
9.51 % of total variance. It was indicative of a decrease in the sharpness of the
superior angle (downward displacement of landmark 2) and an increase in the length
of the teres major insertion area (outward displacement of landmarks 5 and 6; Fig. 3).

Quantitative Analyses

The means and standard deviations of SFI, 2DI, and 3DI for each locomotor group
are shown in Table V, all variables following normal distributions within locomotor
groups. Homo had the lowest values in all three indices, followed by Pongo and Pan.
Gorilla had the highest 2DI value, while Hylobates had the highest SFI and 3DI
values. We found significant differences among locomotor groups in all three indices
(ANOVA: 2DI F=42.13, P<0.001, 3DI F=21.96, P<0.001, SFI F=17.78,
P<0.001). Bonferroni post hoc comparisons showed significant differences for all

Table IV Percentages of post

hoc correct classification probabil- CVA DA
ities derived from the discriminant
functions after leave-one out cross- Pongo-Hylobates 66.7 100
validations for the canonical Pongo—Pan 77.8 79.2
variate shape analysis (CVA) and Pongo—Homo 88.9 58.4
the discriminant quantitative P 0l 5 !
analysis (DA) ongo—Gorilla 88. 00
Hylobates—Pan 100 75.0
Hylobates—Homo 100 100
Hylobates—Gorilla 91.3 83.4
Pan—Homo 95.8 100
Pan—Gorilla 91.3 86.4
Homo—Gorilla 100 100

171 @ Springer



326 G. Bello-Hellegouarch ef al.

pair-group comparisons except Homo—Pongo and Gorilla—Pan for SFI; Pongo—
Homo and Hylobates—Gorilla for 2DI; and Homo—Pongo, Gorilla—Pan, and
Gorilla—Hylobates for 3DI (Table VI). The LDA based on these indices yielded three
discriminant functions, the first two of which showed significant intergroup differ-
ences, explaining 99.7 % of total variance, with DF; correlating mainly with 2DI and
DF, with SFI (Table VII). The 2DI and 3DI indices discriminated locomotor groups
more efficiently than SFI (Fig. 4). Gorilla and Hylobates had higher 2DI and 3DI
values (a larger supraspinous fossa in relation to the infraspinous fossa), whereas
Pongo and Homo had lower 2DI and 3DI values (a smaller supraspinous fossa in
relation to the infraspinous fossa) and Pan had intermediate values. Within the LDA,
the lowest post hoc probability of correct classification (58.4 %) after the leave-one-
out cross-validation was observed in the Pongo—Homo comparison (Table 1V), most
likely due to the misclassification of some Pongo specimens as Homo, as Homo
showed a correct classification of 100 %.

In the 23 samples available, Homo had the lowest muscle weigh index (MWI),
followed by Pan, Pongo, Hylobates, and Gorilla. The dispersion and variability of
the MWI was most closely matched by the 3DI variable for all groups except Homo
(Table VIII). This was as expected because the 3DI was obtained from actual
measurements of 3D insertion areas, not from approximations, as was the case for
SFI and 2DI.

In the UPGMA phenetic dendograms derived from the GM results and the
quantitative indices (Table 1X), Homo and Pongo closely resembled each other on
one side, and Pan and Gorilla resembled each other on the other side, whereas
Hylobates appeared as an outgroup to all other taxa, but closer to Pan and Gorilla
(Fig. 5a). Homo and Pongo were farther from all other taxa in the dendogram derived
from the quantitative indices (Fig. 5b) than in the GM dendogram. Nevertheless, the
two distance matrices correlated significantly (Mantel test: »=0.813, P=0.005),
indicating that the indices provided reliable information about shape variation.

Discussion
GM Analysis

The GM study showed that differences in the hominoid scapular shape are not related
to allometric changes and may well be related to differences in locomotor behavior.
This is in accordance with Davis (1964) and Miiller (1967), who observed that the
mammalian scapula as a whole was not subject to allometric changes, as differences
in the scapular shape were independent of body size. Young (2008) also concluded
that the major factor influencing scapular shape in primates was functional, although
some evidence of phylogenetic influence was apparent in infants. Our GM analysis
detected significant differences among locomotor groups, consistent with previous
GM studies (Young 2008), with Hylobates having a distinct scapular shape and Homo
and Pongo resembling each other and separated from Gorilla and Pan.

The main differences in scapular shape identified by the GM analysis were related
to variation in the supraspinous:infraspinous fossae ratio and the angulation and
relative length of the scapular spine. These two parameters are directly correlated
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Table V' Mean and standard deviation (in parentheses) of the SFI, 2DI, 3DI, and MWI indices by genera,

representative of distinct locomotor groups

Genus N 2DI 3DI SFI N MWI

Homo 12 0.105 (0.025) 0.434 (0.076) 0.342 (0.035) 2 0.376 (0.074)
Pan 13 0.311 (0.050) 0.597 (0.111) 0.673 (0.085) 4 0.413 (0.050)
Pongo 7 0.177 (0.066) 0.466 (0.038) 0.374 (0.104) 3 0.458 (0.031)
Hylobates 12 0.448 (0.122) 0.696 (0.088) 1.007 (0.429) 1 0.591 (-)
Gorilla 11 0.510 (0.125) 0.676 (0.067) 0.714(0.098) 3 0.691 (0.102)

because, although other muscles that insert in the scapular spine have some influence
on its orientation, e.g., the deltoid and the trapezius, the orientation of the scapular
spine in suspensory primates is mainly related to the dorsal members of the rotator
cuff and the role they play during arm-swinging and suspension (Larson and Stern
1986; Larson et al. 1991).

The knuckle-walkers Gorilla and Pan have a less angulated spine than
Hylobates but more angulated than Pongo and Homo, having relatively large
supraspinous fossae (Aiello and Dean 1990; Potau er al. 2007; Roberts 1974;
Schultz 1930; Young 2008). This large supraspinous fossa may be related to the
important role of the supraspinatus as a postural muscle during knuckle-walking,
where it acts together with the infraspinatus to stabilize the glenohumeral joint by
controlling the humeral retraction during the support phase (Larson and Stern
1987, 1992; Potau et al. 2009; Roberts 1974; Tuttle and Basmajian 1978b). The
supraspinatus also acts to resist shearing stresses at the glenohumeral joint
because of the dorsal position of the scapula in knuckle-walkers (Larson 1993;
Roberts 1974). The differences we found between the two knuckle-walkers in our
GM analysis may be explained by their locomotor differences. Chimpanzees are
highly arboreal but spend much of their time as terrestrial knuckle-walkers
(Fleagle 1999; Goodall 1965; Ward 2007), whereas gorillas are almost exclusive-
ly terrestrial, although they climb occasionally (Fleagle 1999; Remis 1995; Tuttle
and Watts 1985; Ward 2007), particularly in the case of female western lowland
gorillas (Doran 1996; Kuroda 1992; Tutin and Fernandez 1985). Although it has
been suggested that much of the interspecific variation in morphology and
behavior found between them chimpanzees and gorillas can be explained in
terms of body size differences (Doran 1997; Isler 2005), some anatomical traits,
especially those linked to specific behavioral differences, cannot (Doran 1997).

Homo 1s the hominoid with the least angulated spine and, therefore, with the
greatest difference between the infraspinous and the supraspinous fossae. In modern
humans, the habitual pendant position of the arm and the use of the upper limb almost
exclusively as a manipulatory organ (Larson 1993, 1995; Potau et al. 2011) have
decreased the shearing stresses at the glenohumeral joint, thus reducing the need for a
developed muscle. Therefore, the human supraspinous fossa is relatively poorly
developed (Potau et al. 2007; Roberts 1974). The reduced development of the
supraspinatus muscle increases speed and precision during movements of the gleno-
humeral joint, essential in the manipulatory behaviors of the upper limb (Potau et al.
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Table VII Results of the LDA of the SFI, 2DI, and 3DI indices, showing the percent of total variance
explained by each function, their correlation with the original variables, and the significance of the
discrimination of the combined functions

DF % 2D1 3DI1 I'SF1

1 86.9 0.954 0.675 0.535

2 12.8 —0.050 0.347 0.812
0.3 —0.297 0.652 —0.233

CF A df P

All 0.136 12 <0.001

2-3 0.639 6 0.001

3 0.989 2 0.757

DF = discriminant function; % = percentage of total variance explained by each function; 7,py, 73py, 7sp1 =
Pearson correlation coefficients between the discriminant functions and the indices; CF = contrasts of
functions; A = Wilks lambda statistic for the significance of the discrimination; df = degrees of freedom; P =
significance value

2007), but reduces arm-raising ability compared to other hominoids (Ashton and
Oxnard 1963, 1964; Larson 1993; Oxnard 1967, 1969). However, the infraspinatus
muscle in modern humans is relatively large compared to the supraspinatus (Aiello
and Dean 1990; Roberts 1974), owing to its need for external rotation during the
elevation of the arm in the scapular plane, delaying the contact between the
acromion and the greater tubercle of the humeral head (Basmajian and de Luca
1985; Inman et al. 1944).

Pongo, a highly arboreal and suspensory primate, is closer to Homo in the GM
analysis than to the knuckle-walkers. A slightly angulated spine and a supraspinous
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Fig. 4 LDA of the three quantitative indices (SFI, 2DI, and 3DI).
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Table VIII Mean values and standard deviations (in parentheses) of the four indices considered by genera

Genus N MWI 2DI 3DI SFI

Homo 12 0.38 (0.07) 0.11 (0.03) 0.43 (0.08) 0.34 (0.04)
Pan 4 0.41 (0.05) 0.29 (0.03) 0.53 (0.05) 0.62 (0.02)
Pongo 3 0.46 (0.03) 0.15 (0.07) 0.48 (0.04) 0.35 (0.05)
Hylobates 1 0.59 () 0.51 (-) 0.65 (-) 0.72 (-)
Gorilla 3 0.69 (0.10) 0.34 (0.02) 0.61 (0.04) 0.60 (0.04)

fossa that is poorly developed compared to the broad infraspinous fossa characterize
Pongo (Oxnard 1984; Roberts 1974; Young 2008). The relatively well-developed
infraspinatus confirms the important role of this muscle in suspensory behaviors. The
external rotation function of the infraspinatus (assisted by the teres minor muscle) is
especially important during the swing phase of vertical climbing and acts to resist
transarticular tensile stresses during pendant suspension and during the support phase
of arm-swinging (Larson and Stern 1986).

Hylobates has the most angulated spine, resulting in similar supraspinous and
infraspinous fossae sizes. This hypertrophy of the supraspinous fossa cannot be
explained by a postural function, as in knuckle-walkers, but may be due to the
“overwhelming lineage-specific specializations” of their shoulder for true brachiation
(Young 2008, p. 259). During the process of reaching upward when climbing
vertically, Hylobates shows a degree of abduction of the humerus that is even larger
than in the great apes, probably because of the smaller humeral head torsion in
Hylobates (Isler 2002, 2005). Thus, the large supraspinous fossa found in
Hylobates could be explained by the need of a great abductor for this purpose.
Some studies have suggested that the shoulder abductors of the true brachiators are
especially important for rapid accelerations of the forelimb, and in reaching for
overhead supports that are not necessarily placed in the sagittal plane of the body
(Michelsens et al. 2009, 2010). In addition, the infraspinatus muscle, as well as the
rotators of the scapula, have a very important function stabilizing the body during
brachiation, preventing it from swinging mediolaterally rather than forward (Kikuchi
et al. 2012; Michelsen et al. 2009). The scapular shape difference between Pongo and
Hylobates may seem surprising given the apparent suspensory behavior shared by
both Asian apes. In contrast to the substantially larger orangutans, who owing to their
large body size and weight adopt a slower and more cautious quadrumanous climbing

Table IX Mabhalanobis distances derived from the CVA of the GM analysis and squared Euclidean
distances (in parentheses) derived from the analysis of the indices, used to generate the UPGMA trees

Gorilla Homo Hylobates Pan
Homo 8.4015 (0.362)
Hylobates 7.4750 (0.073) 12.1123 (0.629)
Pan 5.3863 (0.109) 10.0748 (0.179) 7.8002 (0.152)
Pongo 7.8738 (0.271) 5.9191 (0.007) 10.5180 (0.527) 8.8850 (0.130)
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Fig. 5 UPGMA trees derived (a) from Mahalanobis distances between taxa according to the GM analysis
and (b) from the squared Euclidean distances of the three quantitative indices.

and arm-hanging locomotion in the canopy (Fleagle 1999; Thorpe and Crompton
2005, 2006; Ward 2007), the smaller and lighter weighted gibbons propel their bodies
quickly and effectively through the canopy using true brachiation, without the use of
the lower limbs (Fleagle 1999; Napier 1963; Tuttle 1975).

Quantitative Analyses

The LDA identified Pongo and Homo as having low values for the three indices
analyzed, indicating that they shared a smaller supraspinous in relation to the infra-
spinous fossa compared to Gorilla, Pan, and Hylobates. We found no significant
differences between Homo and Pongo for any of the three indices, which is similar to
the GM results, where Homo and Pongo slightly overlap. However, the results for
Pan, Hylobates, and Gorilla are not so clear. We found significant differences
between Gorilla and Pan in the 2DI, but none between Gorilla and Hylobates.
There were no significant differences in the 3DI values between Gorilla and Pan or
between Gorilla and Hylobates, either. Interestingly, the GM analysis found similar-
ities between Gorilla and Pan, whereas the 2DI and the 3DI indices found similarities
between Gorilla and Hylobates. In addition, although the 2DI and 3DI indices
identified Gorilla and Hylobates as the two groups with the relatively larger supra-
spinous fossae, the GM analysis found that Hylobates had a slightly larger supra-
spinous fossa than Gorilla.

Homo always had the relatively smallest supraspinous fossa and the relatively
smallest supraspinatus muscle. Hylobates always had the relatively largest supra-
spinous fossa but Gorilla had the largest supraspinatus muscle. We also found
contradictory results for Pan and Pongo: Although in the dissected specimens the
three quantitative indices showed that Pongo had a relatively smaller supraspinous
fossa compared to Pan, the MWI showed that Pongo had a relatively larger supra-
spinatus muscle. These differences between the osteological and muscular data
suggest that we must exercise caution when making inferences about muscle size
and locomotor behavior based exclusively on the analysis of bones. For many years,
researchers have reconstructed locomotor and postural behaviors of extinct species
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assuming that there was a direct and causative relationship between muscle size and
bony attachments (Aiello and Dean 1990; Richmond and Strait 2000; Roberts 1974).
However, a substantial part of the information about soft tissues is lost when we
consider only osteological data because the size of the muscle may not be simply and
directly reflected by the size of the fossa. Many factors besides muscle size or activity
may influence this relationship in ways that are poorly understood (Zumwalt 2006),
complicating the interpretation of the attachment morphologies. Thus, further work is
needed to understand the influence of muscle size or its activity on bony attachments
fully, particularly to make more reliable behavioral reconstructions from osteological
data. The 3DI variable was the most similar to the muscular values, as one might
expect. The 3DI values are true reflections of the area of attachment of the muscles
because they include the curvature of the fossae and eliminate the parts of the blade
that are not affected by the attachment of the rotator cuff muscles, e.g., teres major
insertion area. Therefore, the 3DI appears to be the most accurate way to obtain
functional information when the muscle is missing. However, our muscular sample
size is limited, and further analyses with a larger sample are needed to confirm these
preliminary conclusions.

Evolutionary Perspectives

The significant differences found in the ratios between the supraspinous and infra-
spinous fossae between the different locomotor groups lead us to speculate on the
evolution of locomotor behavior in hominoids. The resemblance between Pongo and
Homo suggests that the last common ancestor of the human—chimpanzee clade
probably showed an overall suspensory shoulder girdle pattern (Crompton et al.
2008; 2010; Kivell and Schmitt 2009; McHenry 1986; Oxnard 1984; Thorpe et al.
2007), instead of a knuckle-walker structure, as has been suggested (Begun 1992;
Corruccini and McHenry 2001; Orr 2005; Richmond and Strait 2000; Richmond et
al. 2001; Williams 2010). In addition, despite the similarity found between Gorilla
and Pan, they also showed somewhat distinct morphological patterns, supporting the
independent evolution of knuckle-walking in the two taxa (Dainton and Macho 1999;
Kivell and Schmitt 2009; Larson 1996), suggesting homoplasy between Pan and
Gorilla. Finally, the fact that Hylobates separated completely from the other taxa
supports the well-established hypothesis that Hylobates was the first hominoid to
diverge (Groves 1972; Ruvolo 1997; Tuttle 1975; Young 2003), showing significant
autapomorphies, such as a small body size along with highly derived brachiating
specializations (Cartmill 1985) that differentiated them from other, more generalized
hominoids.

