Journal of ANato my

J. Anat. (2018) 233, pp275-288 doi: 10.1111/joa.12840

REVIEW ARTICLE

The panniculus carnosus muscle: an evolutionary

enigma at the intersection of distinct research fields

Neia Naldaiz-Gastesi,"%3* Ola A. Bahri,*>* Adolfo Lépez de Munain,?>*®7 Karl J. A. McCullagh*>
and Ander Izeta"®

Tissue Engineering Group, Bioengineering Area, Instituto Biodonostia, San Sebastian, Spain

2Neuroscience Area, Instituto Biodonostia, San Sebastian, Spain

3CIBERNED, Instituto de Salud Carlos Ill, Madrid, Spain

4Department of Physiology, Human Biology Building, School of Medicine, National University of Ireland Galway, Galway,
Ireland

>Regenerative Medicine Institute, National University of Ireland Galway, Galway, Ireland

SFaculty of Medicine and Dentistry, UPV-EHU, San Sebastian, Spain

"Department of Neurology, Hospital Universitario Donostia, San Sebastian, Spain

8Department of Biomedical Engineering, School of Engineering, Tecnun-University of Navarra, San Sebastian, Spain

Abstract

The panniculus carnosus is a thin striated muscular layer intimately attached to the skin and fascia of most
mammals, where it provides skin twitching and contraction functions. In humans, the panniculus carnosus is
conserved at sparse anatomical locations with high interindividual variability, and it is considered of no
functional significance (most possibly being a remnant of evolution). Diverse research fields (such as anatomy,
dermatology, myology, neuroscience, surgery, veterinary science) use this unique muscle as a model, but several
unknowns and misconceptions remain in the literature. In this article, we review what is currently known about
panniculus carnosus structure, development, anatomical location, response to environmental stimuli and
potential function(s), with the aim of putting together the evidence arising from the different research
communities and raising interest in this uniqgue muscle, which we postulate as an ideal model for both vascular
and muscular research.

Key words: cutaneous maximus muscle; cutaneous muscle; cutaneous trunci; musculus cutaneous; subcutaneous
muscle; superficial fascia system.

Rudiments of various muscles have been observed
in many parts of the human body; and not a few
muscles, which are regularly present in some of
the lower animals can occasionally be detected in
man in a greatly reduced condition. Every one
must have noticed the power which many animals,
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especially horses, possess of moving or twitching
their skin; this is effected by the panniculus carno-
sus. Remnants of this muscle in an efficient state
are found in various parts of our bodies; for
instance, the muscle on the forehead, by which
the eyebrows are raised... Some few persons have
the power of contracting the superficial muscles
on their scalps;, and these muscles are in a variable
and partly rudimentary condition. M. A. de Can-
dolle has communicated to me a curious instance
of the long-continued persistence or inheritance
of this power, as well as of its unusual develop-
ment. He knows a family in which one member,
the present head of the family, could, when a
youth, pitch several heavy books from his head by
the movement of the scalp alone, and he won
wagers by performing this feat. His father, uncle,
grandfather, and his three children possess the
same power to the same unusual degree. This
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family became divided eight generations ago into
two branches; so that the head of the above-men-
tioned branch is cousin in the seventh degree to
the head of the other branch. This distant cousin
resides in another part of France; and on being
asked whether he possessed the same faculty,
immediately exhibited his power. This case offers a
good illustration how persistent may be the trans-
mission of an absolutely useless faculty... Charles
Darwin, ‘The Descent of Man’ (1875).

Introduction

As described in Darwin’s beautiful words, the cutaneous
panniculus carnosus (PC) muscle has long been considered
a vestigial (Turner, 1870; Perrin, 1871) and ‘absolutely use-
less’ organ in humans; a remnant of evolution (Darwin,
1879). This, together with interindividual variability may
be the reason why it remains relatively ill-studied and
underappreciated, in stark comparison with other muscles
of the body. However, research from various fields (such
as anatomy, dermatology, myology, neuroscience, surgery,
veterinary science) impacts on distinct aspects of PC mus-
cle, and denominate it under differing names that may
reflect either PC per se or developmentally related mus-
cles. Alternative names found in the literature include cu-
taneous trunci (van Iwaarden etal. 2012), musculus
cutaneous (or cutaneous muscle) (Matsumoto et al. 2010),
cutaneous maximus muscle (Pan et al. 2012), subcutaneous
muscle (Brunius et al. 1968), and superficial fascia system
(Fodor, 1993). Additionally, anatomically restricted subsets
of PC may include the sternalis, platysma colli (of the
neck), orbicularis (lip) and axillary arch (axilla) muscles (see
below) (Turner, 1867). Although some authors include
smooth muscles such as subareolar muscle, dartos (scro-
tum) and M. corrugator cutis ani (anus) as PC, we believe
it is more correct to reserve the term panniculus carnosus
for striated muscles only, even if those smooth muscles
are also localized immediately beneath the skin and may
fulfil similar functions. We thus advocate reaching a con-
sensus that the panniculus carnosus denomination be used
as an umbrella term that includes superficially localized
striated muscles in human. This term (as mentioned
above) may be found in the scientific literature from the
1800s, and possibly earlier (Hallett, 1848). Panniculus car-
nosus relates to the immediately adjacent panniculus adi-
posus layer, which is nowadays designated dermal white
adipose tissue (dWAT) (Driskell et al. 2014; Schneider,
2014; Alexander et al. 2015). We are aware that our defi-
nition may include striated muscles that traditionally have
not been considered PC remnants in the human, such as
the cremaster muscle of the scrotum. Conversely, muscles
that traditionally are considered PC but are not

Table 1 Muscles described as PC or PC-related in the literature, and
their re-assignment as per our proposed definition.

