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Abstract

The uniquely designed limbs of the African elephant, Loxodonta africana, support the
weight of the largest terrestrial animal. Besides other morphological peculiarities, the feet
are equipped with large subcutaneous cushions which play an important role in
distributing forces during weight bearing and in storing or absorbing mechanical forces.
Although the cushions have been discussed in the literature and captive elephants, in
particular, are frequently affected by foot disorders, precise morphological data are
sparse. The cushions in the feet of African elephants were examined by means of
standard anatomical and histological techniques, computed tomography (CT) and
magnetic resonance imaging (MRI). In both the forelimb and the hindlimb a 6th ray, the
prepollex or prehallux, is present. These cartilaginous rods support the metacarpal or
metatarsal compartment of the cushions. None of the rays touches the ground directly.
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The cushions consist of sheets or strands of fibrous connective tissue forming larger
metacarpal/metatarsal and digital compartments and smaller chambers which were filled
with adipose tissue. The compartments are situated between tarsal, metatarsal, metacarpal
bones, proximal phalanges or other structures of the locomotor apparatus covering the
bones palmarly/plantarly and the thick sole skin. Within the cushions, collagen, reticulin
and elastic fibres are found. In the main parts, vascular supply is good and numerous
nerves course within the entire cushion. Vater—Pacinian corpuscles are embedded within
the collagenous tissue of the cushions and within the dermis. Meissner corpuscles are
found in the dermal papillae of the foot skin. The micromorphology of elephant feet
cushions resembles that of digital cushions in cattle or of the foot pads in humans but not
that of digital cushions in horses. Besides their important mechanical properties, foot
cushions in elephants seem to be very sensitive structures.

Introduction

The limbs of elephants reveal many peculiarities both in structure and in kinematic
patterns (Muybridge, 1899; Howell, 1944; Gambaryan, 1974; Hildebrand & Hurley,
1985; Hutchinson et al. 2003, in press; Weissengruber & Forstenpointner, 2004a;
Weissengruber et al. 2006). All structures of the locomotor apparatus are integrated
within a column-shaped, extended limb (Howell, 1944; Gambaryan, 1974). Although the
larger forelimbs support about 60% of the body mass (Alexander et al. 1979), the
hindlimbs are also well suited to weight bearing (Weissengruber & Forstenpointner,
2004a,b). Unlike in most mammals a 6th ray resembling a cartilaginous rod (Nauck,
1938; Smuts & Bezuidenhout, 1994) is present in the forelimb (the prepollex) as well as
in the hindlimb (the prehallux) (Fig. 1: PP, Fig. 2: PH). The carpals/tarsals and
metapodials are arranged and form an arch, similar to the human foot, and the toes are
enclosed within a flexible sheath of skin (Weissengruber & Forstenpointner, 2004b;
Weissengruber et al. 2006). None of the phalanges touches the ground directly (Virchow,
1910; Benz, 2005) — the distal phalanges are separated from the sole, firmly attached to
the corium of the respective nail/hoof (Smuts & Bezuidenhout, 1993). Cushions occupy
the spaces between carpal/tarsal, metapodial and digital bones or tendons, muscles (Eales,
1928; Weissengruber & Forstenpointner, 2004a) and ligaments, which cover the bones
palmarly/plantarly, and the sole skin lies under all of these structures (Neuville, 1927;
Benz, 2005) (Fig. 1).

In the literature, the cushions in elephant feet have been frequently mentioned (Virchow,
1910; Neuville, 1935; Mariappa, 1955, 1986; Kother & Biirger, 1967; Fowler, 1980;
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GiiBgen, 1988; Smuts & Bezuidenhout, 1994; Keet et al. 1997; Ramsay & Henry, 2001;
Benz, 2005; Benz et al. 2005) and related to 'noiseless stepping' (Virchow, 1910), but
detailed and concise anatomical data on their structure are still lacking. These cushions
are roughly comparable with the foot/heel pads in humans (e.g. Tietze, 1921), the Pulvini
digitales (digital cushions) in hoofed mammals (e.g. Neuville, 1935; Réber et al. 2004;
Egerbacher et al. 2005) and the Tela subcutanea of the Tori metacarpei, metatarsei and
digitales in domestic carnivores (Schaller, 1992; Liebich, 1999).