Conclusions

We combined qualitative and quantitative methods to study the ratio between the
supraspinous and infraspinous fossae of the scapula, confirming the presence of
morphological differences that reflect the adaptations of the scapula to the main
locomotor behavior of each group. Homo and Pongo share a distinct functional
anatomy characterized by a relatively small supraspinous fossa related to the need

@ Springer 178



Dorsal Side of Scapula and Locomotion in Hominoidea 333

for speed and manipulative precision in Homo and to adaptations to arboreality
in Pongo. In contrast, Pan, Gorilla, and Hylobates are characterized by a
relatively broad supraspinous fossa, related to the terrestrial locomotion of the
knuckle-walkers Pan and Gorilla and to the highly specialized brachiation of
Hylobates. An analysis of muscle weights revealed that, although a three-
dimensional analysis of the fossae is useful when muscles are missing, sub-
stantial information about soft tissue is lost because the bony insertions do not
necessarily reflect the size of the muscle. We must therefore be cautious when
making locomotor inferences from osteological data alone. Further analyses
with larger samples are required to confirm these preliminary conclusions.
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RESUMEN

Las colecciones osteoldgicas de primates procedentes de
animales en cautividad son esenciales para estudiar las adaptacio-
nes morfoldgicas del esqueleto a diferentes modos de locomocion,
especialmente en especies en peligro de extincion. Sin embargo, se
suelen descartar estas colecciones por no considerarse representa-
tivas de individuos en libertad ya que las condiciones de vida en
cautividad podrian influir de manera critica en la morfologia del es-
queleto (O'Regan 2001; O'Regan & Kitchener 2005). Factores am-
bientales, como la dieta, las caracteristicas del sustrato o las res-
tricciones climaticas, varian entre animales que viven en libertad y
en cautividad, pero no se conoce con precision si estas diferencias
tienen un efecto significativo en la morfologia del hueso (Zuccarelli
2004). A pesar de que algunos estudios han analizado esta influen-
cia en la morfologia craneal de algunos mamiferos (Hollister 1917;
Groves 1982; O'Regan 2001; Zuccarelli 2004), ninguno se ha cen-
trado en la influencia de las condiciones de cautividad en la morfo-
logia de la escapula de los primates. En este estudio se analiza la
morfometria geométrica 2D de la cara dorsal de la escapula de va-
rias especies de hominidos (Goirilla gorilla, Pan troglodytes y Pongo
pygmaeus) procedentes tanto de cautividad como de libertad, con el
fin de determinar si la vida en cautividad influye de un modo decisi-

vo en la morfologia de la escapula.

El analisis detect6 las diferencias morfométricas entre espe-
cies, ya descritas en otros estudios anteriores (Young 2008; Bello-
hellegouarch 2013a), pero en ningun caso se observaron diferen-

cias significativas entre los especimenes procedentes de libertad y
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de cautividad. Este resultado sugiere que la cautividad no afecta de
manera significativa a la morfologia de la escapula, al menos en la
muestra analizada. Si esto se confirma en otras colecciones osteo-
l6gicas, podriamos afirmar que los especimenes que han vivido en
cautividad se pueden considerar representativos de la especie en
su totalidad. Sin embargo, no es posible generalizar esta conclusion
ya que diferentes huesos pueden responder de modos diferentes a
los mismos estimulos externos (Fleagle & Meldrum 1988; Biewener
& Gillis 1999; Pearson & Lieberman 2004; Plochocki et al. 2008;
Green et al. 2012).
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ABSTRACT Many osteological collections from muse-
ums and research institutions consist mainly of remains
from captive-bred animals. The restrictions related to
the space of their enclosures and the nature of its sub-
strate are likely to affect the locomotor and postural
behaviors of captive-bred animals, which are widely con-
sidered uninformative regarding bone morphology and
anatomical adaptations of wild animals, especially so in
the case of extant great apes. We made a landmark-
based geometric morphometrics analysis of the dorsal
side of the scapular bone of both wild-caught and
captive-bred great apes to clarify the effect of captivity

Captive animals are essential for analyzing morpho-
logical adaptations in relation to locomotor behaviors in
primate species since their osteological remains abound
at numerous museum collections. This is especially the
case for endangered species, for which a limited number
of specimens are available and it is rarely feasible to
measure extant specimens in their natural habitat. How-
ever, there is a tendency to reject the use of remains
from captive animals for morphological studies, assum-
ing their anatomical traits are not representative of the
wild morphology (O’'Regan, 2001; O’Regan and Kitch-
ener, 2005). Environmental conditions, including dietary
habits, substrate composition or climatic constraints,
certainly differ between captive-bred and wild animals
(Perkins, 1992; Morgan and Tromborg, 2007) but it is
not well known yet whether such differences have a
direct impact on bone morphology (Zuccarelli, 2004).
Several morphological studies have attempted to under-
stand the influence of captivity on bone morphology,
although most of them have focused on cranial differen-
ces in mammalian species, such as felines (Hollister,
1917; O'Regan, 2001; Zuccarelli, 2004) or Asian rhinoc-
eros (Groves, 1982), and none has yet considered the
effects of captivity on morphology of postcranial bones in
great apes. Wild great apes perform a great variety of
locomotor behaviors, facilitated by the great mobility of
their glenohumeral joint that allows free overhead eleva-
tion of the arm in the scapular plane (Roberts, 1974;
Larson, 1993). These locomotor differences have been
directly linked with differences in the morphology of the
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on the morphology of a bone greatly involved in locomo-
tion. The comparison suggested that captivity did not
have a significant effect on the landmark configuration
used, neither on average scapular shape nor shape vari-
ability, being impossible to distinguish the scapulae of a
captive-bred animal from that of a wild-caught one. This
indicates that the analyzed scapulae from captive Homi-
noidea specimens may be used in morphological or taxo-
nomic analyses since they show no atypical
morphological traits caused by living conditions in cap-
tivity. Am J Phys Anthropol 152:306-310, 2013. © 2013
Wiley Periodicals, Inc.

scapular blade, fossae and spine (Roberts, 1974; Young,
2008; Bello-Hellegouarch et al., 2013). The scapula is the
forelimb bone that varies most in shape among primates
(Oxnard, 1967) due to the strong relationship between
its morphology and function of the shoulder muscles dur-
ing locomotion (Inman et al., 1944; Ashton and Oxnard,
1963; Oxnard, 1967, 1968, 1969; Oxnard and Neely,
1969; Roberts, 1974; Shea, 1986; Larson and Stern,
1986, 1987, 1989, 1992; Larson et al., 1991; Larson,
1993, 1995; Green et al., 2012).

The behavior of captive great apes is conditioned by a
variety of factors, including the spatial limitations and
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MORPHOLOGICAL EFFECTS OF CAPTIVITY IN HOMINOIDEA

TABLE 1. Number of specimens analyzed by species, origin
(captive, wild) and sex

307

TABLE 2. Type (Bookstein et al., 1999; O’Higgins, 2000) and
description of landmarks used in the GM analysis.

Captive

(N =30) Wild (V =27)
Species Male Female Male Female Unknown
Gorilla gorilla 5 6 4 1 0
Pan troglodytes 6 6 5 7 1
Pongo pygmaeus 1 6 5 4 0
All 12 18 14 12 1

structure of the enclosures they live in (Kimes et al.,
1981; Wilson, 1982; Perkins, 1992; Hosey, 2005), fre-
quently lacking natural stimuli, which can result in a
variety of physical and psychological problems (Clarke
et al., 1982; Birkett and Newton-Fisher, 2011), affecting
their locomotor and postural behaviors. Although in
recent years mammals, and in particular primates,
receive regular environmental enrichment devices to
alleviate the lack of stimulation (Clarke et al., 1982;
Rumbaugh, 1982; Perkins, 1992; Robinson, 1998; Hebert
and Bard, 2000), even the best naturalized zoological
environments are still very limiting and some abnormal
behaviors persist (Clarke et al., 1982; Birkett and
Newton-Fisher, 2011). In this study, we aimed to assess
if captivity conditions have a measurable impact on
scapular shape morphology of extant great apes from
zoological facilities compared to that of wild populations.
Our intention was not to debate the pros and cons of
captivity, but rather to evaluate the usefulness of the
scapula of captive specimens for making anatomical and
locomotor inferences of the species as a whole. Thus,
shape differences on the dorsal side of the scapula
between captive and wild specimens of some Hominidae
species were analyzed with a landmark-based geometric
morphometrics (GM) procedure.

MATERIAL AND METHODS

The scapulae of 57 Hominidae primate specimens
were analyzed (Table 1). The remains were curated at
three institutions: the Museum of Natural Sciences in
Barcelona, Spain (IV = 14); the Anatomical Museum of
the University of Valladolid, Spain (N =16); and the
Smithsonian National Museum of Natural History in
Washington, DC (N = 27). Neither the cause of death nor
the age at death of these specimens was available for
most of both the wild and captive specimens, though all
of the analyzed specimens were classified as adults
based on dental eruption patterns. The specimens stud-
ied (Table 1) included three Hominoidea species: Gorilla
gorilla (N =16; 11 captive, 5 wild); Pan troglodytes
(N =25; 12 captive, 13 wild); and Pongo pygmaeus
(N =16; 7 captive, 9 wild). All the specimens from the
Smithsonian Natural History Museum were wild-caught
animals and served as comparative controls to the cap-
tive ones that came from various Spanish zoos and insti-
tutions (zoological parks in Barcelona, Madrid,
Matapozuelos in Valladolid, Santillana in Santander,
Loro Park in Tenerife, Bioparc in Valencia and Fundacié
MONA in Girona). Detailed information on the prove-
nance of all captive specimens (N=30) was not available,
though. A total of 17 specimens (4 gorillas, 7 chimpan-
zees and 6 orangutans) were born in captivity and 6 (4
gorillas and 2 chimpanzees) were wild caught as juve-
niles, as was the case for the well-known gorilla Copito

Landmark Type Name/definition

1 Type 11 Suprascapular notch

2 Type II Superior angle of the scapula

3 Type I Intersection between vertebral
border and base of scapular
spine

4 Type 11 Spinoglenoid notch

5 Type I Intersection point of the teres
major fossa and the vertebral
border of the scapula

6 Type 11 Inferior angle of the scapula

7 Type 11 Lateral expansion of the teres
major fossa

8 Type I Intersection point of the teres
major fossa and the lateral
border of the scapula

9 Type 11 Infraglenoid tubercle

de Nieve that spent the rest of his life in captivity. No
specific information was available for the other 7 speci-
mens (3 gorillas, 3 chimpanzees and 1 orangutan), some
of which were seized by the police from their owners and
then brought to public institutions, as documented for
two chimpanzees from MONA that had formerly lived
under deplorable conditions for years. Despite the fact
that Spanish zoological institutions have greatly
improved in the last decades, captive Hominoidea suffer
great mobility limitation, both from the reduced size of
their enclosures and the little time they spend in loco-
motor activities similar to those practiced in natural
environments.

Following the GM nomenclature by Bookstein (1991),
nine anatomical operationally homologous landmarks
representative of scapular shape (Bello-Hellegouarch
et al.,, 2013) were considered (Table 2, Fig. 1). Since
scapulae are not perfectly flat, some dimensions may be
distorted when representing 3D objects in a two-
dimensional plane. To minimize this, digital images were
obtained with a Canon EOS 550D camera, keeping the
focal distance constant and with the scapulae oriented
with the plane defined by landmarks 3, 4, and 5 parallel
to the plane of focus. The distortion caused by projecting
all landmarks onto this plane has been shown to have
its greatest effect on the acromion (Swiderski, 1993), not
considered in our analysis. The coordinates of the land-
marks were recorded with tpsDig 2.16 software (Rohlf,
2010) and Morphod 1.02 (Klingenberg, 2010) was used
to conduct the General Procrustes analysis, a procedure
that superimposes all specimens minimizing spatial vari-
ability and removing the effects size and orientation of
landmark coordinates (Bookstein, 1991; Dryden and
Mardia, 1998; Zelditch et al., 2004; Klingenberg, 2010).
The resulting dataset, known as Procrustes residuals,
was used for multivariate statistical analyses (Rohlf and
Marcus, 1993; Bookstein, 1991; Dryden and Mardia,
1998; Zelditch et al., 2004; Klingenberg, 2010).

A principal components analysis (PCA) of scapular
shape was performed to visualize patterns of variation
within and among groups. PCA reduces complex multidi-
mensional data to a few components or eigenvectors
(Zelditch et al., 2004; Klingenberg, 2010; O’Higgins,
2010) that can be used to explain shape differences
between groups. The principal component scores were
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Fig. 1.
marks used in the GM analysis.

Dorsal view of the scapulae of Gorilla with the land-

used in a factorial multivariate analysis of variance
(MANOVA) in SPSS (SPSS, Chicago, IL) to test if the
differences observed between captive and wild specimens
were significant. A post-hoc pair-wise comparison (7-
test) with 1,000 permutations was then performed in
Morphod from the Mahalanobis and Procrustes distan-
ces, and deformation wireframes were drawn to compare
mean scapular shapes between captive and wild
specimens.

RESULTS

The PCA yielded 14 principal components (PCs)
derived from the Procrustes residuals, the first three of
which explained 78.7% of total scapular shape variation
(45.9% PC1, 20.2% PC2, 12.6% PC3). The scatterplot of
the dispersion of the specimens for PC1 vs. PC2 (Fig. 2)
showed a clear separation of Pongo pygmaeus from Pan
troglodytes and Gorilla gorilla for PC1, and PC2 clearly
distinguished P. troglodytes from G. gorilla. The captive
and wild individuals within each species visibly over-
lapped for these two components. The clear separation of
species shown in Figure 2 (representing overall shape
variation) was confirmed with the MANOVA test that
was highly significant (F=6.41, P <0.0005; Wilk’s
Lambda=0.003). In addition, the pair-wise comparisons
with 1,000 permutations showed that scapular shape dif-
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Fig. 2. Scatterplot showing the dispersion of the three stud-
ied species (Gorilla gorilla, Pan troglodytes and Pongo pyg-
maeus) for PC1 vs. PC2, showing the overlapping wild (open
symbols) and captive (filled symbols) specimens.

ferences were significant between species but not
between captive and wild individuals within each species
(Table 3). The wireframes representing the mean scapu-
lar shapes of both captive and wild specimens also
showed the lack of morphological differences between
the two groups (Fig. 3). Since no differences between
captive and wild individuals were found, additional pair-
to-pair post-hoc T-tests were made between species with
wild and captive samples combined, which showed simi-
lar significant differences between the three species
(Table 4).

DISCUSSION

Our GM analysis detected significant differences in
scapular shape among species, both for captive and wild
groups separated or pooled, consistent with previous GM
studies (Young, 2008; Bello-Hellegouarch et al., 2013).
Pongo showed a distinct scapular shape from those of
Gorilla and Pan that more closely resembled each other,
although the two African apes also showed distinct scap-
ular shapes. On the other hand, no significant differen-
ces between wild-caught and captive-bred specimens
were observed for all the species analyzed, which sug-
gests that captivity might have not significantly affected
scapular shape morphology. If this can be shown also for
other osteological collections, captive specimens might be
considered in morphological analyses as representative
of wild specimens. However, our results cannot necessar-
ily be extrapolated to other skeletal features, since dif-
ferent bones may respond in dissimilar ways to the
same external stimuli (Biewener and Gillis, 1999; Pear-
son and Lieberman, 2004; Plochocki et al., 2008; Green
et al., 2012), as observed in the ulna of Pithecia pithecia
caused by the forced quadrupedal activities performed
by the animal due to the small size of their cages (Flea-
gle and Meldrum, 1988). In this regard, geometric mor-
phometrics seems to be a useful tool to assess the impact
of captivity in bone morphology and it would therefore
be interesting to perform this kind of analysis in other
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TABLE 3. Mahalanobis and Procrustes (in italics) distances found within each locomotor group depending on the wild or captive
origin of the individuals, with P-values (in parenthesis) of the T-tests based on 1000 permutations

Gorilla gorilla Pan troglodytes Pongo pygmaeus
Captivity Wild Captivity Wild Captivity
G. gorilla Captivity (N=11) -
Wild (N=5) 30.47 (0.2180) -

P. troglodytes

Captivity (N=12)

Wild (N=13)

0.03 (0.9150)

8.33 (0.0010)
0.11 (<0.0001)
6.76 (<0.0001)
0.12 (<0.0001)

14.09 (0.1310)
0.11 (0.0010)
20.88 (0.0160)
0.11 (0.0010)
10.40 (<0.0001)
0.19 (<0.0001)
10.73 (0.0510)
0.18 (0.0010)

3.19 (0.1340)

0.05 (0.0160)
13.90 (0.0100)
0.21 (<0.0001)
14.33 (<0.0001)
0.21 (<0.0001)

22.92 (<0.0001) -
0.19 (<0.0001)
14.88 (<0.0001)
0.18 (<0.0001)

7.41 (0.6340)
0.06 (0.2300)

P. pygmaeus Captivity (N=17) 12.50 (0.0480)
0.19 (<0.0001)
Wild (N=9) 14.69 (0.0010)
0.18 (<0.0001)
A B C

Fig. 8. Shape changes between group centroids. Compari-
sons shown correspond to: shape changes between wild (black)
and captive (gray) for Gorilla (A), Pan (B), and Pongo (C).

TABLE 4. Mahalanobis and Procrustes (in italics) distances
found within each locomotor group (captive and wild individu-
als all together), with P-values (in parenthesis) of the T-tests
based on 1000 permutations

Gorilla gorilla
(N =26)

5.56 (<0.0001)
0.11 (<0.0001)
9.03 (<0.0001)
0.18 (<0.0001)

Pan troglodytes

Pan troglodytes (N = 25)

10.84 (<0.0001)
0.19 (<0.0001)

Pongo pygmaeus (N = 16)

postcranial elements to accurately identify if captivity
conditions may differentially affect various anatomical
areas.

Additionally, we cannot discount that captivity condi-
tions might affect shoulder muscles while bone morphol-
ogy is preserved, since these are more susceptible than
bones to the different habitat conditions and behavioral
differences (Ward and Sussman, 1979). Comparing the
shoulder musculature of captive-bred and wild-caught
Hominidae would certainly be informative. Some studies
on the shoulder musculature of the Hominoidea (Potau
et al., 2009; Myatt et al., 2012) have been made, as well
as of model organisms such as mice (Green et al., 2012),
but data from animals in natural habitats are lacking
due to the difficulties and ethical issues involved.