Conforms to

the novel
Muscle Reference(s) definition
Striated muscles
Craneo-facial Abdullahi et al. 2014; Yes
muscles Greenwood, 2010;
Hall, 2015;
Kulkarni, 2012;
Sanchez-Yus &
Simoén, 2000;
Singh, 2015;
Platysma Greenwood, 2010; Yes
Hall, 2015;
Kulkarni, 2012;
Singh, 2015;
Turner, 1867;
Langer’s axillary Bergman et al. 2017; Yes
arch Besana-Ciani &
Greenall, 2005;
Hall, 2015;
Musculus esternalis Bergman et al. 2017; Yes
Hall, 2015;
Turner, 1867;
Musculus palmaris Greenwood, 2010; Yes
brevis Hall, 2015;
Kulkarni, 2012;
Singh, 2015;
Turner, 1867;
Musculus palmaris Hall, 2015; Yes
longus
Trapezius muscle Bergman et al. 2017; Yes
Hall, 2015;
Turner, 1870;
Pectoral muscles Bergman et al. 2017; Yes
Hall, 2015;
Turner, 1867,
Serratus muscle Bergman et al. 2017; Yes
Hall, 2015;
Musculus psoas Hall, 2015; No
minor
Cremaster This work Yes
Smooth muscles
Musculus corrugator Greenwood, 2010; No
cutis ani Jana, 2018;
Kulkarni, 2012;
McMinn, 1998;
Singh, 2015;
Dartos Drake, 1727; No
Greenwood, 2010;
Jana, 2018;
Kulkarni, 2012;
McMinn, 1998;
Singh, 2015;
Subareolar muscle Greenwood, 2010; No
Jana, 2018;
McMinn, 1998;
Singh, 2015
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superficially located (such as psoas minor) would be
excluded from this definition (Table 1).

In this article, our aim is to review the available literature
on the PC muscle, which is found only in mammals, with
the primary objective of knitting together the evidence
from separate areas of knowledge. Further, the presence of
a skeletal muscle within the skin functional unit (albeit in
distinct and variable parts of the human body) raises a cer-
tain curiosity about the roles it could play in cutaneous biol-
ogy, not only in skin homeostasis but also in response to
wounding. Recent evidence points to a continuous interac-
tion (both in health and disease) among skin layers and
appendages through direct intercellular contacts, secretion
of extracellular matrix components and paracrine signals.
This includes relatively ‘unexpected’ phenomena such as
nerve-, arrector pili muscle- and dWAT-associated cells inter-
acting with hair follicle stem cells, or wound myofibroblasts
converting into adipocytes (Brownell et al. 2011; Festa et al.
2011; Fujiwara et al. 2011; Jahoda & Christiano, 2011; Plikus
et al. 2017). Where present, it seems likely that the PC mus-
cle may also be actively participating in relevant aspects of
skin physiology and possibly in the aforementioned inter-
layer/inter-appendage crosstalk. Moreover, in this review
we address the relative importance of PC in mammals, and
the conservation of its functions. Finally, its unique contrac-
tile reflex (Jones, 2012) and purportedly high regenerative
capacity (Brazelton et al. 2003; Bahri et al. 2016; Naldaiz-
Gastesi et al. 2016) make the PC a generally attractive tar-
get for researchers in the skeletal muscle field, while its
high vascularization and accessibility have long attracted
angiogenesis-related studies.

Panniculus carnosus: definition, fine structure
and innervation

The PC consists of a thin layer of striated muscle that is inti-
mately attached to the skin and fascia of most mammals
(Fig. 1). This sheet, which we here postulate should be con-
sidered a functional part of the mammalian skin, is consid-
erably more conserved in some species, e.g. rodents, cats,
dogs, horses and whales. In these animals, the PC is widely
spread in the proximal part of posterior limbs, the back,
abdomen and chest (Langworthy, 1924, 1925; Ridgway &
Carder, 1990; Inzunza et al. 2008; Greenwood, 2010).

The PC is innervated by o-motor neurons (not spindle
organs; Holstege & Blok, 1989; Theriault & Diamond, 1988),
to recruit muscle fibres in enabling the animal to move or
twitch its skin independently of the underlying fixed mass
muscle. Transversely, the PC muscle layer in rodents is com-
posed of about three to four fibres in thickness running lat-
erally to the skin (Langworthy, 1925; Menger et al. 2006). It
is reported that the PC consists predominantly of fast type
IIB muscle fibres (type IIB in rodents being equivalent to
type 1IX in humans) (Brazelton et al. 2003) with some fast
type IIA fibres present (Bahri et al. 2016). Therefore, they
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Fig. 1 Histological section of adult mouse skin. A full thickness skin
section taken from the back skin of a female 8-week-old C57/BL6
mouse was stained with hematoxylin/eosin. The panniculus carnosus
muscle sits in between the dermal white adipose tissue (dWAT) and the
interstitial connective tissue that overlies the fascia. Scale bar: 100 pm.

are a fast twitch muscle fibre with associated properties of
capacity to produce significant force over a short period of
time. This fibre type arrangement would be consistent with
purported functions of the PC in shaking off unwarranted
foreign bodies or stimuli, perhaps even a potential role in
contractile-mediated shivering thermogenesis (Rowland
et al. 2015).