Foot problems are unfortunately common in captive elephants (Ruthe, 1961; Hittmair &
Vielgrader, 2000; Gage, 2001; Benz et al. 2005), but they also occur in free-ranging
animals (Keet et al. 1997). Yet diagnosis and treatment of disorders affecting deeper
structures of the foot are difficult, owing to sparse morphological information on the foot
cushions. Herein, to fill this important gap we investigate the structure of the
palmar/plantar metapodial and digital cushions of the African elephant (Loxodonta
africana Blumenbach 1797) and provide a detailed morphological description of how
these unique structures are integrated with other foot structures.

Materials and methods

Animals, dissections and computed tomography

The manus and pedes of nine African elephants were examined after formalin fixation or
deep freezing, using gross anatomical methods, standard histological techniques,
computed tomography (CT) or magnetic resonance imaging (MRI) (see Table 1). Five
juvenile elephants that had lived in the Kriiger National Park (South Africa) were shot as
part of the regular elephant culling programme during the 1990s. The dissections of these
juveniles were carried out at the Department of Anatomy and Physiology, Faculty of
Veterinary Science, University of Pretoria, Onderstepoort, South Africa. Two adult
individuals (40 and 46 years) had been kept in the Tiergarten Schonbrunn Vienna. The
younger individual of these was euthanized by zoo veterinarians because of severe
disorders, and the other died of natural causes. Both were dissected at the Institute of
Anatomy, University of Veterinary Medicine, Vienna. One juvenile individual (6.5 years
old) had lived in Knowsley Safari Park (Knowsley, UK) and its pes was studied at The
Royal Veterinary College (Hatfield, UK). The pes of an adult (26 years old) from Six
Flags Marine World Theme Park (Vallejo, California, USA) was studied at the
University of California-Davis (USA). CT was performed at both of these latter two
locations using a Picker PQ5000 CT scanner (5 mm axial slice thickness, 140 kV,
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200 mA, 512 x 512 pixels) or a GE HiSpeed CT scanner (helical CT scans, 5 mm
thickness, 120 kV, 130 mA, 512 x 512 pixels), respectively. Furthermore, MRI scans of
both feet were performed (GE Genesis Sigman MRI scanner: axial, sagittal, and coronal,
5 mm thickness, 10 mm spacing) to provide improved soft tissue data.

Anatomical names follow NAV (2005).

Sample preparation for histological examination

One hindlimb of the 46-year-old individual was cut sagittally and an axial slice of the
cushion was excised and fixed in buffered formalin according to the method given by
Romeis (1989). Additionally, fixed slices of the hindfoot cushions of the second
individual from the Tiergarten Schonbrunn Vienna and sections of fore- and hindlimbs of
five juvenile individuals from the Kriiger National Park were prepared.

Routine histology and specific staining methods

Tissue samples were taken at designated sites throughout the subcutaneous tissue,
dehydrated in graded alcohols and embedded in Paraplast® (Vogel, Histo-Comp,
Giessen, Germany) by means of a Tissue Tek VIP 2000 automatic embedding equipment
(Miles Scientific Inc., Mishawaka, IN, USA). Serial sections were cut at 5-pum thickness.
Sections were stained with haematoxylin and eosin (H&E), van Gieson's connective
tissue stain for collagen fibres, Weigert's resorcin fuchsin for elastic fibres, alcian blue at
pH 2.5 and pH 4.0 and safranin O for amorphous intercellular matrix, or Gomori's stain
for reticulin fibres. All staining methods were performed according to Romeis (1989),
except safranin O staining which was performed according to Lillie (1954).

Results

Macroscopic findings

Between the skin and the deeper structures of the foot including the cushions, large veins
embedded in adipose tissue are present (Fig. 3). Distally, these vessels form a network
which is also visible proximal to the skin of the sole.