CONCLUSIONS

No significant differences in scapular shape were
found between captive-bred and wild-caught Hominidae

primates, which suggest that captivity may not signifi-
cantly influence the scapular morphology of extant great
apes. The scapulae of the captive specimens analyzed
can, thus, be used in morphological or taxonomic analy-
ses, alone or along with those of wild-caught specimens,
since they do not represent atypical specimens unrepre-
sentative of the wild morphology.
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RESUMEN

Numerosos estudios se han centrado en la relacion entre la
morfologia de la escapula y los comportamientos locomotores de
los primates (Roberts 1974; Taylor & Slice 2005; Young 2006, 2008;
Green et al. 2012). Sin embargo, la mayoria de ellos o bien se cen-
tran en la escapula de los primates ortdbgrados o emplean medidas
anatdmicas como herramientas para discriminar grupos locomoto-
res, sin profundizar en cuales son las razones funcionales que ex-
plican esas diferencias. En este estudio se analiza la relacion entre
los patrones locomotores de los primates prondgrados (incluyendo
haplorrinos y estrepsirrinos) y la morfologia de la cara dorsal de la
escapula, asociando cada categoria locomotora a una forma esca-
pular especifica con el fin de comprender los requerimientos anaté-
micos asociados con el modo de locomocion particular de cada ta-
xén. Se analiza la influencia de la locomocién sobre la morfometria
geométrica 2D de la cara dorsal de la escapula mediante regresio-
nes multivariadas con el fin de identificar la forma asociada a cada

categoria locomotora.

El analisis mostré una clara asociacion entre los diversos mo-
dos de locomocion (cuadrupedia terrestre, cuadrupedia arborea,
cuadrupedia semiterrestre, suspension bimanual, suspension cua-
drupeda, pronograde clambering, slow-climbing quadrupedalism,
leaping, vertical clinging and leaping, vertical clinging) y las formas
escapulares asociadas a ellos. El tamafo relativo de las fosas su-
praespinosa e infraespinosa y el area de insercién del musculo re-
dondo mayor mostraron patrones de diversidad asociados a facto-

res funcionales y adaptaciones anatdmicas de cada tipo de locomo-
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cion. Algunos primates requieren una mayor estabilizacion de la ar-
ticulacion glenohumeral, mientras que otros requieren mayor movili-
dad para poder alcanzar las ramas altas de los arboles, y estos re-
quisitos diferentes se ven reflejados en el tamafio de las fosas su-

praespinosa e infraespinosa.
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ABSTRACT

Scapular shape in primates is highly related to the function of the
muscles that insert on the scapula or originate from it, especially in
the case of the rotator cuff muscles. The scapular's shape is
considered to strongly reflect the animals’ diverse locomotor modes
and behaviors. Ortograde primates (hominoids) have been well
studied, but thorough study of the locomotor and anatomical
adaptations in the scapulae of pronograde primates is still lacking.
For this purpose we conducted a two-dimensional geometric
morphometric analysis of the dorsal side of the scapula in 33 species
of pronograde primates that use different locomotor modes. We
extracted the shape associated with each mode and explained it in
terms of anatomical and functional adaptations to better understand
the requirements associated with each locomotor strategy. We found
that each locomotor mode has specific requirements that are
reflected in the scapular shape. However, since all species use more
than one type of locomotion, their scapular shape will reflect a
compromise between the requirements of distinct locomotor modes.

197



INTRODUCTION

Primates comprise the most diverse mammalian order with
regard to postcranial morphology and positional behavior [Cant 1992;
Cant et al., 2001; Garber 2007], characteristics that underlie their
successful radiation in tropical forests. This radiation reflects the
different ways in which species exploit three-dimensional habitats
[Garber 2007; Nowak 1999], which resulted in a large number of
locomotor specializations. Consequently, it is very difficult to assign
primate species to a single locomotor category, and considerable
discussion exists in the literature about behavioral categorization
possibly being more precise [Hunt et al., 1996; Napier & Napier 1967;
Prost 1965; Rose 1973; Wright-Fitzgerald et al., 2010]. Although
broad locomotor categories are imprecise and do injustice to the
actual diversity of primate movements [Ankel-Simons 2007; Fleagle
1999], they are often used to facilitate the categorization and
posterior analysis of data, based upon the frequency of time spent in
a given behavior [Wright-Fitzgerald et al., 2010]. Locomotion in most
primate species tends to depend on the animals’ body size, their diet,
the substrate they use, the climate, forest types, and the height of the
canopy in which the primates spend most of their time [Ankel-Simons
2007; Charles-Dominique 1990; Fleagle 1999; Nowak 1999].
Therefore, primate species can be generally assigned the following
nonexclusive forms of locomotion: arboreal quadrupedalism,
terrestrial quadrupedalism, climbing, pronograde clambering, leaping,
vertical clinging, and/or suspension (e.g., quadrupedal suspension,
arm-swinging, brachiation) [Ankel-Simons 2007; Fleagle 1999; Hunt
et al., 1996; Nowak 1999; Schmidt 2010].

198



Arboreal quadrupedalism, the progression in a small branch
setting using all four limbs [Fleagle 1999; Rose 1973; Schmidt 2010],
is the most common form of locomotion among living primates and
probably the ancestral locomotor mode of the earliest species
[Fleagle 1999; Martin 1990; Nowak 1999; Rose 1973; Schmidt 2010;
Schmitt 2003]. Arboreal quadrupeds have to deal with substrates that
are discontinuous, mobile, cylindrical in shape, and variable in
angulation, size, and weight-bearing capacity, and they share
adaptations for maintaining balance and support on relatively small
and unstable branches [Cant 1992; Cartmill 1974; Cartmill & Milton
1977; Dunbar & Badam 2000; Garber 2007; Grand 1984]. Different
species perform arboreal quadrupedalism in various ways. For
example, the locomotion is extremely slow and deliberate in lorises
and is known as slow climbing quadrupedalism, tardigrady, or lorisine
crawling, a progression that typically involves the movement of only
one limb at a time [Demes et al., 1990; Gebo 1987, 1989; Hunt et al.,
1996; Jouffroy 1989; Napier & Napier 1967; Runestad 1997; Schmidt
2010; Walker 1974]. Pronograde clambering or scramble consists of
above-substrate quadrupedal progression that lacks a regular gait
and occurs across multiple and irregular placed supports of different
sizes and angles; this locomotion is typical of howler monkeys [Cant
et al.,, 2001; Hunt et al., 1996; Schén Ybarra 1987]. Terrestrial
quadrupedalism is relatively rare among primates and is
characteristic of large Old World monkeys [Fleagle 1999; Schmidt
2010], which show adaptations related to feeding and progression on
the ground that occurs on comparatively uniform and stable
substrates and features more continuous pathways to travel [Fleagle
1999; Garber 2007; Rose 1973]. A specialized mode of terrestrial

quadrupedalism is knuckle-walking, which is seen in the African great
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apes [Doran 1996; Fleagle 1999; Hunt 1992; Hunt et al., 1996].
Climbing is a locomotor mode omnipresent in living primate species
that allows ascent or descent on vertical or steeply inclined arboreal
supports [Gebo 1996; Hunt et al., 1996; Mittermeier & Fleagle 1976;
Schmidt 2010]. Leaping is the fastest mode of progression and is
usually performed for predator avoidance or for crossing gaps in the
forest matrix [Fleagle 1999; Hunt et al., 1996; Nowak 1999; Schmidt
2010]. Leaping consists of covering distances between inclined,
vertical, or horizontal substrates in free flight by rapid extension of the
hind limbs [Ankel-Simons 2007; Schmidt 2010]. Adaptations for this
form of locomotion evolved independently in a number of primate
species [Fleagle 1999; Nowak 1999; Terranova 1996] and are highly
specialized in the small-sized galagos and tarsiers. These species
progress by vertical-clinging and leaping, which are characterized by
surprisingly long jumps in a partially upright position that are powered
mainly by the hind limbs [Gebo 1987; Hunt et al., 1996; Napier &
Walker 1967; Walker 1974]. Vertical-clinging and leaping done by
prosimians differs from the vertical-clinging performed by several
small New World monkeys, such as marmosets and tamarins [Ankel-
Simons 2007; Hunt et al., 1996; Schmidt 2010], which use their claws
to cling to large branches and vertical tree trunks [Ankel-Simons
2007; Garber 1992]. Quadrupedal suspension is characterized by
horizontal movement below a substrate in an inverted (dorsal-side
down) position using all four limbs in tension, typical of lorisids
[Fujiwara et al., 2011; Hunt et al., 1996; Napier 1967]. Bimanual
suspension, such as arm-swinging and brachiation (mostly
distinguished by little and extensive trunk rotation, respectively), is
characterized by the bimanual progression beneath a support,

allowing larger species to spread their body weight over small
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supports [Fleagle 1999; Hunt et al., 1996; Jenkins et al., 1978;
Jungers & Stern 1981; Mittermeier & Fleagle 1976; Cant et al., 2003].
This locomotor mode is performed by only a few primate species,
such as hominoids (specially hylobatids), spider monkeys, and to a
lesser extent, woolly monkeys. The suspensory New World monkeys
frequently swing from branch to branch by their arms, but unlike
apes, they use their prehensile tail as a fifth limb during traveling
[Cant et al., 2001, 2003; Hunt et al., 1996; Kagaya 2007; Schmidt
2010].

Primate locomotor evolution is characterized by dramatic
changes in the functional role of the forelimbs, which became less
important in weight-bearing and support roles as their mobility and
ability to provide stability, grasping, and manipulation in a
discontinuous arboreal environment increased [Larson 1998; Lemelin
& Schmitt 2007; Rose 1973; Schmitt 1998, 2010; Schmitt & Lemelin
2002]. In this context, the main role of the shoulder has been to
provide the mobility required to reach the irregular supports within the
discontinuous arboreal substrate, while keeping the glenohumeral
joint adequately stabilized to secure postural stability [Larson 1993;
Roberts 1974; Schmidt & Krause 2011]. The scapula is the bone
connecting the upper limb to the thorax, and it is largely suspended
by muscles, hence its great mobility [Jenkins 2009]. Its morphology is
largely determined by the function of the musculature of the
glenohumeral joint during locomotion; the muscles in this joint move
and stabilize scapular motion and transmit the bodyweight onto the
forelimbs [Ashton et al., 1976; Inman et al., 1944; Larson 1993, 1995;
Oxnard 1967, 1977; Roberts 1974; Schmidt & Krause 2011]. Among

the glenohumeral joint muscles, the rotator cuff muscles
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(subscapularis, supraspinatus, infraspinatus, and teres minor) play a
particularly significant role in the movement and stabilization of the
joint in primates [Ashton & Oxnard 1963; Bello-Hellegouarch et al.,
2013a; Inman et al., 1944; Larson 1993, 1995; Larson & Stern 1986,
1987, 1989, 1992; Larson et al.,, 1991; Oxnard 1967, 1968, 1969;
Oxnard & Neely 1969; Potau et al., 2009; Roberts 1974; Shea 1986;
Wolffson 1950].
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Figure 1. Dorsal view of the scapulae of the pronograde primates analyzed in
this study. Scapulae are oriented so that the length of the scapular spine is
perpendicular to the horizontal base. A: Alouatta caraya, B: Alouatta palliata, C:
Alouatta seniculus, D: Alouatta villosa, E: Ateles fusciceps, F: Ateles geoffroyi, G:
Lagothrix lagothricha, H: Cercopithecus ascanius, I: Cercopithecus mitis, J:
Cercopithecus neglectus, K: Colobus guereza, L: Chlorocebus aethiops, M:
Erythrocebus patas, N: Macaca fascicularis, O: Macaca mulatta, P: Macaca
sylvanus, Q: Mandrillus sphinx, R: Papio hamadryas, S: Cebus capucinus; T:
Saimiri sciureus, U: Pithecia pithecia, V: Callithrix jacchus, W: Callithrix
penicillata, X: Cebuella pygmaea, Y: Leontopithecus rosalia, Z: Saguinus midas,
AA: Lemur catta, BB: Eulemur fulvus, CC: Varecia variegata, DD: Nycticebus
coucang, EE: Perodicticus potto, FF: Galago senegalensis, GG: Tarsius
bancanus.
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Many studies have compared primate scapulae to better
understand the relationship between scapular shape and locomotor
function [Ashton & Oxnard 1963, 1964; Ashton et al., 1965; Bello-
Hellegouarch et al., 2013a; Corrucini & Ciochon 1976, 1978; Frey
1923; Green et al., 2012; Inman et al., 1944; Inouye & Shea 1997;
Inouye & Taylor 2000; Larson 1993, 1995; Larson & Stern 1986,
1987, 1989, 1992; Larson et al., 1991; Oxnard 1967, 1968, 1969;
Oxnard & Neely 1969; Roberts 1974; Schultz 1930; Shea 1986;
Taylor 1997; Taylor & Slice 2005; Young 2006, 2008]. The
morphology of the dorsal side of the scapula has been shown to be
strongly related to functional differences, specifically the overall
scapular blade shape; the supraspinous and infraspinous fossae
shapes, and their sizes and ratios; the teres major fossae; and the
spine length and orientation [Bello-Hellegouarch et al., 2013a; Frey
1923; Green et al., 2012; Inman et al., 1944; Roberts 1974; Schultz
1930]. Although primates show a continuous spectrum of scapular
shapes (Figure 1), a morphological dichotomy can be defined from
among them. Quadrupedal primates (both arboreal and terrestrial)
have scapulae that function mostly in retractive-propulsive
movements within a restricted parasagittal plane, and these animals
tend to have long (extending from the vertebral border to the glenoid
fossa) and narrow (from the superior to the inferior angles) blades,
with the spine perpendicular to the vertebral border [Larson 1993;
Roberts 1974; Schmidt & Krause 2011; Young 2008]. Suspensory
primates tend to have short and broad scapulae, with both
supraspinous and infraspinous fossae enlarged, and the spine is
highly inclined, allowing greater mobility and use of the forelimb
above the head [Larson 1993; Roberts 1974; Schmidt & Krause

2011; Young 2008]. However, some variability exists even within
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groups with the same locomotor patterns because the scapular shape
is also influenced to some extent by other factors, such as phylogeny,
substrate habitation, or body mass [Anapol et al., 2005; Charles-
Dominique 1990; Crompton et al., 1987; Larson 1993; Roberts 1974;
Schmidt & Krause 2011; Young 2008].

Table 1. Species included in the study, including their sex and their family.

Species Male Female Total Family |
Alouatta caraya 4 3 7 Atelidae
Alouatta palliata 13 11 24 Atelidae
Alouatta seniculus 9 Atelidae
Alouatta villosa 4 Atelidae
Ateles fusciceps 6 Atelidae
Ateles geoffroyi 7 Atelidae
Callithrix jacchus 10 Callitrichidae
Callithrix penicillata 10 Callitrichidae
Cebuella pygmaea Callitrichidae
Cebus capucinus Cebidae

Cercopithecidae
Cercopithecidae
Cercopithecidae
Cercopithecidae
Cercopithecidae

Cercopithecus ascanius
Cercopithecus mitis
Cercopithecus neglectus
Chlorocebus aethiops
Colobus guereza

Erythrocebus patas Cercopithecidae
Eulemur fulvus Lemuridae
Galago senegalensis Galagidae
Lagothrix lagothricha Atelidae

Lemur catta Lemuridae
Leontopithecus rosalia Callitrichidae
Nycticebus coucang 0 Lorisidae
Macaca fascicularis Cercopithecidae
Macaca mulatta Cercopithecidae

Cercopithecidae
Cercopithecidae

Macaca sylvanus
Mandrillus sphinx

Papio hamadryas Cercopithecidae
Pithecia pithecia Pitheciidae
Perodicticus potto Lorisidae
Saqguinus midas 1 Callitrichidae
Saimiri sciureus Cebidae
Tarsius bancanus Tarsiidae
Varecia variegata Lemuridae
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In this study we examined the relationship between the
locomotor patterns of pronograde primates (including Catarrhini and
Strepsirrhini species) and the morphology of the dorsal side of their
scapulae. Our aim was to associate each locomotor category to a
specific scapular shape to better comprehend the anatomical
requirements of each particular mode of locomotion. We conducted a
two-dimensional (2D) geometric morphometric analysis of the dorsal
side of the scapula of multiple pronograde primate species with
different locomotor patterns. We performed multivariate regressions
on the scapular shapes for the different locomotor modes to
determine the influence of locomotion on the scapular shape and to
identify the shape associated with each locomotor category. Our
analysis also included several biological and ecological factors that
have been reported to influence the forelimb bone morphology, such
as phylogeny, body mass, scapular size, and canopy-level

preference.

Figure 2. Landmarks used in the GM analysis shown in the scapula of
Mandrillus sphinx.
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METHODS

The scapulae of 239 pronograde primate specimens (Table 1,
Figure 1) were analyzed, using samples from four institutions: the
Museum of Natural Sciences, Barcelona, Spain (N=27); the
Anatomical Museum of the University of Valladolid, Spain (N=85); the
Royal Institute of Natural Sciences in Brussels, Belgium (N=47); and
the Smithsonian Institution National Museum of Natural History,
Washington DC (N=80). All specimens were from adults of unknown
age at death. Since it has been suggested that captivity does not
have a significant impact on scapular morphology [Bello-
Hellegouarch et al., 2013b], we used specimens from both captive

and wild individuals.