Classical anatomists such as Langworthy indicated that PC
of rodents is innervated by nn. thoracalis ant. terminal
nerve (Langworthy, 1925). However, Theriault & Diamond
(1988) proposed that PC of the rat is innervated by motor
neurons that run rostrocaudally. These motor neurons rise
from three nerve territories (ventral, lateral and dorsal) all
of which are derived from the brachial plexus (Theriault &
Diamond, 1988). By counting the somata of retrogradely
labelled motor neurons, they estimated the average motor
neuron population to be 1183 + 33 motor neuron per side,
extending originally from C6 to T1 nerves. More recently, it
was confirmed that the lateral thoracic nerve (LTN) inner-
vates the PC in the mouse (Petruska et al. 2014). Immedi-
ately after exiting the brachial plexus, LTN divides into
three branches (dorsal, ventral and lateral), each innervat-
ing a different region of PC. These major branches divide
further to give five to eight smaller branches that divide
again into smaller ramifications to cover the whole PC. In
contrast, the dorsal cutaneous nerve, originating from T4-
L2 spinal nerves, is responsible for the sensation activity of
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the PC. Indeed, neuromuscular junctions are seen scattered
along the PC myofibres (Petruska et al. 2014). Overall, these
findings propose that distinct motor/sensory nerves supply
the PC muscle fibres, enabling them to move or twitch inde-
pendently of the underlying fixed mass muscle.

A similar situation applies to guinea pig, canines and feli-
nes (Langworthy, 1924, 1925), in which the thoracodorsal
nerve (n. thoracodorsalis) supports innervation of the whole-
body PC. However, the human/primate neck platysma is sup-
plied by the cervical division of the facial nerve (McMinn,
1998). The superficial part of the ulnar nerve supports the
human PC, like the palmar brevis muscle in the hand. The
scrotum PC is innervated by the genital portion of gen-
itofemoral nerve (Standring, 2008). It is reported that the lat-
eral thoracic nerve (LTN) innervates the cutaneous maximus
(or PC) muscle in mouse and consists of some of the shortest
(innervating the rostral PC area) and longest nerves (inner-
vating the caudal PC) in the mouse (Pan et al. 2012).

Developmental origin of PC muscle

The origin of PC has been studied in mouse development.
At the E10.5 dermomyotome, cells demarcated by the
expression of homeobox-containing protein Engrailed-1
(EN1) originate muscle, fat and dermis (Atit et al. 2006). Fol-
low-up data with two different constructs that trace PAX7*
cells (Pax7“E-BGal* cells traced at E9.5 of development, or
constitutive tracing of Pax7-expressing cells at all stages of
development by Pax7-IRES-Cre) confirmed labelling of the
PC (Amini-Nik et al. 2011; Lepper et al. 2011). However, the

Craneo-facial muscles

A

Trapezius muscle

Pectoral muscles

Platysma

Serratus muscle
Lower ribs
M. palmaris longus

M. psoas minor
\
S M. pyramidalis

M. palmaris brevis

specific contribution of early embryonic muscle precursors
to the adult PC satellite cell pool was poorly understood.
Through lineage tracing studies in the mouse dorsal skin,
we recently described that the adult PC derives from der-
momyotomal precursors, more specifically MYF5-, PAX3-
and PAX7-expressing precursor cells (Naldaiz-Gastesi et al.
2016). In this sense, the PC is similar to other trunk muscles,
although it is certainly unique in that it is particularly recep-
tive in attracting the fusion of bone-marrow derived cells
(see below) (Brazelton et al. 2003; Naldaiz-Gastesi et al.
2016). The functional implications of this supply of bone
marrow-derived material to the PC muscle, as well as its tim-
ing (whether it occurs in development, throughout adult
life, or both) are currently unknown.

Anatomical location of PC muscle sheath and
interindividual variation in human skin

Although this muscle is mostly absent in humans, different
muscles at distinct anatomical locations are phylogenetically
accepted as vestigial rudiments of the PC (Fig. 2, Table 1).
Descriptions in the literature of this group of striated mus-
cles includes occipitofrontalis muscles of the scalp, muscles
of the auricle, the platysma in the ventral part of the neck,
palmaris brevis in the hand, and Langer’s axillary arch in the
axilla region, which was last deemed to be of PC origin
(Jung et al. 2016).

As evolutionary remnants of low functional importance,
PC muscles may vary among individuals and ethnic groups
(Bergman et al. 2017). For instance, the M. sternalis exists in

Langer's axillary arch

M. esternalis:
Lower sternum

Abdominal rectus sheath
Abdominal external oblique muscle

Fig. 2 Localization of PC remnants in the
human body. To the right of the human
figure, black lettering shows the location and
denomination of striated muscles that have
been described as remnants of the PC by
different authors. On the left, muscles that
may also be part of PC but whose
assignment as PC is not as clear, are
indicated in blue lettering. Only striated
muscles are included. Smooth muscles
postulated by some authors as PC remnants
have been purposely excluded from this
figure.
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3-5% of individuals and has no apparent functional signifi-
cance (Hall, 2015). In contrast, pyramidalis muscle was
found to be absent in 16-17%, the psoas minor muscle in
50% and the palmaris longus muscle in 11% of dissected
human bodies (Hall, 2015).