The skeletal elements of the foot and the long and short flexor muscle—tendon units are
covered palmarly or plantarly by a thick layer of fibrous tissue. A transversely orientated
ligamentous structure supporting the foot arch runs from the medial to the lateral ray of
the foot. The cartilaginous prepollex, which resembles a slightly curved, elongated, blunt-
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ended cone, is attached to the Basis of the Os metacarpale primum (first metacarpal)

(Fig. 1). It extends laterodistally towards the central part of the metacarpal cushion. The
prehallux is a mediolaterally flattened cartilaginous rod and its distal end is widened

(Fig. 2a,b). It is attached to the Ossa tarsale primum and metatarsale primum (first distal
tarsal and first metatarsal) and extends on the medial and plantar sides of the foot towards
the sole.

Many minor interindividual differences in size and shape of the different parts of the
cushions and also of the subcutaneous tissue outside the cushions were present. The
following statements describe either combinations of findings in different elephants or
basic patterns found in all individuals.

The cushions are complex structures of white or yellowish adipose tissue and fibrous
connective tissue occupying the space between tarsal, metacarpal/metatarsal, digital
bones or muscles, tendons, ligaments covering the bones palmarly/plantarly and the sole
skin (Fig. 4). They resemble combinations of a Torus metacarpalis or metatarsalis,
respectively, with Tori digitales. Therefore, we designate the different parts of the foot
cushions as metacarpal/metatarsal or digital compartments. In the forelimb, the cushion
(metacarpal compartment) ends proximally on a level with the proximal part of the
prepollex (Fig. 1). The metatarsal compartment extends further proximally towards the
calcaneus and, thus, the proximal part of this cushion may be designated as 'tarsal’

(Fig. 2). Thick bundles of greyish fibrous tissue (see below) form a large metacarpal or
metatarsal compartment and three more irregular digital compartments (Fig. 2d). In the
forelimb and the hindlimb, the distal tendon of the M. flexor digitorum superficialis and
the palmar/plantar fascia attach superficially (palmarly/plantarly) to the
metacarpal/metatarsal compartments. Short toe flexors and other muscles of the Palma
manus/Planta pedis lie dorsal of the foot cushions. The digital compartments are situated
distal and palmar/plantar of the Phalanges proximales and mediae of the 2nd, 3rd and 4th
digit and even — especially proximally — between the digital bones including the 1st and
the 5th. The metapodial and digital compartments are not clearly separated from each
other (Fig. 4). Both metapodial (Fig. 5) and digital compartments are filled with
amorphous, white or yellowish adipose tissue and smaller strands of fibrous tissue. These
smaller strands are even visible on CT scans (Fig. 6), forming chambers enveloping
strands of adipose tissue. The large or 'main' fibrous sheets (see below) of the metapodial
compartments seem continuous with those of the digital compartments and, thus, the
strands of adipose tissue within the different compartments may also be continuous. The
digital compartments are bordered and separated from each other by near-sagittally and
horizontally orientated fibrous sheets (Fig. 2d) attached to the fascial sheets covering the
toes and to the corium of the sole. Towards the tip of the toes the digital compartments
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become thinner and end irregularily on a level either with the distal part of the Phalanges
proximales or with the Phalanges mediae. In forelimbs, they tend to be shorter. The small
distal phalanges in both forelimbs and hindlimbs are not supported by digital
compartments but by adipose and fibrous tissue lying outside the digital compartments
(Fig. 6). Strands of fibrous and adipose tissue lie also between the digital compartments
and medially and laterally on the foot (Figs 2 and 6).