We defined nine anatomical landmarks (Table 2, Figure 2) on 2D
digital images of the scapular blades. We oriented the scapulae with
the plane defined by landmarks 3, 4, and 5 parallel to the plane of
focus and kept the distance to the digital camera constant to avoid
the distortion caused by representing nonflat three-dimensional
objects in two dimensions [Swiderski 1993]. The distortion would
have its greatest effect on the acromion, which did not affect our
analysis. After obtaining the digital images with a Canon EOS 550D
digital camera, we recorded the coordinates of the landmarks with
tpsDig 2.16 software [Rohlf 2010]. The landmarks were considered
operationally homologous and representative of overall scapular
shape and supraspinous, infraspinous, and teres major fossae shape
[Ashton & Oxnard 1964; Ashton et al., 1976; Bello-Hellegouarch et
al., 2013a, b; Larson 1993, 1995; Oxnard 1967; Roberts 1974;
Schultz 1930; Shea 1986; Taylor 1997; Taylor & Slice 2005; Young

2006, 2008;]. We analyzed the infraspinous and teres minor fossae
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together, since both muscles are lateral rotators of the glenohumeral
joint [Larson & Stern 1986, 1987; Tuttle & Basmajian 1978a, 1978b].

Data analysis

A General Procrustes Analysis (GPA) was carried out in
Morphod [Klingenberg 2010] to remove variability related to position
(translation), orientation (rotation), and geometric scale (rescaling)
[Bookstein 1991; Dryden & Mardia 1998; Klingenberg 2010; Rohlf
1999; Zelditch et al., 2004]. The resulting GPA-aligned coordinates,
now projected into the tangent space, were used in multivariate
statistical analyses [Bookstein 1991; Rohlf & Marcus 1993; Dryden &
Mardia 1998; Klingenberg 2010; Zelditch et al., 2004].

Table 2. Type (Bookstein, 1991; O’Higgins, 2000) and description of
landmarks used in the GM analysis.

Landmark Type Name / definition

1 1 Suprascapular notch

2 [l Superior angle of the scapula

3 I Intersection between vertebral border and base of
scapular spine

4 1 Spinoglenoid notch

5 I Intersection point of the teres major fossa and the
vertebral border of the scapula

6 1] Inferior angle of the scapula

7 11 Lateral expansion of the teres major fossa

8 I Intersection point of the teres major fossa and the lateral
border of the scapula

9 Il Infraglenoid tubercle

We used the GPA-aligned coordinates to conduct a principal
components analysis (PCA) to visualize patterns of variation among
species [Klingenberg 2010]. PCA incorporates and reduces complex

multidimensional data to a set of eigenvectors [Klingenberg 2010;
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O’Higgins 2010; Zelditch et al., 2004]. It also rotates data points to
their major axes for better visualization, which preserves original
distances between points; the vectors are uncorrelated, and each is
ordinated in terms of the amount of variance explained [Manly 1994,
Neff & Marcus 1980]. We used the PC scores derived from the PCA
to make a factorial multivariate analysis of variance (MANOVA) to
test the hypothesis that species differ in overall scapular shape.
Statistical analyses were done with SPSS (SPSS, Chicago, IL, USA).
We then performed pairwise randomizations with 1000 permutations
on both the Mahalanobis and Procrustes distances in Morphod
[Klingenberg 2010] to test for significant differences among the group

means.

A series of multivariate regression analyses were conducted to
test whether differences in overall shape change were correlated with
independent external variables [Frost et al., 2003; Turley et al., 2011].
For this purpose the Procrustes coordinates served as dependent
variables, with locomotion, canopy-level preference, body mass,
phylogeny at family level, and scapular size as independent variables
(further discussed in the next subsection The external variables).
Although Morphod doesn’t allow multiple multivariate regressions
(many dependent variables and many independent variables), it
permits grouping some independent variables (i.e., the variables
related to locomotion) to give a percentage of shape variation related
to them as a whole. To understand the impact of locomotion on the
dorsal side of the scapula, shape differences associated with each
specific locomotor category were visualized in Morphod by extracting

the landmark configuration related to each particular locomotor shape
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component [Adams & Nistri 2010; Drake & Klingenberg 2008; Turley
et al., 2011].

The external variables. Estimated body mass for all taxa was
derived from the literature [Smith & Jungers 1997] since the real body
mass of each individual was unknown. The means of the centroid
size (CS) were used as estimators for scapular size [Bookstein 1996].
Canopy level preference (CLP), family (FAM, Table 1), and the
locomotor behaviors (LOC) were performed by coding these factors
as dichotomous (“dummy coded”) variables based on presence (1)
and absence (0) categories. The LOC variable was divided into 11
categories: bimanual suspension, terrestrial quadrupedalism,
arboreal quadrupedalism, semiterrestrial quadrupedalism, slow
climbing quadrupedalism, climbing, quadrupedal suspension,
pronograde clambering, leaping, vertical-clinging, and vertical-
clinging and leaping based on the literature [Anapol et al., 2005;
Ankel-Simons 2007; Cant 1988; Cant et al., 2001, 2003; Fleagle
1999; Fleagle & Meldrum 1988; Fleagle & Mittermeier 1980; Fujiwara
et al., 2011; Gebo 1987, 1989; Gebo & Chapman 1995; Gebo &
Sargis 1994; Hunt et al., 1996; Jouffroy 1989; Napier 1967;
Mittermeier & Fleagle 1976; Rose 1973; Schmidt 2010; Schmitt 2010;
Terranova 1996; Walker 2005; Ward & Sussman 1979; Youlatos
1999], while the CLP was divided into five categories: emergent,
medium canopy, lower canopy, understory, and ground [Ankel-
Simons 2007; Fleagle 1999].

RESULTS

We obtained 14 principal components (PCs) from the Procrustes

residuals, and the first three explained 71.4% of scapular shape
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variation (34.8% PC1, 23.2% PC2, 13.4% PC3). Although the scatter
plot of PC1 vs. PC2 was confusing when all species were considered
together, it showed a clear separation among families (Fig. 3a). To
facilitate understanding of the distribution of the different species, we
include the scatter plot with the families together (Fig. 3a) and the
species separately by families (Fig. 3b, 3c, 3d, 3e). The distribution of
Atelidae is shown in Figure 3b. The three genera (Alouatta, Ateles,
and Lagothrix) had statistically significant differences from one
another. The four Alouatta species clustered together, sharing the
most positive PC1 values. Lagothrix showed the most positive PC2
values, while Ateles showed a high dispersion along the PC1 axis,
overlapping to some extent with Alouatta. Figure 3c shows a wide
separation among the prosimian families, which was statistically
confirmed by the randomization tests, with Galagidae, Lemuridae,
and Tarsiidae sharing the highest negative PC1 and PC2 values on
one side, and the Lorisidae with the highest positive PC1 and PC2

values on the other side of the plot.

This dispersion makes sense when not only the phylogeny is
taken into account, but also when the different locomotor patterns
performed by those two distinct groups are considered. This influence
of locomotion was also observed in the Cercopithecidae (Fig. 3d),
with a slightly gradual separation occurring between the more
terrestrial species (e.g., Erythrocebus patas) with the most negative
PC1 values and the more arboreal ones (e.g., Colobus guereza,
Cercopithecus mitis) with the highest positive PC1 values (while PC2
doesn’t separate species). The Cebidae completely overlapped with
them, despite being phylogenetically distant taxa (Fig. 3a). Finally,

Figure 3e shows three families: Callitrichidae (Callithrix jacchus,
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Callithrix penicillata, Cebuella pygmaea, Leontopithecus rosalia,
Saguinus midas), Pitheciidae (Pithecia pithecia) and Cebidae (Cebus
capucinus, Saimiri sciureus). Pitheciidae were significantly separated
from the other families. All the Callitrichidae overlapped to some
extent, except for Leontopithecus rosalia, which clearly remained
separated from the rest of the family. Furthermore, Callitrichidae
overlapped to some extent with Cebidae, Lemuridae, and

Cercopithecidae (Fig. 3a).

The separation of species shown in Figure 3 was statistically
confirmed by the MANOVA and the pairwise analyses. The MANOVA
showed a statistically significant difference in the PC scores
(representing the overall shape variation), F(448, 2534)=10.531,
P<0.0005; Wilks’ lambda=0.000.

The effect on the scapular shape for each factor studied
separately was highly significant for all the regressions carried out
(P<0.0001). The regression on LOC explained 53.5% of the variance;
FAM explained 50.9% of the variance; CLP explained 27.8% of the
variance; CS explained 7.3% of the variance (7.6% when considering

size and sex together); and BM explained 5.3% of the variance.

Given that this study focused on the influence of the locomotion
behavior on the scapular shape, only shape differences associated
with the LOC factor were examined (Fig. 4). Since the category
Climbing is a mode omnipresent in all extant primates, we used the
shape associated with this mode as a mean shape to facilitate
visualization of those differences observed in the scapular shapes

adapted to each of the locomotor categories analyzed here (Fig. 4).
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Figure 3. Scatterplot of the first two principal components (PC1 and PC2)
derived from the PCA of the GM analysis. A: distribution of the nine families
included in this study (Atelidae, Callitrichidae, Cebidae, Cercopithecidae,
Galagidae, Lemuridae, Lorisidae, Pitheciidae and Tarsiidae); B: detail of the
distribution of the seven species of Atelidae analyzed (Alouatta caraya, Alouatta
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palliata, Alouatta seniculus, Alouatta villosa, Ateles fusciceps, Ateles geoffroyi
and Lagothrix lagothricha); C: detail of the distribution of the seven prosimian
(Galagidae, Lemuridae, Lorisidae and Tarsiidae) species analyzed (Eulemur
fulvus, Galago senegalensis, Lemur catta, Nycticebus coucang, Perodicticus
potto, Tarsius bancanus and Varecia variegata),; D: detail of the distribution of the
eleven especies of Cercopithecidae analyzed (Cercopithecus ascanius,
Cercopithecus mitis, Cercopithecus neglectus, Chlorocebus aethiops, Colobus
guereza, Erythrocebus patas, Macaca fascicularis, Macaca mulatta, Macaca
sylvanus, Mandrillus sphinx and Papio hamadryas); E: detail of the distribution of
the five species of Callitrichidae (Callithrix jacchus, Callithrix penicillata, Cebuella
pygmaea, Leontopithecus rosalia and Saguinus midas) and the specie of
Pitheciidae (Pithecia pithecia) and the two species of Cebidae analyzed (Cebus
capucinus and Saimiri sciureus).

Arboreal, semiterrestrial, and terrestrial quadrupedalism (AQ,
STQ, and TQ; Fig. 4a—4c). The scapular shape related to arboreal,
semiterrestrial, and terrestrial quadrupedalism was very similar,
characterized by a long and narrow scapula and a long scapular
spine. TQ showed a relatively wider supraspinous fossa compared
with the infraspinous one (separation of L1 and L4, and L2 and L3)
and a longer scapular spine (outward displacement of L3) than the
AQ. The STQ showed intermediate sizes, with a slightly wider
supraspinous fossa compared with the AQ. The teres major was very
similar among the three groups, being slightly smaller in TQ

(approximations of L6 towards L7).

Bimanual suspension (BS; Fig. 4d). With regard to bimanual
suspension, the scapula was short and wide (inward displacement of
L3 and L4). Both infraspinous and supraspinous fossae were broad
overall, and the teres major fossa was long and narrow

(approximation of L8 towards L9, L7 towards L8, and L6 towards L5).
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Figure 4. Scapular shape associated with each particular locomotor modes
extracted from the regression analysis. A: arboreal quadrupedalism; B:
semiterrestrial quadrupedalism; C: terrestrial quadrupedalism; D: bimanual
suspension; E: quadrupedal suspension; F: pronograde clambering; G: slow
quadruped climbing; H: leaping; I: vertical-clinging and leaping; J: vertical-
clinging. The scapular shape associated with each locomotor mode is displayed
in black, while the mean shape related to the Climbing mode is displayed in gray.

Quadrupedal suspension (QS; Fig. 4e). Quadrupedal suspension
was associated with a short and wide scapula, similar to the BS one.
Although both infraspinous and supraspinous fossae were broad
overall, they were smaller than the BS ones (outward displacement
and approximation of L1 and L2; inward displacement of L3), while

the teres major fossa was short (approximation of L7 towards L6).
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Pronograde clambering (PC; Fig. 4f). Pronograde clambering is
characterized by short and wide supraspinous and infraspinous
fossae. The spine is shorter than that found with the other locomotor
modes (inward displacement of L3 and L4), leading to the shortening
of both fossae. The supraspinous fossa was characteristically wide
due to the outward displacement of L2. The infraspinous fossa was
wide due to the outward displacement of L5 and L8, thereby reducing

the teres major fossa size (approximation of L5 towards L6).

Slow-climbing quadrupedalism (SCQ; Fig. 4 g). The overall
scapular shape associated with slow-climbing quadrupedalism was
characterized by a blade with similar length and width, with a long
vertebral border, and an extremely broad infraspinous fossa (outward
displacement of L3, L8 and L9) in relation to the supraspinous one,
which was less well-developed (approximation of L3 towards L2;
inward displacement of L1). The teres major fossa was extremely
narrow compared with the scapular shapes related to the remaining

locomotor modes (approximation of L5 and L6).

Leaping (L; Fig. 4h). The scapula of generalist leapers was
similar to the VCL one, although not so slender. The supraspinous
fossa was wider in the less specialized leapers (separation of L2 and
L3), while the infraspinous fossa remained similar in both categories.
However, the teres major fossa was broader, remaining similar to the

one observed in terrestrial quadrupeds.

Vertical clinging and leaping (VCL,; Fig. 4i). The overall scapular
shape of a vertical-clinger and leaper (such as Galago or Tarsius)
was a long and extremely narrow scapula, with relatively small and

narrow supraspinous fossa (inward displacement of L2, and
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displacement of L4 towards L1). The outward displacement of L9 as
well as the displacement of L3 towards L5 led to the narrowing of the
infraspinous fossa. The approximation of L5 and L8, as well as the
inward displacement of L6 and L7, led to an overall reduction of the

teres major fossa.

Vertical-clinging (VC; Fig. 4j). With the vertical-clinging mode, the
scapula was characterized by an increase of the infraspinous fossa in
relation to the supraspinous one (approximation of L3 towards L2),
and a wide teres major fossa (outward displacement of L6 and L7).
The infraspinous fossa was wider than it was in quadrupeds, while

the supraspinous fossa was relatively narrow.
DISCUSSION

In this study the dorsal side of the scapula was analyzed to
understand the requirements associated with the different locomotor
modes of pronograde primates. Three of the rotator cuff muscles
(supraspinatus, infraspinatus, and teres minor) originate on the dorsal
side of the scapula, as does the teres major muscle. The rotator cuff
muscles play important roles in the movement and stabilization of the
shoulder joint, and consequently their different patterns of recruitment
are strongly related to locomotor behaviors and the differential use of
the scapula in diverse postures that generate different (tensile or
compressive) forces on it [Larson & Stern 1986, 1987, 1989; Roberts
1974]. The teres major is an important retractor of the humerus
[Fleagle & Meldrum 1988; Larson & Stern 2007]. The relationship
between the supraspinous and infraspinous fossae located on the
dorsal side of the scapula is a commonly used parameter for

determining the relationship between scapular morphology and
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locomotor patterns [Bello-Hellegouarch et al., 2013a; Frey 1923;
Green et al., 2012; Inman et al., 1944; Roberts 1974; Schultz 1930].

General considerations

Among the external factors analyzed in this study that could
potentially influence the scapular shape, locomotion was the factor
that showed the highest correlations with the scapular shape (53.5%),
followed by phylogeny at a family level (50.9%). Those correlations
were consistent with the dispersion observed in the scatter plot.
Although there was a clear clustering related to the evolutionary
history of the species (each species generally being closer others
from the same family), we could also observe the influence of the
functional signal. For example, Lagothrix, instead of being closer to
the other atelines Ateles and Alouatta, remained closer to other
species with similar locomotor modes, such as the more strictly
arboreal quadrupeds (i.e., Colobus guereza, Cercopithecus mitis, or
Cercopithecus ascanius). Prosimians (Lemuridae, Lorisidae,
Tarsiidae, Galagidae), rather than sharing a similar scapular shape
and being clustered together in the plot, showed high dispersion
consistent with their diverse locomotor modes. Cercopithecids
showed a gradient in their distribution related to their degree of
terrestrial or arboreal quadrupedalism. Some studies confirm our
results, suggesting that the phylogenetic signal in the scapula is
weaker than the functional one [Preuschoft et al., 2010; Young 2008].
Consequently, morphological variations of the postcranium [Collard et
al., 2001; Lockwood 1999; Pilbeam 1996; Ward 1997] and the
shoulder in primates [Ashton & Oxnard 1963; Preuschoft et al., 2010;
Young 2008] seem to be mainly adaptive, related to their function

during locomotion rather than taxon-specific, and hence are not

217



primarily determined by ancestry. Based on this idea, recent studies
have suggested that mechanical stresses strongly influence some
morphological traits of the scapula, showing a highly adaptive nature
to the different forces associated with various locomotor modes
[Green et al., 2012; Preuschoft et al., 2010]. However, a thorough
examination of the differences observed among the species and the
influence of phylogeny compared with the influence of function was
beyond the scope of our study. By extracting the mean shape
configurations related to a particular locomotor mode, rather than
analyzing the scapula of a particular taxon, we isolated aspects of the
scapular morphology that reflect different locomotor adaptations. In
taking this approach, we avoided erroneously assigning
morphological features related to the evolutionary history of the taxon

to functional adaptation.