Among humans, the thickness and expansion of the pla-
tysma muscle is remarkably variable (De la Cuadra-Blanco
et al. 2013). Ageing also has an effect on the platysma,
which becomes thinner and less defined in older individuals
(De Castro, 1980).

Conservation among mammals

In contrast to humans, the PC skeletal muscle layer is well
developed and sits immediately beneath the skin of most

Panniculus
carnosus

) -Po.']ﬂ\.(ulus
CaTnosus
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mammalian animal species including mice, rats, guinea pig
and rabbits (Lorenz & Longaker, 2008), cats and dogs (Pav-
letic, 2018), pigs and chattels (Wilder, 1923; Reese et al.
2004), horses (Higgins & Martin, 2012), dolphins (Yoshida,
1971) and skin areas of some higher primates (Turnquist &
Minugh-Purvis, 2012). In most of these, the PC covers the
dorsal, ventral and lateral surfaces of the body trunk (mus-
culi cutanei trunci, also termed cutaneous trunci or cuta-
neous maximus) and extends down to the upper part of the
limbs.

Although mammals share the same essential distribution
of PC (Fig. 3), there are anatomical differences in the PC
among species due to their development, evolution and the
functional importance of the PC to a particular species. For
instance, the platysma of horses is restricted to the lower

ki)

Panmuoulus
carnosus

XA L G Y

Fig. 3 Localization of the panniculus carnosus (PC) in laboratory animals. Schemes show the anatomical location of PC in several species relevant
for research. (A) Mouse. (B) Rat. (C) Rabbit. (D) Guinea pig. (E) Porcupine. (F) Cat. (G) Dog. (B-E) Adapted with permission from Langworthy

(1925). (F,G) Adapted with permission from Langworthy (1924).
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part of the jaw, whereas in dogs it is wider (Langworthy,
1925). The cutaneous trunci muscle of hamsters is remark-
ably thin, being composed of a single layer of PC fibres, in
contrast to the multilayers of fibres in mice and rats (Men-
ger et al. 2006). The trunk portion of the PC layer extends
as far as the knees in horses, whereas it extends down to
the shin of the lower legs in the ox (Goldfinger, 2004).

It is not entirely clear why the PC muscle sheath varies
among many mammals and why it is vestigial in humans.
Throughout the literature, two reasonable hypotheses
emerge. Greenwood hypothesized that such an element
was essential for wound closure and healing, especially in
the wild (Greenwood, 2010). Otherwise, animals would be
weaker, slower to recover and more prone to further
attacks. He argued that the persistence of PC tissue in
humans, i.e. the platysma of the neck, is most likely due to
its location at the most frequent site for attacks by large
mammalian predators (Greenwood, 2010). Other authors
attributed the regression of PC in humans to a twitching
function to remove noxious irritants such as insects, but
considered that is no longer necessary in humans due to
the evolved wider mobility of the upper limbs (Hall, 2015;
Jung et al. 2016; Bergman et al. 2017).

Known and postulated functions of PC
muscle

The anatomical location of the PC muscle layer, in between
the dWAT and the interstitial connective tissue (ICT)
(Machado et al. 2011), has given it the flexibility for volun-
tary and independent movement from the underlying mus-
cles (Pavletic, 2018). This has benefited animals with a low
resistance loose skin, in contrast to skin areas lacking PC,
where it is more firmly attached to the fascia (Lorenz & Lon-
gaker, 2008; Pavletic, 2018). These unique features of the
PC sheath have facilitated the adaptation of many mam-
mals to their surrounding environment. For instance, the
presence of the PC muscle sheath allows canines to shake
their wet skins, cattle and horses to twitch their skin as a
defence mechanism against irritating stimuli (Wilder, 1923;
Higgins & Martin, 2012) and naked-mole rat to resist the
abrasive forces and reduce the potential damage due to
underground burrowing (Daly & Buffenstein, 1998). In
higher primates and humans, the functional significance of
PC as a defence from irritation is diminished, as previously
mentioned.

Other purported functions of the PC muscle are in the
generation of heat by contraction (shivering thermogene-
sis), which plays a major role in thermoregulation of
endothermic  vertebrates (‘warm-blooded’ mammals)
(Wilder, 1923; Pavletic, 2018). In marsupials, facial PC muscle
sheaths are involved in external ear movement and PC mus-
cle layers associated with the marsupium (pouch) may sup-
port its function and, to some extent, help in its closure.
The body of the spiny anteater Echidna is almost completely

covered by PC skeletal muscle (Griffiths, 1989). For the pur-
pose of defence and protection it can elevate its spines
(Ashwell & Musser, 2013) or roll itself into a spikey ball by
PC fibre contraction (Griffiths, 1989). In the sirenians (sea
cows), the PC muscle assists downstrokes of the tail, and in
cetaceans it overlies the mammary gland to help in breast-
feeding (Reidenberg, 2018). In humans, the rudiment PC
facial muscles and platysma muscle of the neck may help
facial expression formation (Sanchez-Yus & Simén, 2000;
Pavletic, 2018).