A thick fibrous sheet (designated as the main fibrous sheet or capsule) is the peripheral
boundary of the metacarpal/metatarsal compartment (Fig. 2e,f). These compartments are
medially or laterally supported by the Ossa metacarpalia/metatarsalia prima, the proximal
part of the prepollex, the entire prehallux, and the Ossa metacarpalia/metatarsalia quinta.
The capsule is attached to the medial and lateral ray of the foot, the digital fascia of the
2nd, 3rd and 4th digits and to the deep palmar/plantar fascia covering the
metacarpals/metatarsals palmarly/plantarly. The metacarpal compartment is roughly
hemispherical. The metatarsal compartment, which extends further proximally compared
with the corresponding compartment in the forelimb (see above), is more ovoid or pear-
shaped. Fibrous strands within the metapodial compartments are rather straight or slightly
S-shaped and run mainly in a proximodistal direction (Fig. 2e,f). Nevertheless, there are
also radially orientated strands. Small blood vessels are visible within several strands.
Two sagittally orientated fibrous sheets are situated in the central part of the metacarpal
compartment (Fig. 7). These sheets converge towards the distal part of the prepollex
(Fig. 7). Whereas in other parts of the cushion larger vessels are sparse or absent, one
bundle consisting of larger vessels, nerves and fibrous tissue runs laterodistally into the
central portion of the metacarpal or metatarsal compartment (Fig. 2e). Larger vessels
course also on the outside of the main fibrous sheets of the metapodial compartments
(Fig. 5), but the main vessels of the foot lie adjacent to the bones and thus outside the
entire cushion. Proximal to the corium of the sole skin, strands of adipose and more
delicate fibrous tissue are also found outside the metapodial compartments forming strips
of cushion-like tissue along the medial or lateral side of the foot (Figs 2e,f and 6). These
strips therefore fill the gap between the capsule of the metapodial compartments, the
lateral or medial skin of the foot and the sole. The strips are usually wider on the lateral
side of the foot and they are continuous with those lying outside of the digital
compartments.

Microscopic findings

The sole of the elephant foot is covered by a thick keratinized squamous epithelium, the
epidermis, which lies on a massive layer of dense connective tissue forming the dermis.
The interface between epidermis and dermis contains many remarkably tall dermal
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papillae that interdigitate with epidermal pegs. The dermis represents a thick, reticulated
layer of interwoven and very tightly packed bundles of collagen fibres with only few
interspersed elastic fibres. Non-fibrillar connective tissue matrix between the collagen
bundles is rarely detectable, showing neither alcianophilia nor staining with safranin O.
The dermis is very rich in blood vessels and nerves. Numerous large arteries and veins lie
within the connective tissue. The subcutaneous vascular network proximal to the sole
skin and the superficial vessels surrounding the entire foot are visible even
macroscopically (see above).

The foot cushions are formed by modified hypodermis. The subcutaneous lobules of
adipose tissue are separated from each other by elastic strands (Fig. 8). Larger groups of
fat lobules are enclosed by coarse bundles of collagen fibres, which thus form a
supporting mesh-like network.

Numerous densely packed elastic fibres are arranged like schools of fish. They are
restricted to loosely organized connective tissue as well as few intermingled thin collagen
fibres. Reticulin fibres are detected between the elastin bundles. In contrast to the dermis,
the non-fibrillar connective tissue matrix shows a relatively high cell density and
alcianophilia at pH 2.5 and pH 4.0 (Fig. 8). In some areas it also stains slightly with
safranin O.

Unilocular adipose tissue becomes prominent where the bundles of elastic fibres diverge.
Fat cells, arranged in lobules, resemble compact islets within the framework of elastic
bundles. The relative volume of adipose tissue appears equal in the cushions of juvenile
and adult fore- and hindlimbs. Some adipocytes are also found as solitary cells. Scattered
elastic and reticulin fibres are found between fat cells. Small amounts of loose connective
tissue between and adjacent to adipocytes show alcianophilia, did not stain with safranin
O and are well vascularized.

A differently organized type of adipose tissue is found within the dorsal part of the
subcutaneous tissue between the digital bones and the sole skin, namely in the digital
compartments (Fig. 9). In some specimens, this tissue is separated from the metapodial
compartments by strands of dense connective tissue. In this area, the adipocytes do not
cluster in lobules but almost every fat cell is surrounded solitarily by a thick layer of
fibrillar matrix (Fig. 9). The fibrillar matrix is remarkably rich in collagen fibres building
a scaffold for the adipose tissue whereas the number of elastic fibres is notably small.
Fibrocytes and blood vessels are sparse. The non-fibrillar matrix of the digital cushions is
rich in hyaluronan and is therefore alcianophilic at pH 4.0.
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Whereas in other parts of the cushion larger vessels are rather sparse, one bundle
consisting of large vessels, nerves and fibrous tissue runs into the central part of the
metacarpal or metatarsal compartment (see above). Smaller vessels and nerves of variable
size are evenly distributed throughout the loose connective tissue surrounding the fibrous
septa or fat lobules, respectively. Furthermore, numerous capillaries are detectable within
the adipose tissue.