The remaining external factors that were analyzed showed
significantly lower correlations with scapular shape, compared with
locomotion and phylogeny. Accurately measuring a qualitative
observation such as canopy level preference is extremely
problematic, and thus the system employed to measure such factors
may influence the results. The canopy level is directly related to the
substrate size and shape, which presents different challenges that
have morphological consequences [Fleagle 1999; Schmidt 2010;
Terranova 1996; Turley et al., 2011]. Thus, it would be worthwhile to
develop more accurate systems to measure the canopy-level
preference (and the substrate preference) and to evaluate the effects
of this factor on the scapular shape. Furthermore, body mass

explained very little in relation to the scapular shape, contradicting the
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general assumption that body mass differences strongly influence
skeletal morphology [Cant 1992; Schmidt 2010].

Morphology and function

Terrestrial quadrupeds’ use of more extended, adducted limb
postures limits anterior—posterior motion in the shoulder joint in the
parasagittal plane [Fleagle 1999; Roberts 1974]. The body weight
acts compressively across the glenohumeral joint during the support
phase, insuring its integrity [Jouffroy et al., 1990; Roberts & Davidson
1975; Whitehead & Larson 1994]. Arboreal quadrupeds, unlike
terrestrial ones, move through a three-dimensional discontinuous
milieu, which requires a more mobile shoulder to use their forelimb
into abducted positions [Fleagle 1999; Roberts & Davidson 1975].
Thus, rotator cuff muscles and their fossae, especially the
supraspinatus, are assumed to be better developed in arboreal
quadrupeds than in terrestrial ones [Larson & Stern 1987, 1989,
1992; Manaster 1979; Roberts 1974; Roberts & Davidson 1975]. Our
results are not consistent with this assumption, since terrestrial
quadrupeds (Fig. 4c) appear to share a broader supraspinous fossa
in relation to the arboreal quadrupeds (Fig. 4a), as well as a long
scapular spine. This finding might be related to the need for
stabilization of the glenohumeral joint to withstand the compressive
forces resulting from a ground reaction to weight bearing during the
support phase of the terrestrial quadrupedal locomotion [Kimes et al.,
1981; Larson & Stern 1989, 1992; Oxnard 1967, 1976; Potau et al.,
2011; Preschoft et al., 2010; Whitehead & Larson 1994]. The scapula
related to semiterrestrial quadrupedalism (Fig. 4b) appears to be an
intermediate shape between the scapulae associated with terrestrial

and arboreal quadrupedalism, which is consistent with previous
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studies [Anapol & Gray 2003]. The teres major helps in retracting the
humerus to lift the hand off the substrate and in the support/swing
transition [Larson & Stern 1989, 2007; Whitehead & Larson 1994].
However, differences are very subtle, remaining the shape of all
quadrupeds quite similar. Differences among terrestrial,
semiterrestrial, and arboreal quadrupedal primates seem to be
significantly higher in the arm muscles, rather than the shoulder

muscles [Anapol & Gray 2003].

During the bimanual suspension performed by Ateles and to a
lesser extent by Lagothrix, the forelimbs are completely extended
overhead. In order to enhance their reach in all directions, the
scapula is relatively short and wide (Fig. 4d) and positioned dorsally
on the rib cage rather than laterally. These characteristics create a
large difference compared with the rest of pronograde primates,
whose scapulae are located in the parasagittal plane [Fleagle 1999;
Larson 1993]. Thus, suspensory atelines, and especially Ateles, have
converged on an ape-like postcranial anatomy [Andrews & Grove
1976; Corrucini & Ciochon 1978; Erikson 1963; Larson 1998] due to
these suspensory behaviors. However, those suspensory platyrrhines
differ from hominoids mainly by their prehensile tail acting as a fifth
limb during the support phase of their bimanual progression
[Carpenter & Durham 1969; Mittermeier 1978; Mittermeier & Fleagle
1976]. Their glenohumeral joint must be highly mobile to allow the
free movements of the forelimbs to reach the branches situated
overhead. Thus, those animals require a well-developed
infraspinatus, the principal muscle that stabilizes the glenohumeral
joint against transarticular tensile stresses during pendant suspension

and the support phase of arm-swinging [Larson 1995; Larson & Stern
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1986; Roberts 1974]. The supraspinous fossa is broad, but not as
expected in a suspensory primate that performs anti-pronograde
activities with the forelimbs in abducted and elevated positions [Cant
1986; Larson & Stern 1986, 1987]. Arm abduction in suspensory
platyrrhines is mainly provided by the deltoid muscle, and
development of an extremely hypertrophied supraspinatus muscle is

unnecessary to protract the arm [Youlatos 2000].

Quadrupedal suspension (Fig. 4e), which is typical for arboreal
primates such as lorisids and Ateles, is characterized by a horizontal
movement below the substrate in an inverted (dorsal-side down)
position using all four limbs in tension [Fujiwara et al., 2011; Hunt et
al., 1996; Napier 1967]. Thus, the requirements of the shoulder
muscles are similar to those present during the bimanual suspension;
that is, relatively broad infraspinatus muscle are needed to stabilize
the glenohumeral joint against transarticular tensile stresses during
pendant suspension [Larson 1995; Larson & Stern 1986; Roberts
1974] and a relatively well-developed supraspinatus muscle is
needed to abduct and elevate the upper limb [Larson & Stern 1986,
1987]. The slightly reduced fossae compared with the bimanual
suspensory primates can be explained by the participation of the

hindlimbs in the progression of the movement.

Pronograde clambering differs from quadrupedalism in its lack of
a consistent gait pattern and requires a more pronounced limb
abduction [Lockwood 1999; Youlatos 2000]. Their related scapular
morphological features (Fig. 4f) appear to be similar to the
adaptations to bimanual suspension, with slightly shorter infraspinous

and teres major fossae and a remarkably broader supraspinous
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fossa. This broad supraspinous fossa can be related to need for

abduction and forelimb elevation [Youlatos 2000].

Slow-climbing quadrupedalism consists of a smooth, slow, and
deliberate form of quadrupedal locomotion than involves diagonal
couplets in lateral sequence gait [Demes et al., 1990; Ishida et al.,
1992; Jouffroy & Petter 1990]. During the support phase, which is
much longer than the swing phase, the shoulder joint is abducted and
laterally rotated to the extent that the trunk is close to the pole [Ishida
et al.,, 1992]. This position requires a relatively well-developed
infraspinatus muscle, and thus a broad infraspinous fossa [Gebo
1989; Roberts 1974; Roberts & Davidson 1975]. The infraspinatus
muscle acts as the primary synergist to the deltoid in motions
combining lateral rotation with arm abduction, such as overhead
reaches and climbing [Larson & Stern 1986]. Moreover, the species
that perform this locomotor behavior, such as lorisines (Nycticebus
coucang and Perodicticus potto in our study), move through a three-
dimensional support environment, which requires a mobile
glenohumeral joint to reach the branches found at different levels,
and stabilization of the joint must be maintained by relatively well-
developed supraspinatus and infraspinatus muscles (Fig. 4g) [Gebo
1989; Higurashi et al., 2007; Larson & Stern 1986, 1989, 1992;
Oxnard 1967; Roberts & Davidson 1975].

Less evident are the adaptations associated with the locomotor
mode known as leaping (Fig. 4h), since the majority of the extreme
adaptations to this form of locomotion are found in the hindlimb
[Demes et al.,, 1996; Runestad Connour et al., 2000]. The leap is
primarily powered by the hindlimb, and many leapers tend to land on

their hindlimbs as well, while some of the larger species often land
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forelimb first [Demes et al., 1996]. Forelimbs of large-bodied leapers,
such as Lemur or Eulemur, are particularly important in body
positioning during the acceleration for takeoff and during the aerial
phase of the leap when they raise their forelimbs above the head to
increase the moment of inertia of the upper body [Demes et al., 1996;
Dunbar 1988; Terranova 1996]. Thus, their glenohumeral joint require
some mobility to use their forelimbs for kinematic purposes, hence
the relatively well-developed supraspinous fossa, and an infraspinous
fossa that is broader than that found in the specialized small-bodied
vertical-clingers and leapers, which use their tails instead of their

forelimbs for body position adjustments [Demes et al., 1996].

During vertical-clinging and leaping, forelimbs are not directly
utilized during traveling; therefore, the primates don't need strong
rotator cuff muscles because the forelimbs are more suitable for
controlling more rapid locomotor movements with greater precision
[Higurashi et al.,, 2007; Roberts & Davidson 1975]. Scapulae are
reduced, long, and narrow (Fig. 4i), and although the shoulder joint is
capable of raised-arm movements, the capability for adduction and
abduction is reduced [Gebo 1989; Roberts 1974; Roberts & Davidson
1975]. In consequence, the primates have relatively reduced
supraspinous, infraspinous, and teres major fossae. More
adaptations for leaping must be found in the hindlimb, rather than the
forelimb [Demes et al., 1996; Runestad Connour et al., 2000].

Vertical-clinging is characterized by a lesser need for shoulder
stability through activity of the rotator cuff muscles [Fleagle &
Meldrum 1988]. Further, the need for a relatively well-developed teres
major muscle, a major retractor (adductor) of the humerus relative to

the scapula, is very important in climbing and clinging [Fleagle &
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Meldrum 1988]. However, we observed great difference between the
scapulae of vertical clingers (Callitrichidae and Pithecia) and those of
vertical-clingers and leapers (Tarsius and Galago) with regard to the
length of the fossae and the scapular spine. Compared with the
vertical-clingers and leapers, vertical-clingers appear to need
relatively more developed supraspinatus, infraspinatus, and teres
major muscles (Fig. 4j), possibly due to their use of clinging as a
mode of displacement, while VCL use clinging as a postural behavior
and leap from this clinging position [Kinzey et al., 1975; Napier 1967,
Napier & Walker 1967].

The scapular shapes are theoretical shapes, with the
morphological adaptations related to a specific locomotor mode
isolated for its better comprehension. Most species of primates use
more than one locomotor mode to progress through their habitat
[Fleagle 1999; Hunt et al., 1996]. Thus, the shape of their scapulae
will be the result of a compromise between the different requirements
of the different modes of locomotion performed. For instance, we
found that the scapula of terrestrial quadrupeds is characterized by a
relatively broader supraspinous fossa than the scapula of arboreal
quadrupeds. However, many studies have revealed that terrestrial
quadrupeds actually have a relatively smaller supraspinous fossa
than arboreal ones, due to the projection of the greater tubercle of the
humerus, which increases the leverage of the supraspinatus muscle
[Larson & Stern 1987, 1989, 1992; Manaster 1979; Roberts 1974,
Roberts & Davidson 1975]. Species that perform arboreal
quadrupedalism do not do so exclusively, but rather they usually leap,
cling, or perform other modes of locomotion, which require a relatively

broader supraspinous fossa than would be expected in a "pure"
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arboreal quadruped. Further, we must take into account that there is
no simple relationship between anatomy and behavior; that is, similar
behaviors may be performed by using different morphological
features, while similar anatomical features can fulfill the mechanical
demands of more than one behavior [Bock & von Wahlert 1965;
Fleagle 1999; Ruff & Runestad 1992; Ward & Sussman 1979].

We are aware that our classification of the locomotor modes of
primates is not as accurate as we would desire. It is exceptionally
problematical to precisely classify the actual locomotor modes
because primates exhibit high versatility in locomotor behaviors. They
combine behaviors in such an extreme way that not only do they vary
among genus or subfamilies [Preuschoft 1989], but also among
individuals and their environment. Therefore, we placed more
emphasis on frequent locomotor behaviors of the different species of
pronograde primates to simplify the categorization and the posterior
analysis. However, many of these species are capable of infrequent,
but still critical behaviors [Prost 1965] that are essential for food
acquisition or for escape. These behaviors are characterized by high
loadings on the bone, and they may affect the scapular shape in
some way, despite their low frequency [Martin 1990; Schmidt 2010;
Rose 1973]. Moreover, it has been suggested that forelimb positional
functions that are unrelated to locomotion, such as reaching for food
and grooming, would more heavily impact forelimb anatomy than
locomotor adaptations [Hanna et al., 2006; Larson 1998; Larson et
al.,, 2000; McGraw 1998; Stevens 2008; Wright-Fitzgerald et al.,
2010]. Nevertheless, some authors have observed that the forces
transmitted across the shoulder during postural behaviors are smaller

than those in locomotion and do not require any special adaptations
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[Preuschoft et al., 2010; Roberts 1974; Rose 1974]. Further, Anapol
& Gray [2003] suggested that these positional functions would be
more likely to affect the morphology of the forearm and hand rather

than the shoulder.

In summary, further analyses employing more precise and
realistic locomotor categories are needed to understand more exactly
the anatomical and morphological requirements of each particular
locomotor mode observed in this taxon. Our results, however, can
serve as a basis for more detailed analyses of the morphology of the

scapula and its locomotor adaptations in primates.
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RESUMEN

Este estudio cuantifica mediante Real-Time PCR (RT-PCR) la
expresion de mRNA de las tres isoformas de la cadena pesada de
la miosina (MHC) en el musculo supraespinoso de humanos mo-
dernos y 12 especies de primates con diferentes modos de locomo-
cion, con el fin de caracterizar factores funcionales del musculo su-
praespinoso en relacién con los modos de locomocién observados
en los primates. Los resultados muestran una clara asociacion entre
la funcion del musculo supraespinoso, tanto en primates pronogra-
dos como en ortégrados, con el patrén de expresién de las isofor-
mas de MHC.

Ninguno de los primates prondégrados expresa la isoforma
MHC-IIx en el musculo supraespinoso. Esta isoforma, la mas rapida
y menos resistente, no se expresa en musculos posturales lentos
(Fitts et al. 1991; Baldwin 1996; Fitts & Schiaffino & Reggiani 1996;
Rivero et al. 1999; Talmadge 2000). Los resultados obtenidos con-
firman a nivel molecular la importancia del musculo supraespinoso
como musculo postural, estabilizador de la articulacion, en primates
pronoégrados. En cambio, el musculo supraespinoso de los primates
ortogrados (incluidos los humanos modernos) expresa las tres iso-
formas de MHC, con una mayor expresion de las dos isoformas
mas rapidas (MHC-II). Este patrén de expresién es tipico de muscu-
los rapidos y potentes pero con poca resistencia a la fatiga
(Klitgaard et al. 1990; Harridge et al. 1996), que reforzarian la fun-
cion elevadora del musculo supraespinoso en los primates ortogra-
dos. Aunque los primates ortégrados no humanos emplean varios

modos de locomocion (braquiacidn, arm-swinging, knuckle-walking),
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no se encontraron diferencias significativas en los patrones de ex-
presion de las isoformas de MHC en relacién con sus modos de lo-

comocion.

Los humanos modernos mostraron un patron de expresion de
MHC similar al de los primates ortdgrados, aunque con una mayor
porcentaje de expresion de la isoforma MHC-IIx y, por tanto, un me-
nor porcentaje de la isoforma MHC-lla. Esta mayor expresion de la
isoforma mas rapida favoreceria la movilidad y precisién de los
musculos de la extremidad anterior en humanos modernos, que tie-

ne una funcién eminentemente manipulativa.

238



Int J Primatol
DOI 10.1007/s10764-011-9512-0

Expression of Myosin Heavy Chain Isoforms

in the Supraspinatus Muscle of Different Primate
Species: Implications for the Study

of the Adaptation of Primate Shoulder Muscles
to Different Locomotor Modes

Josep Maria Potau - Rosa Artells - Gaélle Bello - Carmen Muiioz -
Mariano Monz6 - Juan Francisco Pastor - Félix de Paz - Mercedes Barbosa -
Rui Diogo - Bernard Wood

Received: 6 September 2010 / Accepted: 12 January 2011
© Springer Science+Business Media, LLC 2011

Abstract The supraspinatus muscle is a key component of the soft tissues of the
shoulder. In pronograde primates, its main function, in combination with the other
rotator cuff muscles (subscapularis, infraspinatus, and teres minor), is to stabilize the
glenohumeral joint, whereas in orthograde primates it functions together with the
deltoid, to elevate the upper extremity in the scapular plane. To determine whether
these functional differences are also reflected in the molecular biochemistry of the
supraspinatus muscles involved in these different locomotor modes, we used real-
time polymerase chain reaction (RT-PCR) to analyze the expression of the myosin
heavy chain (MHC) isoforms in supraspinatus muscles from modern humans and 12
species of pronograde and orthograde primates. The MHC expression pattern in the
supraspinatus muscle of pronograde primates was consistent with its function as a
tonic and postural muscle, whereas the MHC expression pattern observed in the
supraspinatus muscle of nonhuman orthograde primates was that of a muscle that
emphasizes speed, strength, and less resistance to fatigue. These findings are
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consistent with the role of the supraspinatus in the posture and locomotor modes of
these groups of nonhuman primates. The humans included in the study had an
expression pattern similar to that of the nonhuman orthograde primates. In
conclusion, molecular analysis of skeletal muscles via RT-PCR can contribute to a
better understanding of the morphological and functional characteristics of the
primate musculoskeletal system.