Facilitating wound contraction

With the major exceptions of humans and pigs, wound
healing and thermal injury repair processes in most loose-
skinned mammals occur primarily via a phenomenon called
wound contraction (Gottrup et al. 2000; Dahiya, 2009;
Abdullahi et al. 2014), which is an alternative to forming
new tissue to close the wound gap (through re-epitheliali-
zation and granulation tissue formation) (Wong et al.
2011). The PC has traditionally been considered particularly
important for this phenomenon due to its mobility charac-
teristics (Kennedy & Cliff, 1979). PC role in wound contrac-
tion may be important during the first 2-3 days in the rat,
but the PC may also contribute by secreting collagen
(Cohen et al. 1979) and promoting the viability of the cells
(Bakheit, 1996). Therefore, it is widely accepted that wound
healing via wound contraction occurs much more rapidly
than via re-epithelialization alone (Lorenz & Longaker,
2008; Pavletic, 2018). In our opinion, it is difficult to assign a
role to the PC in wound contraction other than providing a
plane of low resistance between two fascial layers (Lorenz
& Longaker, 2008). Wound contraction in loose skinned
mammals is mainly mediated by myofibroblasts, cells that
arise transiently in the wound bed (in response to injury;
Cuthbertson, 1959; Watts et al. 1958), which are unrelated
to the PC muscle per se (Naldaiz-Gastesi et al. 2016). The
main factor determining the direction of wound contrac-
tion seems to be mechanical tension (Watts, 1960). The clas-
sic works on wound contraction showed that the skin
surrounding the wound pulled outwards, tending to pro-
duce wound distraction instead of contraction until the
wound margins are fixed (Billingham & Russell, 1956). In
fact, the wound tensile strength might be at least partially
attributed to retraction of the severed PC (Billingham &
Russell, 1956; Brunius et al. 1968).

Consequently, why do some authors believe that the PC
has an active role in the contraction of wounds? This has
come mostly through experiments that eliminated the PC
and studied its effect on wound closure. In guinea pigs,
Aksoy et al. showed that panniculectomy followed by two
types of wounding (circular skin excision and burn injury)
caused a delay in the healing of wounds and larger, more
irregular scars, although it failed to produce hypertrophic
scars (Aksoy et al. 2002). In a similar study performed in
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rabbits, these authors showed that third-degree burn inju-
ries inflicted in the presence or absence of PC had distinct
outcomes: wound healing was slower and scars were
broader on the panniculectomy side than on the control
side (Aksoy et al. 2009). However, as the authors acknowl-
edge, a reduction of blood supply to the skin flaps sec-
ondary to excision of panniculus carnosus layer, in addition
to a putative role in fixing wound margins to promote con-
traction, may underlie these phenomena.

Revascularization and capillary remodelling

The PC is ideally situated to study revascularization and cap-
illary remodelling in response to wounding (Machado et al.
2011), both of which are involved in full thickness excisional
wound healing. The PC layer contributes to the skin micro-
circulation via the direct cutaneous arteries (Fig. 4). The vas-
cular plexuses on and underneath the PC start to extend,
irrigating the wound bed by incorporating blood from the
evolving capillary structure already existing within the mus-
culature sheath. This forms a new vascular bed that gradu-
ally expands from the severed edges of the PC and
infiltrates in between the regenerating muscle fibres
(Hughes & Dann, 1941; Billingham & Russell, 1956; Machado
et al. 2011; Rittie, 2016).

Interestingly, a number of independent studies support a
key role of the PC in revascularization of the wound bed. In
a skin graft transplantation setting in rats, the presence of
PC muscle eliminated the pro-graft survival effect of VEGF
treatment, indicating that the muscle was instrumental in
avoiding graft necrosis (Richter et al. 2006). Revasculariza-
tion of musculocutaneous and muscle flaps after division of
the major vascular supply arises from the wound periphery
and is independent of flap type (Gundeslioglu et al. 2013).
Adeno-associated viral (AAV) vectors encoding VEGF with
exclusive targeting to PC fibres enhance healing of full
thickness excisional wounds in rats, by inducing new vessel
formation (Deodato et al. 2002). Finally, beads that
enhanced angiogenesis within myocutaneous skin grafts,
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significantly increasing microvessel density, also thickened
the transplanted PC layer (Eckhaus et al. 2008). This is signif-
icant because grafted muscle does not normally survive due
to its low tolerance to ischemia. All of these studies may
have a translational edge to them, as the presence of PC
might improve prevascularization of the wound bed and
thus enable improved skin grafting (Eckhaus et al. 2008).

Response of the PC to wounding and other
insults

Unlike the extremely efficient and rapid wound healing
process of lower mammals (by contraction), human wound
healing requires more time to close the wound because of
the need to create new epidermal tissue (Abdullahi et al.
2014). Generally, human wound margins remain separated,
contraction being only provided by myofibroblasts, though
it may lead to constriction, distortion and immobilization
due to the loss of the anatomical prerequisites for efficient
reparation of the skin wound through this process (Billing-
ham & Medawar, 1955; Davidson et al. 2013). The same is
true in some mammals during healing of the skin parts that
are closely knit to the subcutaneous tissues (e.g. distal parts
of the ears) or in those cases where the PC is damaged
(Davidson et al. 2013). In these situations, the residual gap
that cannot be closed by contracture is filled by a fibrous
scar (Billingham & Medawar, 1955).