Vater—Pacinian corpuscles lie in the dermis close to the metacarpal/metatarsal
compartments as well as in all compartments of the cushion, embedded within
collagenous tissue (Fig. 10). Numerous corpuscles are found within the bundle of vessels
and nerves which enter the metapodial compartments proximomedially and course
toward the centre of the cushion. These specialized sensory receptors appear as solitary
bodies as well as in groups of up to five corpuscles. In addition, other tactile corpuscles,
namely Meissner corpuscles (Fig. 11), were found in dermal papillae, but not in
metapodial or digital compartments.

Discussion

The hindfeet of African elephants are mediolaterally compressed (Fig. 2¢) and the sole is
smaller than the rounded sole surface in the forefeet. This pattern has been described in
previous studies (Neuville, 1935; Smuts & Bezuidenhout, 1994; Ramsay & Henry, 2001).
The larger circumference of the forelimb sole might be related to the assumption that also
in graviportal elephants the majority of the body weight rests on the forelimbs, as occurs
in cursorial, quadrupedal mammals.

Owing to the positions of the prepollex or the prehallux, respectively, and to the
attachment of the cushion capsules to these flexible cartilages, it seems likely that they
mainly serve to improve the stiffness and the joint (tarsus, carpus) stabilizing effect of the
foot cushion as presumed by Ramsay & Henry (2001).

In our specimens, the long axes of the phalangeal bones of the manus form smaller angles
with the horizontal (i.e. manus sole) than in the pes and they overlie a larger part of the
sole surface. Because also the metacarpal compartment of the cushion is rather small
compared with the size of the entire forefoot, it is likely that the toes of the forelimb are
more involved in weight bearing than in the hindlimb. The more horizontal orientation of
the manual phalanges also suggests that they incur relatively greater bending loads than
in the pes. Considering the positions of the skeletal elements of the hindfoot, the major
part of the body weight resting on the hindlimb is considered to pass through the
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metatarsal compartment. Nevertheless, the cushion also presumably helps to distribute
the animal's weight over the entire sole (Ramsay & Henry, 2001). When loaded, the
cushion is compressed and expands medially, laterally and palmarly/plantarly (Ramsay &
Henry, 2001). In unloaded hindfeet of elephants the sole surface is convex (Smuts &
Bezuidenhout, 1994) (Fig. 2b). This pattern was also found in our specimens and after
removing the skin the rounded metatarsal compartment was clearly visible. By contrast,
in the forelimb the surface of the sole as well as the distal surface of the metacarpal
compartment remained flattened even when unloaded, which might be due to the
different structure and shape of the metacarpal cushion. In both the forelimb and the
hindlimb the expansion of the loaded cushion towards the skeletal elements of the feet
except the cartilaginous prepollex/prehallux is extremely limited. It must be taken into
account that slight movements of the digits, such as spreading within the skin-shoe, may
be possible in the forelimb and hindlimb (Miall & Greenwood, 1878; Weissengruber &
Forstenpointner, 2004a; G. E. Weissengruber, unpublished observations). Thus, weight
distribution over certain parts of the cushion and the sole might be adjusted by means of
altering the posture of the foot and the position of its skeletal elements. During load the
digits are most probably dorsiflexed and spread (abducted or adducted, respectively).