Keywords Myosin heavy chain - Primate locomotion - Real-time polymerase chain
reaction - Supraspinatus

Introduction

The supraspinatus muscle, together with the subscapularis, infraspinatus, and teres
minor muscles, forms part of the rotator cuff, which plays an important role in the
movement and stabilization of the glenohumeral joint (Ashton and Oxnard 1963;
Michener et al. 2003; Roberts 1974). The anatomical and functional characteristics
of the supraspinatus vary among the different species of primates according to their
posture and locomotor mode. Pronograde primates are characterized by a narrow
thorax, a scapula located in the parasagittal plane, and a glenohumeral joint adapted
for both arboreal and terrestrial quadrupedal locomotion. Orthograde primates,
which include the family Hylobatidae (gibbons) and the species Pongo pygmaeus
(orangutans), Gorilla gorilla (gorillas), Pan troglodytes (chimpanzees), Pan
paniscus (bonobos), and Homo sapiens (modern humans), are characterized by a
broad thorax, a more dorsally situated scapula, and a more mobile glenohumeral
joint suitable for different locomotor modes—including brachiation, vertical
climbing, suspensory posture and knuckle-walking—and in modern humans
consistent with using the hand for complex manipulation (Aiello and Dean 1990;
Schultz 1961).

In pronograde primates such as Chlorocebus aethiops (Larson and Stern 1989),
Papio anubis, and Macaca mulatta (Larson and Stern 1992), the supraspinatus
muscle is electromyographically active during the support phase of quadrupedal
walking, acting as a stabilizer of the glenohumeral joint. Nonprimate quadrupeds,
such as Felis catus (cat: English 1978) and Didelphis virginiana (Virginia
opossum: Jenkins and Weijs 1979), have a similar pattern of activity. This function
of stabilizing the glenohumeral joint is also important in orthograde primates using
quadrupedal locomotion, such as gorillas and chimpanzees. Investigators have also
recorded electromyographic activity in the supraspinatus in these primates during
the support phase of knuckle-walking (Larson and Stern 1987; Tuttle and
Basmajian 1978).

In addition to stabilizing the glenohumeral joint, the supraspinatus muscle works
together with the deltoid muscle to elevate the upper extremity in the scapular plane
(Alpert et al. 2000; Basmajian and de Luca 1985; Halder ef al. 2001; Inman et al.
1944). This function is especially important in orthograde primates, in which the
anatomical structure of the thorax and the shoulder allows the upper extremity to be
elevated during brachiation, vertical climbing, and suspensory locomotion (Ashton
and Oxnard 1964; Ciochon and Corruccini 1977; Inman et al. 1944; Oxnard 1963,
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1967). The supraspinatus muscle of orthograde primates such as orangutans, gorillas,
chimpanzees, and modern humans also shows electromyographic activity during the
elevation of the hand (Inman et al. 1944; Larson and Stern 1986; Tuttle and
Basmajian 1978).

The morphology of the supraspinatus muscle is adapted to the type of
locomotion used by each species of primates. For example, the size, i.e., mass,
of the supraspinatus relative to the total mass of deltoid, rotator cuff, and teres
major muscles was larger in pronogrades than in hominoids (Inman ez al. 1944).
In addition, the difference in size between the supraspinatus fossa and the
infraspinatus fossa is much greater in arboreal quadrupedal primates (Miopithecus
talapoin and Colobus sp.) than in terrestrial or semiterrestrial quadrupedal
primates (Papio papio, Macaca sp., Chlorocebus aethiops, and Erythrocebus
patas: Roberts 1974). Similarly, the supraspinatus fossa is larger in relation to the
infraspinatus fossa in orangutans than in arboreal quadrupedal primates, and it is
larger still in chimpanzees and gorillas, both knuckle-walkers (Roberts 1974).
Modern humans seem to be the exception among orthograde primates because
their supraspinatus fossa is relatively small (Roberts 1974). The smaller supra-
spinatus fossa in terrestrial quadrupedal primates may be due to the shape of the
humeral head, which is less spherical in terrestrial than in arboreal quadrupedal
primates, with a resultant greater projection of the greater tubercle and greater
leverage for the supraspinatus (Larson 1993). Different locomotor modes also lead
to differences in the internal structure of the supraspinatus, e.g., angle of pinnation
and muscle fiber length. In Chlorocebus aethiops, semiterrestrial quadrupeds, the
internal structure of the supraspinatus is adapted for speed instead of strength, vs.
Cercopithecus ascanius, arboreal quadrupeds, in which strength is a more
important factor (Anapol and Gray 2003). In modern humans, the internal
structure of the supraspinatus is designed for great strength but in small
movements (Ward et al. 2006).

The skeletal muscles of adult mammals express 3 MHC isoforms—the slow
MHC-I, the fast MHC-IIa, and the fastest MHC-IIx—in different proportions. A
fourth isoform, MHC-IIb, is expressed only in skeletal muscles of very small
mammals (Baldwin and Haddad 2001). The expression pattern of the MHC isoforms
is directly related to the functional properties of the muscle fibers (Table I), such as
contraction time, strength, and resistance to fatigue (Bottinelli and Reggiani 2000).
The MHC-I isoform is expressed mainly in slow-oxidative, or type I, fibers; the MHC-
Ila isoform in fast-oxidative, glycolytic, or type Ila, fibers; and the MHC-IIx isoform in
fast glycolytic, or type IIx fibers. Type IIx fibers are more powerful, faster, and less
resistant to fatigue than type Ila fibers, while type I fibers are the least powerful and fast,
but the most fatigue-resistant of the 3 types (Botinelli ez al. 1999; Pette and Staron
2000). In general, the slow postural muscles express mainly the slow MHC-I isoform,
with a variable expression of the MHC-Ila isoform (Baldwin 1996; Fitts and Widrick
1996; Fitts et al. 1991; Rivero et al. 1999; Schiaffino and Reggiani 1996; Talmadge
2000). In contrast, the powerful, fast, but less fatigue-resistant muscles express all 3
MHC isoforms in variable proportions but with a generally higher expression of the
MHC-II isoforms (Harridge et al. 1998; Larsson and Moss 1993).

Using ATPase staining, Singh et al. (2002) found that the supraspinatus of
Macaca mulatta had a mean of 49% of type I fibers, 23% of type Ila fibers, and
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Table I Main characteristics of the muscle fiber types of mammalian muscles

Type 1 fibers Type 1la fibers Type 1Ix fibers
MHC isoform predominantly expressed MHC-I MHC-lia MHC-IIx
Metabolism Slow oxidative Fast oxidative Fast glycolytic
Contraction velocity Slow Fast Very fast
Resistance to fatigue High Intermediate Low
Force production Low High Very high
Mitochondrial density High High Low
Oxidative capacity High High Low
Glycolytic capacity Low High High
Myoglobin content High High Low
Capillary density High High Low
Identification method ATPase staining ATPase staining ATPase staining

MHC = myosin heavy chain

28% of type 1Ix fibers. Using the same technique, Schmidt and Schilling (2007)
found that the percentage of type I fibers in the supraspinatus of Saguinus oedipus
was greater than in the supraspinatus of Saimiri sciureus (55-70% vs. 45-60%,
respectively), which the authors attributed to the greater stability of the
glenohumeral joint in Saguinus oedipus and its greater mobility in S. sciureus.
These authors also reported a heterogeneous distribution of the fiber types; the
percentage of type I fibers increased from proximal to distal, and in the more
proximal region, type I fibers were concentrated in the posterior muscle region
near the scapular spine (Schmidt and Schilling 2007). Also using ATPase staining,
Srinivasan et al. (2007) found that the supraspinatus of Homo sapiens had a mean
of 50% of type I fibers, 21% of type Ila fibers, and 29% of type IIx fibers. Using
immunohistochemistry with antibodies for specific MHC isoforms, Lovering and
Russ (2008) found that the MHC-I isoform accounted for 54% of MHC expression
in the modern human supraspinatus.

Although there is abundant information in the literature about the anatomy
and the structure of the supraspinatus in different primate species, to date few
studies have examined the molecular characteristics of this muscle, and the
majority of them have been conducted in a small number of species. Most
studies have analyzed the quantification and distribution of the different fiber
types in the skeletal muscle (Schmidt and Schilling 2007; Singh et al. 2002), but
none have examined the mRNA expression of the different MHC isoforms in the
supraspinatus. Real-time quantitative polymerase chain reaction (RT-PCR) analysis
of the MHC isoforms can provide new information on the molecular characteristics
of the supraspinatus muscle in different primate species and their relation to
different types of locomotion. RT-PCR has several advantages over both ATPase
staining and immunohistochemistry. ATPase staining can be used only with
muscles obtained from biopsies or immediately after death, because results can
vary due to postmortem changes in pH. However, RT-PCR can be used with
muscles from cryopreserved cadavers because any potential postmortem degrada-
tion of the mRNA can be accounted for by normalizing the values of each MHC
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isoform with those of the endogenous gene 18 S, which remains intact for >8 d
postmortem in the skeletal muscle (Bahar et al. 2007). Whereas immunohisto-
chemistry does not distinguish between the MHC-IIa and the MHC-IIx isoforms,
RT-PCR can identify all 3 MHC isoforms.

In the present study, we quantified the mRNA expression of the 3 MHC
isoforms by RT-PCR in supraspinatus muscles from modern humans and 12
different species of primates. Our primary objective was to obtain molecular
information on the functional characteristics of the supraspinatus muscle and to
correlate our findings with adaptations of the supraspinatus to different
locomotor modes. We hypothesized that a differential expression pattern of
MHC isoforms would be related to the different functions of the supraspinatus in
pronograde and orthograde primates.

Materials and Methods
Supraspinatus Muscle Samples

We obtained supraspinatus muscle samples from modern humans and nonhuman
primates, cryopreserved within 24-48 h of death and not treated with any fixation
method. The 24 modern human supraspinatus muscle samples included in the study
were from cadavers from the Body Donation Service and dissection rooms of the
University of Barcelona. The 12 male and 12 female cadavers, with a mean age of
74.8 yr (range, 44-97 yr), showed no macroscopic pathology. The 21 nonhuman
primate supraspinatus muscle samples were obtained from 12 different species
(Table II) from the Department of Anatomy and Radiology of the University of

Table II Means and standard deviations (SD) of the relative mass and mRNA expression of MHC
isoforms in the supraspinatus muscle

Species Sample Locomotion SUP/RC % MHC-I % MHC-II % MHC-Ila % MHC-IIx
Homo sapiens 24 B 0.16 (0.02) 36.86 (2.52) 63.14 (2.52) 33.38 (1.57) 29.77 (2.43)
Pan troglodytes 3 KW-AS 0.15 (0.01) 33.03 (2.07) 66.97 (2.07) 38.30 (2.42) 28.67 (1.98)
Gorilla gorilla 3 Kw 0.20 (0.02) 36.77 (1.37) 63.23 (1.37) 35.69 (1.42) 27.54 (2.07)
Pongo pygmaeus 2 AS 0.18 (0.01) 37.64 (3.36) 62.36 (3.36) 39.43 (0.55) 22.94 (2.81)
Nomascus gabriellae 1 BR 0.17 33.59 66.41 35.79 30.62
Miopithecus talapoin 1 AQ 0.29 48.27 51.73 51.73 0

Macaca fascicularis 3 AQ 0.22 (0.01) 46.29 (4.01) 53.71 (4.01) 53.71 (4.01) O

Colobus guereza 1 AQ 0.21 48.46 51.54 51.54 0

Lemur catta 2 STQ 0.25 (0.03) 53.46 (1.19) 46.54 (1.19) 46.54 (1.19) 0
Chlorocebus aethiops 1 STQ 0.26 49.51 50.49 50.49 0

Macaca silenus 2 STQ 0.26 (0.00) 48.15 (0.64) 51.85 (0.64) 51.85(0.64) O
Mandrillus sphinx 1 STQ 0.25 48.49 51.51 51.51 0
Erythrocebus patas 1 TQ 0.28 49.14 50.86 50.86 0

SUP = supraspinatus mass; RC = rotator cuff mass; B = biped; KW = knuckle-walker; AS = arm-swinger;
BR = brachiator; AQ = arboreal quadruped; STQ = semiterrestrial quadruped; TQ = terrestrial quadruped
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Valladolid. All of the focal subjects came from Spanish zoos and had died from
causes unrelated to the present study. We included 9 orthograde primates: 1 male
Nomascus gabriellae (gibbon), 2 female Pongo pygmaeus, 1 male and 2 female
Gorilla gorilla, and 2 male and 1 female Pan troglodytes. We also included 12
pronograde primates: 2 female Lemur catta, 1 male Miopithecus talapoin, 1 male
Erythrocebus patas, 1 female Chlorocebus aethiops, 2 male Macaca silenus, 3 male
Macaca fascicularis, 1 male Mandrillus sphinx, and 1 female Colobus guereza. All
the primates were adults, except the Nomascus gabriellae, which was 13 mo old.

In each specimen, the same investigator carefully dissected the subscapularis,
supraspinatus, infraspinatus, and teres minor muscles (Figs. 1 and 2). He removed
adipose tissue and fascia and recorded the weight of each of the muscles. He
weighed each muscle 3 times at 5-min intervals and took the mean of the 3
measurements as the muscle's weight. He obtained the total weight of the rotator cuff
(RC) for each individual by adding the weight of each of the muscles, and calculated
the weight of the supraspinatus muscle (SUP) relative to the total RC (SUP/RC).
Although the weight of the supraspinatus relative to total body weight may be a
more appropriate parameter, we did not know the total body weight of the primates
dissected because they were necropsied before our study was performed. We
therefore selected the SUP/RC as a useful parameter to provide information on the
degree of development of the supraspinatus in relation to the other stabilizers of the
glenohumeral joint. After weighing the muscles, the investigator took 3 samples of
3-5 mm® from the central area of each of the supraspinatus muscles and froze them
in saline solution for the molecular analyses.

In addition, to determine if MHC expression in the supraspinatus muscle is
homogeneous or heterogeneous, we analyzed this expression in several regions of
the supraspinatus of an orthograde primate (Gorilla gorilla) and a pronograde
primate (Macaca fascicularis). We obtained samples from the anterior proximal,
anterior central, anterior distal, posterior proximal, posterior central, and posterior
distal regions of the supraspinatus. The proximal region of the supraspinatus
corresponds to the region near the medial border of the scapula; the distal region is
near the glenoid fossa; the anterior region is near the superior angle of the scapula;

Fig. 1 Dissection and anatomical drawing of the dorsal region of the scapula in a pronograde primate
(Lemur catta), showing the 3 posterior muscles of the rotator cuff and the teres major muscle. SUP =
supraspinatus; INF = infraspinatus; Tm = teres minor; TM = teres major; TBCLo = triceps brachii caput
longum; TBCLa = triceps brachii caput laterale.
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Fig. 2 Dissection and anatomical drawing of the dorsal region of the shoulder in an orthograde primate
(Pan troglodytes) after the elimination of the trapezius, rhomboideus minor, and rhomboideus major
muscles. SUP = supraspinatus; INF = infraspinatus; TM = teres major; DEL = deltoid; LD = latissimus
dorsi; LS = levator scapulae; SC = splenius capitis; SPS = serratus posterior superior; ES = erector spinae.

the posterior region is near the scapular spine; and the central region is located
between the proximal and the distal regions.

RNA Isolation and cDNA Synthesis

We extracted the RNA from the muscle samples using the commercial RNeasy mini
kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. We used UV
spectrophotometry to determine the concentration, purity, and amount of RNA and
electrophoresis on 1% agarose gels to assess the integrity and quality of RNA. We
used a NanoDrop 1000 Spectrophotometer to quantify RNA from the samples in
duplicate.

We used the TagMan Reverse Transcription Reagent Kit (Applied Biosystems,
Foster City, CA) to synthesize cDNA. We performed reverse transcription using
330 ng of total RNA in 10 pl of TagMan RT buffer, 22 ml of 25 mM magnesium
chloride, 20 pl of dNTPs, 5 ul of random hexamers, 2 ul of RNAse inhibitor, 2.5 ul
of MultiScribe Reverse Transcription, and RNA sample plus RNAse-free water, for a
final volume of 100 ul, in the following thermal cycler conditions: 10 min at 25°C,
48 min at 30°C, and 5 min at 95°C.

Gene Expression and Quantification by RT-PCR

Applied Biosystems supplied primers and probes. We labeled primers at the 5" end
with the reporter dye molecule FAM. We analyzed MYH-I (Hs00165276 ml),
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MYH-IIa (Hs00430042 ml), MYH-IIx (Hs00428600 ml), and MYH-IIb
(Hs00757977 ml) genes. We used an 18 S gene probe labeled at the 5’ end with
the reporter dye molecule FAM (Hs99999901 sl) as a housekeeping gene.

We performed RT-PCR in a total volume of 20 ul in the ABI Prism 7700
Sequence Detection System (Applied Biosystems). We ran all samples for each gene
in duplicate for 40 cycles using the following master mix and thermal cycler
conditions: 10 ul of the TagMan universal PCR master mix, 1 ul of the primers and
probes, 2 ul of the cDNA, and 7 ul of the RNAse-free water for 2 min at 50°C,
10 min at 95°C, 15 s at 95°C, and 1 min at 60°C. We used genomic DNA as
negative control in each run. We captured fluorescent emission data and quantified
mRNA concentrations by using the critical threshold value and 274,

Finally, we calculated the expression of each MHC isoform (MHC-I, MHC-Ila,
and MHC-IIx) relative to the total expression of all MHC isoforms and compared the
expression of the 2 fast MHC-II isoforms taken together to the expression of the
slow MHC-I isoform.