Some confusion has arisen from transplantation experi-
ments. For instance, PC sheets transplanted into rabbit ear
wounds do not seem to influence the wound contraction
pattern or the rate of closure (Bakheit, 1996). However, it
was unknown whether the transplanted PC sheets were
functional or how they engaged with the recipient tissue.
Subcutaneous injections of tumours (Argyris & Argyris,
1962) or even transplanted myoblasts forming ectopic mus-
cle masses (Irintchev et al. 1998; Fukushima et al. 2005) are
not able to cross the PC unless it has previously been dam-
aged. This raises questions about the transplantation
approach, because it may not be the optimal setting to

Dog and cat Human
Epidermis [ Epidermis £
J [ | t Superficial plexus
) ( q v“"\ /L‘] Superficial plexus
Dermis ._ J
- ‘ Middle plexus Dermis
L "h g Middle plexus
HypOdermis[Pannicu“:S [k "):_ ! V EIEiEsor subderml Deep or
muscie ~ .
/ \ ) Hypodermis subdermal plexus
Skeletal S
musculature Direct cutane_ous Skeletal . Musculocutaneous
artery and vein musculature arteries and veins
o

Fig. 4 Cutaneous circulation in dogs, cats and humans. The subdermal plexus is formed and supplied by terminal branches of direct cutaneous
vessels at the level of the panniculus carnosus muscle in dogs and cats. Note the parallel relation of the direct cutaneous vessels to the overlying
skin. This is unlike the perpendicular orientation of musculocutaneous vessels in the human (modified from Pavletic, 2003).
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understand function of these cells upon grafting. Similarly,
Ibrahim et al. (2014) described a mouse burn injury model
where the role of the PC in contraction was analysed in the
dorsum after grafting of a skin piece from the ear. In this
setting, the PC did not contribute to the contraction of the
wound, although the graft itself contracted. One possibility
is that the PC was not able to contract because the graft
physically impedes this.

In response to wounding, a muscle-specific variant of the
alpha subunit of nascent polypeptide associated complex
(skNAC) — a factor regulating postnatal muscle regeneration
(Park et al. 2010) — is upregulated in the adjacent PC fibres
(Munz et al. 1999), and TAp63™ cells appear both in the PC
and in newly formed granulation tissue (Bamberger et al.
2005). Integrin o9" cells were detected both on blood ves-
sels at the granulation tissue and at the PC ends proximal to
injury (Singh et al. 2004). These results somehow suggested
that the PC might contribute cells to the wound bed in
response to wounding.

As adult satellite stem cells are responsible for muscle cell
turnover in response to wounding and other stimuli, it
would be expected that these resident stem cells would pro-
vide any PC-derived cells to the wounds. However, we have
recently shown that there is no detectable contribution of
adult PC satellite-derived cells to the wound bed upon injury
(Naldaiz-Gastesi et al. 2016). Consequently, it might appear
that the PC does not have a clear role stimulating full-thick-
ness wound contraction, at least at the cellular level. Intrigu-
ingly, Amini-Nik et al. (2011) reported that in full thickness
punch wounds in 10-week-old mice, cells constitutively
traced by Pax7-Cre expression (putative PC satellite cells)
constitute up to 23% of the cells populating the wound bed
1 week post-wounding. However, at the somite maturation
stages, Pax7 is not a muscle-specific gene, as it is expressed
in the central domain of the dermomyotome. Cells leaving
the dermomyotome to enter non-myogenic lineages, down-
regulate Pax7 expression (Buckingham & Relaix, 2007). How-
ever, they would still be marked by the Pax7-Cre reporter
strain. Additionally, there seems to be some bidirectional
plasticity between satellite cells and pericytes, at least during
fetal muscle development (Cappellari et al. 2013; Stallcup,
2013). Those pericytes transiently induce Myf5 and are likely
to maintain myogenic features and express Pax7 (Biressi
et al. 2013). For all of these reasons, we believe it more likely
that the Pax7" cell progeny traced by Amini-Nik et al. were
activated dermal precursors populating the wound bed, and
not postnatal PC satellite cells.

Response of the PC to microgravity,
increased pressure and irradiation

In one astronaut, a long stay in space induced loss of skin
elasticity associated to a rarefication of the underlying fibre
structure (Tronnier et al. 2008). In rats, 10 days of micro-
gravity exposure induced a significant delay in wound

healing, associated to lower collagen content of the
wounds (Davidson et al. 1999). In general terms, the long-
term effects of microgravity on skeletal muscle are the
upregulation of muscle atrophy and stress-related genes
(Sandona et al. 2012). In a mouse study, 3 months aboard
the International Space Station were sufficient to induce
dermal atrophy accompanied by a decreased collagen con-
tent, deregulation of the hair follicle cycle and upregulation
of muscle homeostatic genes in the PC, via the MEF2C-myo-
genin pathway (Neutelings et al. 2015). Indeed, gravita-
tional stress (changes in body tilt) induces microvascular
responses (variations in arteriole and venule diameter) in
the PC of rats (Puri & Segal, 1994). These results suggest that
the PC somehow ‘senses’ differences in environmental pres-
sure and reacts to them.

Interestingly, an increase in pressure also seems to have a
profound impact on PC biology. In the field of pressure
ulcers, the pressure-induced injuries to the deep tissues of
the body (i.e. muscle) that occur during long surgical proce-
dures have long been known as ‘deep tissue injury (DTI)’
(Agam, 2007; Stewart & Salcido, 2012) or, more recently, as
‘myosubcutaneous infarcts’ (Salcido, 2007). In a rat model
of DTI, the lesions most often associated with pressure load-
ing and unloading (ischemia/reperfusion insults) were char-
acterized by necrosis of the PC and damage to the
associated adipose tissue (Salcido et al. 1995). These data
should also be taken into account when evaluating the sub-
cutaneous use of soft tissue fillers in preclinical models (Hil-
lel et al. 2012) because the injected filler might increase
loading pressure on the PC.