As deformable foot cushions serve to absorb mechanical shock, store and return elastic
strain energy, protect against local stress and keep pressures low (e.g. Ker, 1999; Miller-
Young et al. 2002; Konig et al. 2003; Taylor et al. 2005), these structures should be
organized accordingly and should be composed of appropriate tissues. Neuville (1927)
mentioned that the cushions of elephants exhibit similarities to the feet of humans, camels
and rhinoceroses. A macroscopic picture of a sagittal section of the foot in an Asian
elephant shown in Neuville (1927) reveals a very similar pattern to what we have found
in African elephants. Nevertheless, Asian elephants seem to have more connective tissue
within the cushions than the African species (Benz, 2005). In domestic carnivores the
cushions are composed of fat lobules, which co-operate with strands of dense connective
tissue to disperse and absorb mechanical forces when being compressed (Alexander et al.
1986; Liebich, 1999). Digital cushions in horses mainly consist of interwoven and tightly
packed bundles of collagen fibres in acidic mucinous matrix that is rich in hyaluronan but
has only few interspersed elastic fibres (Konig et al. 2003; Egerbacher et al. 2005).
Larger gaps are filled with myxoid tissue, and small areas of fibrocartilage are common
in the stroma of the cushions (Egerbacher et al. 2005). In contrast to what is found in
elephants and cattle, a large part of the horse's body weight is carried by the suspensory
apparatus attached to the hoof walls and only a small load rests on the sole and heel
segment including cushions (Réber et al. 2004). The suspensory apparatus is less well
developed in cattle and absent in elephants. Thus, in elephants as well as in cattle (Rdber
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et al. 2004), the cushions must support a considerably greater proportion of the body
weight. Digital cushions in cattle comprise resilient loose connective tissue with varying
amounts of associated soft fat enclosed in an envelope of collagenous connective tissue
(Rédber et al. 2004) and reveal therefore a similar structure as elephant cushions. Even the
human foot pads (heel, ball) show a similar organization. They consist of columns of fat,
which are confined in small chambers by fibrous connective tissue and reinforced with a
mesh of elastic transverse and diagonal fibres (Blechschmidt, 1933; Bojsen-Moller &
Flagstad, 1976; Kimani, 1984; Jahss et al. 1992; Miller-Young et al. 2002). Digital
cushions in horses therefore exhibit a remarkably different composition and are less
involved in weight bearing. Varying magnitudes, timings and distributions of mechanical
loads that stress the cushions are likely to be responsible for the differences in tissue
composition between the species.

Cushions in the feet of African elephants are highly specialized structures adapted to
enable pain-free weight bearing and locomotion of the largest terrestrial animal. They
compress and expand during the gait cycle, making elephant feet far more dynamic
structures than might be assumed (Ramsay & Henry, 2001). The cushions are
characterized by lobules of adipose tissue and by fibrous connective tissue arranged in
main sheets and thinner septa. It seems logical that under high loads the chambered
structure of the foot cushion in the African elephant guarantees protection for the foot
bones by spreading the load over the whole palmar (plantar) surfaces of digital,
metapodial and tarsal bones. Under compression, the volume of the liquid-filled
chambers has to remain constant (Rome, 1998). Loading would result in sideways
displacement of the adipose tissue, and the collagen septa would come under tension,
limit the visco-elasticity of the adipose tissue and increase stiffness (Ker, 1999; Miller-
Young et al. 2002; Tong et al. 2003).

The numerous strands of elastic fibrous connective tissue, which were also found in the
cushions of Asian elephants (Neuville, 1935), presumably adds to the resilience of the
cushions. Because only very few elastic fibres were found in the digital compartments,
perhaps these parts of the foot do not undergo such severe deformations as the
metacarpal/metatarsal compartments. The digital compartments might have higher
stiffness than the metapodial compartments because their matrix is rich in collagen fibres
which surround single adipocytes rather than form large clusters of cells. The strands of
collagenous connective tissue seen in the histological samples of digital compartments
are likely to confine the digital compartments as capsules and keep their shape more
constant than the metapodial compartments. Compression and expansion of the loaded
foot during the locomotion cycle (Keet et al. 1997; our personal observation) may
therefore mainly be caused by expansion of the metapodial compartments.
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The non-fibrillar matrix surrounding the elastic fibres contained hyaluronan and other
proteoglycans, as indicated by alcianophilia at pH 4.0 and pH 2.5 (Fig. 8) and positive
staining with safranin O, respectively. It was moderately well vascularized, as indicated
by numerous small blood vessels and capillaries. Furthermore, the loosely organized
connective tissue especially on the edges of the fat lobules stained for hyaluronan.
Hyaluronan is a highly hydrated macromolecule that binds water and increases interstitial
fluid viscosity (Lodish et al. 2004). It seems that in elephants adipose tissue and
connective tissue rich in hyaluronan complement one another in contributing to the
mechanical properties of the cushions, especially in determining the tissue stiffness.
Other proteoglycans, indicated by positive staining with safranin O, might contribute to
the compression strength of the cushions, as proteoglycans are known to confer gel-like
properties on tissues (Lodish et al. 2004). In our specimens, cartilage was not discernible
within the cushions, in contrast to the short description of Keet et al. (1997). Furthermore,
myxoid tissue, the occurrence of which was described as a possible adaptation to
compressive load in the digital cushion of horses (Egerbacher et al. 2005), was absent.