Statistical Analyses

We divided the modern humans and nonhuman primates into >1 of 7 subgroups
(Table II) based on their most commonly used substrate and locomotor mode,
according to Schmitt (2010). The bipeds included Homo sapiens; the knuckle-
walkers included Pan troglodytes and Gorilla gorilla; the arm-swingers included
Pan troglodytes and Pongo pygmaeus; the arboreal quadrupeds included Miopithe-
cus talapion, Macaca fascicularis, and Colobus guereza; the semiterrestrial
quadrupeds included Lemur catta, Chlorocebus aethiops, Macaca silenus, and
Mandprillus sphinx; the brachiators included Nomascus gabriellae; and the terrestrial
quadrupeds included Erythrocebus patas.

We used the Mann-Whitney test to compare orthograde vs. pronograde taxa and
to compare the locomotor groups that contained >5 individuals each: bipeds (24
individuals), knuckle-walkers (6 individuals), arm-swingers (5 individuals), arboreal
quadrupeds (5 individuals), and semiterrestrial quadrupeds (6 individuals). We set
statistical significance at p<0.05. We used SPSS version 14.0 for all statistical
analyses.

Results

Table II summarizes the results. The mean SUP/RC values are 0.16 in modern
humans, 0.18 in nonhuman orthograde primates, and 0.25 in pronograde primates.
We observed significant differences between modern humans and nonhuman
orthograde primates (p=0.018, U=49.5, df=31), between modern humans and
pronograde primates (p<0.001, U=0, df=34), and between nonhuman orthograde
and pronograde primates (p<0.001, U=5, df=19). In the subgroups based on
locomotor mode, the mean SUP/RC values are as follows: bipeds, 0.16; knuckle-
walkers, 0.18; arm-swingers, 0.16; arboreal quadrupeds, 0.23; and semiterrestrial
quadrupeds, 0.25. We observed significant differences in SUP/RC values between
bipeds and arboreal quadrupeds (p=0.001, U=0, df=27), between bipeds and
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semiterrestrial quadrupeds (p<0.001, U=0, df=28), between knuckle-walkers and
arboreal quadrupeds (p=0.045, U=4, df=9), between knuckle-walkers and semiter-
restrial quadrupeds (p=0.006, U=1, df=10), between arm-swingers and arboreal
quadrupeds (p=0.009, U=0, df=8), and between arm-swingers and semiterrestrial
quadrupeds (p=0.006, U=0, df=9). We observed no significant differences between
bipeds and knuckle-walkers (p=0.092, U=39.5, df=28), between bipeds and arm-
swingers (p=0.371, U=44.5, df=27), or between arboreal quadrupeds and
semiterrestrial quadrupeds (p=0.144, U=7, df=9).

The expression pattern of the MHC isoforms is similar in the modern humans and
the nonhuman orthograde primates, with higher expression levels of the MHC-II
isoforms. The mean expression of the MHC-I isoform is 36.86% in modern humans
and 35.36% in nonhuman orthograde primates (p=0.157, U=73, df=31). The mean
expression of the 2 MHC-II isoforms taken together is 63.14% in modern humans
and 64.64% in nonhuman orthograde primates (»p=0.157, U=73, df=31). However,
modern humans expressed a higher proportion of the MHC-IIx isoform (29.77% vs.
27.24%; p=0.043, U=58, df=31) and a lower proportion of the MHC-Ila isoform
(33.38% vs. 37.4%; p<0.001, U=10, df=31). The pronograde primates have a
higher proportion of the MHC-I isoform (48.83%) and a lower proportion of the
MHC-II isoforms (51.17%) than either the modern humans (p<0.001, U=0, df=34)
or the nonhuman orthograde primates (p<0.001, U=0, df=19). Intriguingly, none of
the pronograde primates expressed MHC-IIx, though all the modern human and
nonhuman orthograde primates expressed it. None of the modern humans or
nonhuman primates expressed MHC-IIb.

The overall pattern of MHC expression is similar in the biped, knuckle-walker,
and arm-swinger subgroups. There are no significant differences in the expression of
MHC-I between bipeds and knuckle-walkers (p=0.120, U=42, df=28) or between
bipeds and arm-swingers (p=0.133, U=34, df=27). There are no significant
differences in the expression of MHC-IIx between bipeds and knuckle-walkers
(p=0.133, U=43, df=28) or between bipeds and arm-swingers (p=0.050, U=26,
df=27). However, the bipeds have a lower expression of MHC-Ila (33.38%) than the
knuckle-walkers (36.99%) (p=0.001, U=10, df=28) and the arm-swingers (38.75%;
p=0.001, U=0, df=27). In contrast, we observed significant differences in the
expression of all 3 MHC isoforms when we compared the biped, knuckle-walker,
and arm-swinger subgroups to the arboreal quadruped and the semiterrestrial
quadruped subgroups. In the arboreal quadruped subgroup, the mean expression is
47.12% of MHC-I and 52.88% of MHC-IIa (arboreal quadrupeds vs. bipeds, p=
0.001, U=0, df=27; arboreal quadrupeds vs. knuckle-walkers, p=0.006, U=0, df=7;
arboreal quadrupeds vs. arm-swingers, p=0.009, U=0, df=8). In the semiterrestrial
quadruped subgroup, the mean expression is 50.20% of MHC-I and 49.8% of MHC-
Ila (semiterrestrial quadrupeds vs. bipeds, p<0.001, U=0, df=28; semiterrestrial
quadrupeds vs. knuckle-walkers, p=0.004, U=0, df=10; semiterrestrial quadrupeds
vs arm-swingers, p=0.006, U=0, df=7). We observed no significant differences in
MHC isoform expression between the arboreal quadruped and the semiterrestrial
quadruped subgroups (p=0.100, U=6, df=7).

There are no large variations in the MHC expression pattern according to the
region of the supraspinatus muscle studied in 1 Macaca fascicularis and 1 Gorilla
gorilla (Table III).
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Table III' mRNA expression

of MHC isoforms in different Species Region % MHC-I % MHC-IIa % MHC-IIx
regions of the supraspinatus analyzed
muscle in 1 Macaca fascicularis
and 1 Gorilla gorilla Macac'a . Anterior 46.8 53.2 0
Jascicularis — pogterior 4632 53.68 0
Proximal 46.64 53.36 0
Central 46.77 53.23 0
Distal 46.27 53.73 0
Gorilla gorilla Anterior 33.43 36.15 30.42
Posterior 34.17 36.13 29.7
Proximal 34.26 36.2 29.54
Central 34.23 36.12 29.65
Distal 3291 36.1 30.99

Discussion

In the present study, the mass of the supraspinatus muscle in relation to the total
mass of the rotator cuff was larger in the pronograde than in modern humans and the
nonhuman orthograde primates. These findings are in line with those of Inman ef al.
(1944), who compared the mass of the supraspinatus muscle with the combined
mass of all the scapulohumeral muscles, including the rotator cuff, the deltoid, and
the teres major muscles. The supraspinatus plays an important role in stabilizing the
glenohumeral joint in the pronograde primates, preventing its collapse in retraction
(Preuschoft er al. 2010). This role of the supraspinatus as an antigravity postural
muscle may explain its larger proportional size in pronograde vs. orthograde
primates because postural muscles, such as the human soleus or gluteus maximus,
tend to be relatively large.

In contrast, in modern humans and nonhuman orthograde primates, the primary
role of the supraspinatus muscle is the elevation of the upper extremity in the
scapular plane, where it acts together with the deltoid (Inman et al. 1944; Larson and
Stern 1986; Tuttle and Basmajian 1978). The relatively smaller size of the
supraspinatus in modern humans and the nonhuman orthograde primates in
comparison with the pronograde primates may be due to its role as an agonist of
the deltoid muscle, which is especially large in hominoid primates (Aiello and Dean
1990; Inman et al. 1944). The different locomotor modes of modern humans and
the nonhuman orthograde primates do not seem to be related to major changes
in the relative size of the supraspinatus muscle because we found no significant
differences in SUP/RC values among the biped, knuckle-walker, and arm-
swinger subgroups. The SUP/RC values for the chimpanzees, orangutans, and
the gibbon were similar to those for modern humans. However, the gorillas had
a higher SUP/RC wvalue. This proportionately larger supraspinatus may be
related to the fact that the fundamental locomotor mode of adult gorillas is
knuckle-walking (Fleagle 1999; Schmitt 2010), wherein the supraspinatus muscle is
crucial to the stability of the glenohumeral joint (Larson and Stern 1987; Tuttle and
Basmajian 1978). However, this larger supraspinatus was not evident in the
chimpanzees, which combine knuckle-walking with other locomotor modes,
including arm-swinging (Schmitt 2010). Further studies with a larger number of
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chimpanzees and gorillas could help shed light on the potential effect of knuckle-
walking on SUP/RC values.

The functional differences between the supraspinatus muscles of modern humans
and nonhuman orthograde primates and pronograde primates are reflected in the
differences in MHC expression patterns. Importantly, none of the pronograde
primates expressed MHC-IIx in the supraspinatus muscle. MHC-IIx is the fastest and
least resistant of the MHC isoforms and is not expressed in slow postural muscles
(Baldwin 1996; Fitts and Widrick 1996; Fitts et al. 1991; Rivero et al. 1999;
Schiaffino and Reggiani 1996; Talmadge 2000). Our findings thus provide molecular
evidence for the importance of the supraspinatus as a postural muscle in pronograde
primates. In relation to MHC-I isoform expression, our results confirm previous
findings with ATPase staining in other pronograde primates, such as Macaca mulatta
(Singh et al. 2002) and Saimiri sciureus (Schmidt and Schilling 2007). Specifically,
Singh et al. (2002) found 44-58% of type I fibers in the supraspinatus muscle of
Macaca mulatta, and Schmidt and Schilling (2007) found 45-60% of type I fibers in
the supraspinatus of Saimiri sciureus. These percentages are along the lines of the
42.48-54.30% of MHC-I expression we observed in the 12 pronograde primates in
the present study.

Schmidt and Schilling (2007) observed a heterogeneous distribution of the type I
fibers in the supraspinatus of Saguinus oedipus and Saimiri sciureus, with a major
percentage of these fibers in the distal region of the muscle and near the scapular
spine. Intriguingly, however, we have observed a homogeneous expression of the
MHC isoforms in the supraspinatus muscle of both Macaca fascicularis and Gorilla
gorilla, leading us to speculate that the distribution of fiber types may be unrelated
to the expression of MHC isoforms. Further analyses with a wider sample of primate
species and individuals are warranted to shed light on this issue.

In contrast to that of the pronograde primates, the supraspinatus of all the modern
humans and nonhuman orthograde primates expressed all 3 MHC isoforms, with a
higher percentage of the 2 fast MHC-II isoforms than the slow MHC-I isoform. This
expression pattern is typical of fast and powerful muscles with low resistance to
fatigue (Harridge et al. 1996; Klitgaard et al. 1990), and our findings provide
evidence for the elevatory function of the supraspinatus in pronograde primates.
Although the nonhuman orthograde primates included in this study use various
locomotor modes (brachiation, arm-swinging, knuckle-walking), we observed no
large differences in the expression patterns of the MHC isoforms according to
locomotor mode, but we were unable to make statistical comparisons between
nonhuman orthograde primate locomotor groups because of the small sample size.
Interestingly, we observed significant differences in the expression patterns of the
MHC isoforms between knuckle-walking orthograde primates and the arboreal
quadrupeds and semiterrestrial quadrupeds pronograde primates, indicating that the
electromyographic activity in the chimpanzee and the gorilla supraspinatus (Larson
and Stern, 1987; Tuttle and Basmajian, 1978) is not related to a pronograde-like
MHC expression pattern.

The modern humans in the present study had an MHC expression pattern similar
to that of the other orthograde primates, with expression of all 3 isoforms and a
higher proportion of the 2 fast MHC-II isoforms. However, the modern humans
expressed a higher percentage of the MHC-IIx isoform and a correspondingly lower
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percentage of the MHC-Ila isoform. This higher expression of the fastest isoform
may be due to the greater mobility and precision of the muscles of the upper
extremity in modern humans, where the locomotor function has, to a large extent,
been replaced by a manipulative function.

In conclusion, RT-PCR is a valuable technique for the molecular study of skeletal
muscles and can complement information obtained via other techniques, such as
electromyography, ATPase staining, and immunohistochemistry. We here observed
molecular evidence of 2 different functional patterns in the supraspinatus muscle of
primates, related to the anatomical pattern of modern humans and nonhuman
orthograde vs. pronograde and to the locomotor modes of different species.
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RESUMEN

Este estudio se cuantific6 mediante Real-Time PCR (RT-PCR)
la expresion de mRNA de las tres isoformas de la cadena pesada
de la miosina (MHC) en 24 musculos supraespinosos de humanos
modernos con el fin de determinar si corresponde a un musculo
postural (con mayor expresion de la isoforma lenta MHC-I, apropia-
da para su funcion como estabilizador de la articulacion glenohume-
ral) o a un musculo fasico (con mayor expresion de las isoformas
rapidas MHC-II, adecuadas para actuar como elevador de la extre-
midad anterior). La muestra incluye individuos de diferentes edades
y sexos con el fin de analizar la variabilidad de la expresion de MHC
en relacion con el sindrome subacromial y el debilitamiento de los

musculos del manguito rotador.

En todas las muestras analizadas se observé una mayor ex-
presion de las isoformas rapidas MHC-II (incluida la mas rapida de
todas, MHC-IIx) indicadora de la naturaleza elevadora del musculo
supraespinoso (junto con el deltoides), capaz de rapidas contrac-
ciones pero poco resistente a la fatiga (Larsson & Moss 1993; Ha-
rridge et al. 1998), papel que también ha sido confirmado mediante

estudios electromiograficos (Basmajian & de Luca 1985).

No se encontraron diferencias significativas en la expresion en
relacion con la edad o el sexo de los individuos, aunque si se ob-
servaron diferencias entre categorias de edad por sexos. En las mu-
jeres, la correlacion negativa observada entre la edad y la expresion
de la isoforma MHC-I, y la correlacidén positiva entre la edad y la ex-
presion de la isoforma MHC-IIx, podrian ser indicativas de una re-

duccion de la resistencia a la fatiga del musculo supraespinoso con
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la edad. En los hombres no se observan estos cambios en la expre-
sion de las isoformas MHC-I y MHC-lIx, sino un aumento de la ex-

presion de la isoforma MHC-la con la edad.

Las diferencias observadas en la expresion de las isoformas
de MHC en funcién de la edad y el sexo podrian explicar, al menos
en parte, la mayor incidencia del sindrome subacromial en las muje-
res de edad avanzada (Chard et al. 1991; Lehman et al. 1995), cau-
sado por el debilitamiento de los musculos del manguito rotador. Al
debilitarse el manguito, el deltoides adquiere mas importancia en la
elevacion de la extremidad anterior, lo que resulta en el desplaza-
miento de la cabeza del humero y el aumento de la compresion del
tenddn del musculo supraespinoso contra el acromion, dafiandolo
(Wickiewicz 1994; Thompston et al. 1996; Chen et al. 1999).
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Abstract

The contractile function of skeletal muscles is primarily requ-
lated by the expression of myosin heavy chain (MHC) iso-
forms. Adult human skeletal muscles express three MHC iso-
forms (MHC-I, MHC-lla and MHC-lIx). The muscles mainly ex-
pressing MHC-I are slow but resistant to fatigue, while those
with major expression of MHC-lla and MHC-lIx are fast and
powerful but less resistant to fatigue. In this study, mRNA lev-
els of the MHC isoforms were assessed in 24 human supraspi-
natus muscles by reverse-transcription polymerase chain re-
action. The average expression of the MHC-I isoform was
36.72%, that of the MHC-lla isoform was 33.52%, and the av-
erage expression of the MHC-lIx isoform was 29.76%. The
higher average expression of the two MHC-Il isoforms taken
together (63.28%) indicates that the human supraspinatus
muscle is a powerful, fast muscle with relatively low resis-
tance to fatigue, in accordance with its role in the elevation
of the upper extremity. In women, and more markedly in old-
er women, the trend towards upregulation of the fast MHC-II

isoforms and downregulation of the slow MHC-I isoform,
which is absent in males, may improve our understanding of
possible causes of the subacromial impingement syndrome.

Copyright © 2012 S. Karger AG, Basel

Introduction

Together with the subscapularis, infraspinatus and
teres minor muscles, the supraspinatus muscle forms part
of the rotator cuff, which is the principal stabilizer of the
glenohumeral joint [Michener et al., 2003; Ward et al,,
2006; Lovering and Russ, 2008]. In addition to this stabi-
lizing function, the supraspinatus muscle, along with the
deltoid, with which it forms the upper unit described by
Inman et al. [1944], elevates the upper extremity in the
scapular plane [Inman etal., 1944; Basmajian and de Luc-
ca, 1985; McMahon et al., 1995; Alpert et al., 2000; Halder
et al., 2001]. The structure and function of the supraspi-
natus muscle warrants investigation since impairment in
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the supraspinatus tendon is the main feature of the sub-
acromial impingement syndrome (SAIS) [Neer, 1983], the
most frequent degenerative disorder affecting the human
shoulder [Vecchio et al., 1995].