The body surface is exposed to insults from the environ-
ment, and some of these noxa (such as solar irradiation)
may reach deep into the skin tissue. Continuous near-infra-
red irradiation of the skin has been reported to induce thin-
ning of PC muscle and skin ptosis (Tanaka et al. 2013).
Degradation of collagen and elastin in sun-exposed areas is
associated to wrinkling, but at least in the human face the
PC muscles contraction may also be involved in wrinkle for-
mation, as demonstrated by the generalized use of ‘Botox’
(botulinum toxin) in this area (Matsumoto et al. 2010).
Accordingly, UV irradiation of hairless mice following
removal of the PC induced a decrease in wrinkle depth, as
compared to controls (Matsumoto et al. 2010).

Unusual engraftment rate of bone marrow-
derived cells

After bone marrow transplantation, donor hematopoietic
stem cells (HSC) may occasionally be detected as becoming
part of skeletal muscle fibres (Ferrari et al. 1998). More
specifically, it is believed that HSCs fuse to multinucleated
MyoD-expressing myofibrils and thus their nuclei become
myonuclei (Dellavalle et al. 2011). We and others have seen
that, in the absence of injury, the rate of bone marrow-
derived cell (possibly HSCs) incorporation into PC is highly
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significant when compared with the physiologically irrele-
vant rates achieved by other muscle groups (Brazelton et al.
2003; Corbel et al. 2003; Sherwood et al. 2004; Naldaiz-Gas-
tesi et al. 2016). The reasons for the increased incorporation
of non-resident cells into the PC remain unclear but may be
related to increased cellular turnover in the PC. Our results
indicated that cells of donor origin are capable of repopu-
lating the muscle stem cell niche but may not fully acquire
the relevant myogenic commitment, perhaps because they
failed to reach full conversion to the satellite cell fate (Nal-
daiz-Gastesi et al. 2016). The relevance of these phenomena
remains unclear. We propose that the PC may be a key
experimental model that can be used to understand mobi-
lized cell engraftment in skeletal muscle, a thus far
neglected research area due to the extreme rarity of the
fusion events in the best studied muscle groups.

Does the PC form part of the functional skin
unit? Role in disease

The disappearance of PC in humans, cetacea and pigs, and
filling of the ‘empty’ PC space by dWAT is correlated with
the absence of terminal hair follicles (HF) in most body areas
(Greenwood, 2010). It is well known that the thickness of
the adipose tissue layer varies concomitantly with the hair
cycle (Kruglikov & Scherer, 2016). Similar to adipose tissue,
it would be tempting to speculate that the PC reacts to HF
cycling with oscillations in sheath thickness; however, to
our knowledge no study has addressed this directly. Early
studies observed that, in rats, the inactive HFs lie high in the
dermis whereas in areas of active growth, the roots of the
growing HFs extend to the PC and are sometimes deflected
into a 'hockey-stick’ appearance (Butcher, 1934; Durward &
Rudall, 1949). Interestingly, increased vascularity is also seen
around the lower portion and bulb of the growing HFs due
to the generation of new capillary networks (Durward &
Rudall, 1949). In our view, it is certain that the closely posi-
tioned and highly vascularized PC may have a key structural
role in promoting these angiogenic phenomena. PC sheath
thickness is also related to contractile force. In a study in
horses, it was observed that the maximal contractile
response of the PC to cutaneous stimuli was detected in
areas where the cutaneous trunci muscle was thicker and
the skin was more mobile (Essig et al. 2013).

A number of older biochemical studies described skin pro-
teins and metabolites associated to the PC, although in
most cases they were purely descriptive and contributed lit-
tle to understanding function. In rhesus macaques, high
levels of glycolytic enzymes were detected in the dorsal PC
than in arrector pili muscles (Im & Adachi, 1968). The rat PC
expresses large quantities of calcium-binding protein par-
valbumin (Hawley-Nelson et al. 1986), which is consistent
with its fast fibre type profile (Celio & Heizmann, 1982). In
mice, co-expression of four creatine kinase isoenzymes has
been associated to the PC (Schlattner et al. 2002).
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Perhaps more direct evidence of a functional role of PC
might be derived from mouse models of disease. For
instance, in the SOD1 mouse model of amyotrophic lateral
sclerosis (ALS), axonal degeneration is detectable earlier at
the distal LTN innervating the PC than at the sciatic nerve,
possibly because the axons are longer (Tallon et al. 2016).
Therefore, the PC may emerge as a good model for studies
of early neuromuscular junction degeneration in ALS. Addi-
tionally, several human muscular dystrophies do not affect
all muscles equally (Emery, 2002). One characteristic exam-
ple of focal myopathy is facioscapulohumeral dystrophy
(FSHD), which affects shoulder and facial muscles. Interest-
ingly, Fati-deficient mice reproduce the clinical picture of
early phases of human FSHD in that constitutive ablation of
Fat1 causes developmental abnormalities of subcutaneous
muscles in the face and a severe reduction in thickness of
the cutaneous maximus muscle (Caruso et al. 2013). In
humans, FAT1 levels may reflect early and late disease onset
within specific muscle groups (Mariot et al. 2015).