The observations of Benz (2005), who stated that there is much more connective tissue
than adipose tissue in young elephants, could not be supported by our findings, which
revealed a similar quota of adipose to connective tissue in juvenile and adult individuals.
Furthermore, our findings stand in contrast to those in cattle (Réber et al. 2004). In the
bovine digital cushion, it is presumed that the decreasing fat content in individuals of
greater age is a reaction to increasing load and age (Réber et al. 2004). However, we
acknowledge the limitations of our qualitative observations. A more thorough
quantitative investigation of adipose tissue volume would be informative.

Vater—Pacinian corpuscles were found in the dermis and in the cushion itself (Fig. 10).
These sensory receptor organs are responsive to pressure and especially to vibration
(Cutts & Krause, 1983; Leem et al. 1993; Simonetti et al. 1998). As in other animals,
including humans (Cauna & Mannan, 1958; Palmieri et al. 2003), in the African elephant
the corpuscles are occasionally located in close proximity to blood vessels. In the distal
limb parts of elephants [as well as of other animals (for example, see Leydig, 1854;
Palmieri et al. 1980; Turnbull & Rasmusson, 1986; Bowker et al. 1993)], Vater—Pacinian
corpuscles are likely to serve an important purpose in aiding the animals to negotiate the
ground surface. Meissner corpuscles are found particularly in finger/toe pads and oral
mucosae of humans, primates, certain rodents and marsupials (Ide, 1977; Tachibana et al.
1991; Halata & Baumann, 1999; Hoffmann et al. 2004). These rapidly adapting
mechanoreceptors, which were found in the dermal papillae of the feet of our African
elephants, are surprisingly absent in the presumably most sensitive organ of the elephant,
the trunk (Hoffmann et al. 2004). Furthermore, these observations together with the
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detected dense innervation strengthen the hypothesis (Spinage, 1994) that the elephant
foot is very sensitive and endowed with a fine sense of touch.

In conclusion, foot cushions in African elephants have a complex structure both
macroscopically and microscopically. The cushions themselves form septate internal pads
like the gel pads in modern running shoes, yet are more than just shock absorbers. They
are part of an integrated system of tissues, including skeletal, cartilaginous, capsular,
adipose, collagenous and elastic forms, contained within a tight integumentary sheath that
also must influence their mechanical behaviour. The cushion anatomy is well matched to
the demands of storing or absorbing mechanical forces when compressed, and
distributing locomotor forces over large areas to keep foot tissue stresses within
acceptable levels. In addition to the obvious mechanical functions, the cushions are
important sensory structures. The high concentration of sensory receptors such as Vater—
Pacinian corpuscles within the cushion and Meissner corpuscles in dermal papillae of the
adjacent skin might rank an elephant's foot among the most sensitive parts of its body.
Together, the mechanical and sensory functions of the feet enhance the ability of
elephants effectively to move through and analyse their physical environment.
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Figures and Tables