The characteristics of the skeletal muscles, such as
contraction time, strength and resistance to fatigue,
highly depend on the degree of expression of the different
MHC isoforms in the muscle fibers [Botinelli and Reg-
giani, 2000]. Human skeletal muscles express three MHC
isoforms (the slow MHC-I and the fast MHC-IIa and
MHC-IIx, which are related to greater speed, greater
strength and less resistance to fatigue, respectively). In
addition to these three MHC isoforms, a gene encoding
the fastest and least resistant isoform, MHC-IIb, has also
been identified in humans [Weiss et al., 1999], but it is not
expressed under normal conditions [Pette and Staron,
2000]. The slow postural muscles of the lower extremity,
such as the soleus, highly express the slow MHC-I iso-
form, with a variable expression of the MHC-IIa isoform,
the slower of the two fast MHC-II isoforms [Fitts et al.,
1991; Baldwin, 1996; Fitts and Widrick, 1996; Schiaffino
and Reggiani, 1996; Rivero et al., 1999; Talmadge, 2000].
In contrast, the fast muscles of the upper extremity ex-
press all three MHC isoforms in variable proportions
[Larson and Moss, 1993; Harridge et al., 1998].

In the present study, we have quantified mRNA expres-
sion of the three MHC isoforms by reverse-transcription
polymerase chain reaction (RT-PCR) in 24 human supra-
spinatus muscles obtained from cryopreserved corpses.
The primary objective of this study was to determine if
the expression of the three isoforms was similar to that of
a postural muscle — with higher expression of the slow
MHC-I, appropriate to its function as a stabilizer of the
glenohumeral joint - or to that of a fast, powerful mus-
cle - with higher expression of the fast MHC-II isoforms,
suitable for its role in the elevation of the upper extremity
[Larson and Moss, 1993; Harridge et al., 1998]. Further-
more, we reasoned that increased knowledge of MHC iso-
form expression in the supraspinatus muscle, including
age- and sex-related variations, could improve our under-
standing of potential etiopathogenic mechanisms of SAIS
related to the weakening of rotator cuff muscles.

Materials and Methods

Supraspinatus Muscle Samples

Muscle samples were obtained from 29 unfixed human cadav-
ers from the Body Donation Service of the University of Barce-
lona and cryopreserved within 24-48 h of death. The shoulder
regions of all cadavers were systematically dissected by the same

Supraspinatus Myosin Expression

investigator; after isolating and extracting the supraspinatus
muscle, 3 samples were taken from the central area and frozen in
saline solution. In order to avoid muscle area-based differences in
MHC isoform expression, samples were obtained from the same
area in all cadavers. One sample from each cadaver was used for
mRNA quantification of the MHC isoform, and the remainder (2
samples) was stored for use in future studies. Samples from 5 ca-
davers were not included in the study due to macroscopic evi-
dence of different types of pathologies. The 24 remaining cases
included 13 males (aged 51, 60, 61, 66, 69, 72, 74, 76, 79, 84, 85, 88
and 91 years) and 11 females (aged 38, 44, 76, 81, 81, 83, 87, 91, 94,
97 and 98 years). The mean age of all the individuals was 76.1
years.

RNA Isolation and cDNA Synthesis

Total RNA from muscles was extracted using the commercial
RNeasy mini kit (Qiagen, Valencia, Calif., USA) according to the
manufacturer’s protocol. The concentration, purity and amount
of total RNA were determined by UV spectrophotometry, and the
integrity and quality of RNA were assessed by electrophoresis on
1% agarose gel. RNA from samples was quantified in duplicate
using a NanoDrop 1000 Spectrophotometer. cDNA was synthe-
sized using a TagMan reverse transcription reagent kit (Applied
Biosystems, Foster City, Calif., USA). Reverse transcription was
performed using 330 ng of total RNA in 10 pl of TagMan RT buf-
fer, 22 ml of 25 mM magnesium chloride, 20 pul ANTPs, 5 pl ran-
dom hexamers, 2 l RNAse inhibitor, 2.5 pl MultiScribe reverse
transcription and RNA sample plus RNAse-free water, for a final
volume of 100 pl, in the following thermal cycler conditions: 10
min at 25°C, 48 min at 30°C and 5 min at 95°C.

Gene Expression and Quantification by RT-PCR

Primers and probes were supplied by Applied Biosystems.
Primers were labeled at the 5" end with the reporter dye molecule
FAM. MYH-I (Hs00165276_m1), MYH-IIa (Hs00430042_m1l),
MYH-IIx (Hs00428600_m1) and MYH-IIb (Hs00757977_m]l)
genes were analyzed. The 18S gene probe labeled at the 5’ end with
the reporter dye molecule FAM (Hs99999901_s1) was used as
housekeeping gene.

RT-PCR was performed in a total volume of 20 pl in the ABI
Prism 7700 sequence detection system (Applied Biosystems). For
each gene, all samples were run in duplicate for 40 cycles using the
following Master Mix and thermal cycler conditions: 10 wl of the
TagMan universal PCR Master Mix, 1 pl of the primers and
probes, 2 pl of the cDNA and 7 pl of the RNAse-free water for
2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 min at 60°C.
Genomic DNA was used as a negative control in each run. Fluo-
rescent emission data were captured, and mRNA concentrations
were quantified using the critical threshold value and 2744, In
order to avoid any possible effects of postmortem mRNA degra-
dation, the mRNA values for each of the MHC isoforms were nor-
malized using the endogenous gene 18S, which remains intact for
up to 8 days after death in skeletal muscle [Bahar et al., 2007].

Statistical Analyses

The proportional expression of each MHC isoform (MHC-I,
MHC-ITa and MHC-IIx) relative to the total expression of all
MHC isoforms was calculated for each sample, and the expression
of the two fast MHC-II isoforms taken together was compared to
the expression of the slow MHC-I isoform. Average values were
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Table 1. mRNA expression [means (SD)] of MHC isoforms in the supraspinatus muscle

Myosin isoforms Total Males Females
(n=24) (n=13) (n=11)
MHC-I 36.72 (2.48) 36.26 (2.42) 37.28 (2.54)
MHC-IIa 33.52(1.49) 33.99 (1.28) 32.96 (1.58)
MHC-IIx 29.76 (2.59) 29.75 (2.84) 29.76 (2.40)
MHC-TI (ITa + ITx) 63.28 (2.48) 63.74 (2.42) 62.72 (2.54)

There was no significant difference in expression patterns between males and females.

computed for the whole study samples (n = 24). Differences be-
tween males and females were analyzed with the Mann-Whitney
test. Age-related differences in gene expression between younger
and older individuals, using mean patient age (76.1 years) as the
cutoff point (73.5 for males and 79.1 for females), were analyzed
with the Mann-Whitney non-parametric test, and the relation-
ship between age and MHC isoform expression was assessed us-
ing the Spearman coefficients of correlation. Values of p < 0.05
were considered statistically significant. All statistical analyses
were performed with SPSS version 14.

Results

The two fast isoforms (MHC-ITIa and MHC-IIx) were
expressed at a higher proportion than the slow isoform
(MHC-I): 63.28 versus 36.72% (range 57.94-66.96 vs.
33.04-42.06%), respectively. However, when each iso-
form was considered separately (table 1), MHC-I was the
most expressed (36.72%) followed by MHC-IIa [33.52%
(range 29.97-36.10%)] and MHC-IIx [29.76% (range
24.97-34.74%)]. MHC-IIb was not expressed in any of the
samples.

MHC expression followed the same pattern when age
groups were considered. In samples from individuals
aged 38-76 years, MHC-I was the most expressed isoform
(37.30%) followed by MHC-IIa (33.03%) and MHC-IIx
(29.66%), and again the two MHC-II isoforms taken to-
gether were expressed in a higher proportion (62.70%)
than the MHC-I isoform. In individuals aged 79-98
years, MHC-I was again the most expressed (36.23%), fol-
lowed by MHC-I1a (33.93%) and MHC-IIx (29.83%), and
the two MHC-II isoforms, taken together, were also ex-
pressed in a higher proportion (63.77%).

A similar pattern was observed when samples were
grouped by sex. In males, MHC-I was expressed at a pro-
portion of 36.26%, MHC-IIa at 33.99% and MHC-IIx at
29.75%. In females, MHC-I was expressed at 37.28%,
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MHC-IIa at 32.96% and MHC-IIx at 29.76%. In both
males and females, the two MHC-II isoforms taken to-
gether were expressed at a higher proportion than MHC-
I (males 63.74% and females 62.72%).

Although no significant differences in the overall rela-
tive expression of the three MHC isoforms were observed
according to sex or age, different patterns of expression
were identified within the subgroups of males and fe-
males according to age. In males, the expression of MHC-
ITa was significantly higher in older subjects. In younger
males, MHC-IIa was expressed at 33.38% (range 32.07-
34.68%), while in older males it was expressed at 34.52%
(range 31.82-36.10%; p = 0.046), but no changes were ob-
served according to age in the expression of MHC-I (p =
0.475) or MHC-IIx (p = 0.253). In contrast, in females
there was no change according to age in the expression of
MHC-IIa (p = 0.414), but MHC-I expression decreased
with age. In younger females, MHC-I was expressed at
40.28% (range, 38.98-42.06%), while in older females, it
was expressed at 36.15% (range 33.04-38.68%; p = 0.014).
In younger females, MHC-II isoforms were expressed at
59.72% (range 57.94-61.02%), while in older females, they
were expressed at 63.85% (range 61.32-66.96%; p = 0.014).
There was a nonsignificant trend towards increased
expression of MHC-IIx in older females: 27.57% (range
27.16-27.97%) in younger females compared to 30.58%
(range 27.03-34.08%) in older females (p = 0.066). The
analysis of the correlation between myosin expression
and age by sex group (table 2; fig. 1) showed a significant
positive association between age and MHC-IIa expres-
sion in males (SCI = 0.71, p = 0.007; fig. 1a), a negative
correlation between age and MHC-I expression in fe-
males (SCI = 0.79, p = 0.004; fig. 1b) and positive correla-
tions between age and MHC-IIx expression (SCI = 0.62,
p = 0.040) and between age and the expression of the two
MHC-II isoforms taken together (SCI = 0.79, p = 0.004;
fig. 1c) in females.

Potau et al.
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Table 2. Spearman correlation and significance [bilateral p value (in parentheses)] for non-parametric correla-
tion analyses between age and percent mRNA expression of MHC isoforms in the supraspinatus muscle

MHC isoforms Total sample Males Females
(n=24) (n=13) (n=11)
MHC-I ~0.251 (0.238) ~0.104 (0.734) ~0.788 (0.004)
MHC-IIa 0.252 (0.235) 0.709 (0.007) 0.082 (0.811)
MHC-IIx 0.163 (0.447) -0.280 (0.354) 0.624 (0.040)

MHC-II (ITa + IIx) 0.251 (0.238)

-0.104 (0.734)

0.788 (0.004)

Significant p values are italicized.
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Discussion

Previous studies (with smaller sample sizes) have al-
ready analyzed the presence of the MHC isoforms in su-
praspinatus muscle fibers. Using myofibrillar ATPase
staining in three supraspinatus muscles, Srinivasan et al.

Supraspinatus Myosin Expression

[2007] identified 50% (% 15%) of type-I fibers, 21% (£5%)
of type-IIa fibers and 29% (£14%) of type-1Ix fibers. Us-
ing immunohistochemistry, Lovering and Russ [2008]
found 54% (£ 6%) of type-Ifibersin 9 supraspinatus mus-
cles. A marked difference in the percentages of fiber types
exist between those identified by ATPase staining or im-
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munohistochemistry and the percent of MHC isoforms
obtained in the present study using RT-PCR. However,
when Lovering and Russ [2008] quantified the protein
levels of MHC isoforms by SDS-PAGE in 3 supraspinatus
muscles, they found that the proportion of MHC-I ex-
pression was 33-47%, that of MHC-IIa was 19-42%, and
that of MHC-IIx was 17-35%. These results are along the
lines of our findings: 33-42% MHC-I, 30-36% MHC-IIa
and 25-35% MHC-IIx. Both SDS-PAGE and RT-PCR are
indicative of the higher expression of the fast MHC-II
isoforms compared with the slow MHC-I isoforms in the
human supraspinatus muscle, although MHC-I shows
the highest expression when the three isoforms are con-
sidered separately, followed by MHC-IIa and finally by
MHC-IIx. The proportion of type-I fibers observed by
ATPase staining [Srinivasan et al., 2007] and immuno-
histochemistry [Lovering and Russ, 2008], 50 and 54%,
respectively, is higher than the 36.72% observed by us for
MHC-I expression using RT-PCR. The higher values ob-
served by the former studies could possibly be atfected by
the presence of hybrid fibers expressing both MHC-I and
MHC-IIa [Smerdu et al., 1994].

The higher expression of the fast MHC-II isoforms,
including the fastest (MHC-IIx), which was observed in
the present study and also by others [Lovering and Russ,
2008], may reflect the functionally powerful nature of the
supraspinatus muscle, which is capable of fast contrac-
tions but has low resistance to fatigue [Larson and Moss,
1993; Harridge et al., 1998]. This interpretation of the su-
praspinatus muscle highlights its function in the eleva-
tion of the upper extremity, where, together with the del-
toid muscle, it forms part of the upper unit [Inman et al.,
1944]. This role of the supraspinatus has also been veri-
fied through electromyographic studies [Basmajian and
de Luca, 1985].

We have found no significant differences in the rela-
tive expression of the MHC isoforms according to age or
sex, though differences between age categories by sex
groups were identified: MHC-IIa expression was higher
in older males, whereas MHC-I expression was lower in
older females and MHC-II expression was higher in old-
er females. These results confirm those of previous stud-
ies [Balagopal et al., 2001; Short et al., 2005; Toth et al.,
2005], where the expression of MHC-II isoforms in-
creased with age. The major difference in our findings is
that we have observed a significant decrease in the ex-
pression of the MHC-I isoform in older females. In con-
trast, other studies have reported a lack of age-related
changes in MHC expression [Marx et al., 2002; Toth and
Tchernof, 2006]. However, these studies were carried out
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in the vastus lateralis muscle, which has different func-
tional requirements and, thus, a different MHC expres-
sion pattern than the muscles of the upper extremity. In
the vastus lateralis, an overall higher expression of MHC-
I, and scarce or null expression of MHC-IIx has been de-
scribed [Botinelli and Reggiani, 2000]. We propose that
the functional demands on the upper extremity muscles,
including the supraspinatus, may lead to different age-
related patterns in the expression of MHC isoforms.

In females, the negative correlation between age and
MHC-I expression and the positive correlation between
age and MHC-IIx expression might be indicative of a ten-
dency towards a lower resistance to fatigue of the supra-
spinatus muscle. In males, these changes in MHC-I and
MHC-IIx expression were not observed, and the age-relat-
ed increase observed for MHC-IIa expression implies a
higher resistance to fatigue of the supraspinatus muscle in
males. The weakness of the rotator cuff muscles, including
the supraspinatus, has been postulated as an etiopatho-
genic cause of SAIS [Jerosh et al., 1989; Warner et al., 1990;
Broxetal., 1993; Bartolozzi et al., 1994; Leroux et al., 1994;
Hawkins and Dunlop, 1995; Reddy et al., 2000] because it
entails a greater role for the deltoid in the elevation of the
upper extremity, resulting in a greater upward movement
of the humeral head and an increased compression of the
supraspinatus tendon against the acromion, which will
gradually injure the supraspinatus tendon [Wickiewicz,
1994; Thompson et al., 1996; Chen et al., 1999]. The ob-
served differences in MHC isoform expression with age
between males and females might be responsible, at least
in part, for the higher incidence of SAIS in older women
[Chard et al., 1991; Lehman et al., 1995]. Future studies are
warranted to determine if the changes we have observed
in the mRNA expression of the MHC isoforms corre-
spond to similar changes in protein expression, since there
is not always a good correlation between mRNA and pro-
tein expression [Toth and Tchernof, 2006].

Nevertheless, SAIS is a multifactorial syndrome, and
contributory factors include inflammation of the tendons
and the subacromial bursa [Ogata and Uhthoff, 1990;
Banas et al., 1995; Toivonen et al., 1995; Tuite et al., 1995;
Paletta et al., 1997], as well as the morphology of the ac-
romion and the coracoacromial arch [Farley et al., 1994;
Bigliani and Levine, 1997]. For this reason, our results
can only help explain one of the many possible causes of
SAIS - the age-related weakening of the rotator cuff mus-
cles. Further studies on the other rotator cuff muscles (the
subscapularis, infraspinatus and teres minor muscles) in-
vestigating age-related MHC isoform changes similar to
those we have noted in the supraspinatus are required to
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confirm the relationship between the expression of MHC
isoforms and the etiopathogenesis of SAIS.

Finally, some precautions need to be considered since
the samples were obtained from cadavers, which implies
that the average age of the samples was high and the con-
trol for previous pathologies was not always possible; only
2 young individuals could be analyzed. Thus, only linear
regression could be performed. A larger sample, with all
age groups represented, might show whether a nonlinear
model will better fit the data or not. Nevertheless, the re-
liability of the quantification of mRNA expression by RT-
PCR and the significant amount of studied individuals
allow us to hypothesize that age-related changes in myo-
sin expression may underlie sex-related differences in
some muscles like the supraspinatus.

The present study on the expression of MHC isoforms
in the supraspinatus muscle can shed new light on the
characteristics of this muscle, including its age- and sex-

related molecular variations. Our results can comple-
ment previous findings using different techniques, such
as the study of the supraspinatus muscle architecture
[Ward et al, 2006], the physiological cross-sectional area
of the muscle fibers [Srinivasan et al., 2007], electromy-
ography [Basmajian and de Luca, 1985] and muscle fiber
types [Lovering and Russ, 2008], and can help increase
our understanding of the functional aspects of the supra-
spinatus and provide insights into one potential cause of
SAIS.
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