Fig. 1 Medial aspect of the distal part of the left forelimb in an African elephant. Black
line: position of transverse section shown in Fig. 7, broken line: outline of soft tissues of
the locomotor apparatus (ligaments, muscles, tendons), stippled: position of the foot
cushion. PSR, processus styloideus radii; OCA, os carpi accessorium; OCR, os carpi
radiale; OCP, os carpale primum; PP, prepollex; I, first metacarpal bone; II, second
metacarpal bone; II1, third metacarpal bone; V, fifth metacarpal bone; S1, promimal
sesamoid bone of the 1st digit; S2, medial proximal sesamoid bone of the 2nd digit.
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Fig. 2 Distal part of the left hindlimb in an African elephant. (a) Lateral view, loaded; (b)
lateral view, lifted; (c) distal view (sole); (d—f) plantar views, transverse sections in
positions I, II and III (broken lines in a and ¢). Stippled: foot cushion (in a—c), digital
compartments (in d) and metatarsal compartment (in e and f), black line (in a and b):
outline of soft tissues of the locomotor apparatus (ligaments, muscles, tendons). ML,
lateral malleolus (fibula); C, calcaneus; OTQ, os tarsale quartum; 2—5, 2nd—5th ray
(proximal or middle phalanges); PH, prehallux; S, skin; SS, sole skin; MFS, main fibrous
sheet of the metatarsal compartment; B, bundle of vessels, nerves and fibrous tissue;
SAF, strips of adipose and fibrous tissue outside the metatarsal compartment of the foot

cushion.
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Fig. 3 Superficial veins of the distal hindlimb of an African elephant, medial view.
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Fig. 4 Sagittal section through the distal hindlimb of an African elephant. T, talus; C,
calcaneus; OTC, os tarsi centrale; OTT, os tarsale tertium; OMT, os metatarsale tertium;
PP, proximal phalanx; PM, medial phalanx; PD, distal phalanx; SM, short muscles of the
planta pedis (Mm. interossei, adductores and abductores); TLF, tendon of long toe flexors
(Mm. flexor digitorum medialis and lateralis); SS, sole skin; MC, metatarsal

compartment of the foot cushion; DC, digital compartment.




openUP (March 2007)

Fig. 5 Transverse section through the metatarsal compartment of the foot cushion and the

surrounding skin in an African elephant. Arrows: main fibrous sheet.

Fig. 6 CT image of the hindlimb of an African elephant, horizontal section. DC, digital
compartments; MC, metatarsal compartment; SAF, strips of adipose and fibrous tissue

outside the metatarsal compartment of the foot cushion.
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Fig. 7 Transverse section of the distal part of the left forelimb of an African elephant
(position shown in Fig. 1), caudal view. Stippled: metacarpal compartment of the foot

cushion. PP, prepollex.
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Fig. 8 Tissue components in the foot cushion of the African elephant. Asterisk:
adipocytes, arrowheads: collagen fibres, arrows: elastic fibres. AP, distinct alcianophilia
of the non-fibrillar matrix at pH 2.5 and pH 4. Staining resorcin—fuchsin according to
Weigert (a,b), alcian blue (pH 2.5) (c), alcian blue (pH 4.0) (d). Scale bar = 500 pm.
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Fig. 9 Tissue components of the digital compartments of the foot cushion of the African
elephant. Asterisk: adipocytes, arrowheads: collagen fibres with few intermingled elastic
fibres. Staining resorcin—fuchsin according to Weigert. Scale bar = 500 pm.

Fig. 10 Vater—Pacinian corpuscles (VP) embedded within collagenous tissue in the foot
cushion. Staining Mayer's haematoxylin/eosin. Scale bar = 500 pm.
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Fig. 11 Meissner corpuscle in dermal papilla (arrow). Staining Mayer's

haematoxylin/eosin. Scale bar =200 pm.

Table 1 Specimens examined

Number Sex Age Origin Used for

5 M | juvenile Kriiger National Park, RSA dissection,
histology

1 F 40 years Tiergarten Schonbrunn, Vienna, Austria d¥ssect1on,
histology

1 F 46 years Tiergarten Schonbrunn, Vienna, Austria d¥ssect1on,
histology

6.5 . dissection, CT,
1 F years Knowsley Safari Park, Knowsley, UK MRI
1 F |26 years Six Flags Marine World Theme Park, CT. MRI

Vallejo, USA