Thus PC muscle fibres can be employed as a dynamic tis-
sue regeneration system to explore muscle cell turnover in
normal health and disease states. Currently, we have char-
acterized the PC muscle fibres in the mdx mouse model of
Duchenne muscular dystrophy (DMD) (Bahri et al. 2016;
and unpublished data). In the mdx mouse, PC muscle fibres
appear to exemplify the dystrophic morphology and aug-
mented levels of regeneration comparable to the more
commonly studied limb muscles in this disease, such as the
gastrocnemius (Dimitrijevic & Gracanin, 1968; Allamand &
Campbell, 2000; Dowling et al. 2002). In addition, a pro-
nounced level of muscle fibre hypertrophy was associated
with aged dystrophic PC muscle fibres compared with wild-
type fibres, a known phenotypic response in muscular dys-
trophy (Duddy et al. 2015). Interestingly, we observed some
gender dimorphisms for PC in the mdx mouse, with male
mdx PC muscle cells showing higher regenerative turnover
compared with females in vivo. This gender difference was
also retained in vitro, with satellite cells derived from the
PC muscle layer of male mdx mice giving rise to myotubes
with a higher myogenic activity when compared with their
female counterparts. Gender-related differences in the pop-
ulation and behaviour of skeletal muscle satellite cells in
normal and diseased states are inconsistently reported in
the literature (La Colla et al. 2015; Williams et al. 2017).
Exploration of gender differences in the dystrophic PC may
reveal new therapeutic targets for ameliorating muscle
degenerative disorders and other muscle deficiencies such
as ageing-associated sarcopenia.

PC - a unique model for vascular and
muscular research

The PC muscle has many unique advantages as a model for
use in vascular and musculoskeletal research (Laschke &
Menger, 2016). The dorsal skinfold window chamber model
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originally developed for studying tumour growth in mice
(Algire, 1943) has been widely used to study an array of cel-
lular and physiological mechanisms around the PC tissue
(Laschke & Menger, 2016). In brief, the glass chamber sys-
tem consists of two titanium frames inserted on the dorsal
skinfold of the mouse (Laschke & Menger, 2016). On one
frame, a layer of cutis, subcutis and PC muscle is carefully
removed in a circular area at the front of the chamber. This
front circular chamber serves as the observational window
which looks into the contralateral layer of PC muscle, sub-
cutis and skin. A cover glass is fixed on to the exposed tissue
in the chamber frame, allowing in vivo analyses of the PC.
The dorsal skinfold chamber has the advantage that it can
be horizontally positioned under a microscope for repeated
non-invasive intravital microscopic analyses. Fluorescent
dyes can be intravenously delivered to highlight specific
cells or cellular structures, which can be imaged through
the dorsal skinfold window for use in quantifying an array
of microvascular, cellular and molecular mechanisms.

Taking advantage of the dorsal skinfold window chamber
model, the contralateral layer of the PC muscle may serve as
a significant tool to understand a diverse range of physio-
logical phenomena as well as preclinical disorders, including
muscle wound healing (Sorg et al. 2007), vascular growth,
angiogenesis (Fukumura & Jain, 2008; Machado et al. 2011),
tumour growth and therapeutics (Huang et al. 1999; Jain
et al. 2002), the effect of diabetes on angiogenesis in mus-
cle regeneration (Langer et al. 2016), and nerve degenera-
tion/regeneration (Pan et al. 2012). Moreover, the direct
and non-invasive accessibility to the PC muscle, via the glass
chamber system, may also be beneficial to an array of trans-
lational research including muscle drug, gene and cell deliv-
ery, and biomaterial tissue engineering research (Laschke
et al. 2011; Laschke & Menger, 2016; Langer et al. 2016).

Engineering PC

Contractile skeletal myotubes were successfully bioengi-
neered in vitro using satellite cells of the PC muscle layer
(Garcia-Parra et al. 2014; Naldaiz-Gastesi et al. 2016). More-
over, in another on-going study in our labs, we were able
to show that mdx satellite cells derived from the PC muscle
layer gave rise to myotubes with a higher myogenic activity
compared with their wild type counterparts. If this
approach could be successfully applied to human PC tissue,
it would be a promising cell transplantation-based therapy
for muscle regeneration.

Interestingly, other groups have exploited the pannicu-
lus carnosus muscle with the dorsal skinfold window
chamber to study the engraftment of bioengineered mus-
cles as a basis for human muscle therapies (Juhas et al.
2014). Briefly, Juhas et al. cultured and differentiated
neonatal rat muscle cells in a 3D arrangement, such that
they retain their stem cells and regenerative capacity simi-
lar to native muscle. Muscle cells were further engineered

by anchoring the fibres end-to-end with tendon-mimetic
Velcro tabs pinned inside a polydimethylsiloxane well. The
biomimetic muscles were implanted on the PC muscle in a
skinfold window chamber on the back of immunodefi-
cient mice. The rat muscle bundles were seen to thrive on
the mouse PC muscle layer over a 2-week period. Dramati-
cally, the engineered muscles became increasingly vascular-
ized and integrated with the host PC muscle. Muscle
fibres hypertrophied and also responded to a toxin-
induced injury challenge at the expense of a reduction in
the muscle stem cell pool. Increases in detected calcium
spikes paralleled a progressive increase in maximal con-
tractile force output such that muscles could contract as
strongly as native neonatal skeletal muscle by 2 weeks
post-implantation (Juhas et al. 2014). In fact the biomi-
metic muscles produced 10-100 fold higher contractile-
force amplitudes compared with other previously in vitro
engineered muscles (Hinds et al. 2011; Koffler et al. 2011).
Others have shown that engineered muscles transplanted
into mice can partially fulfil the functional properties of
an excised muscle (Carosio et al. 2013).

More recently, the use of the dorsal skinfold window
chamber has been extended for use in assessing the
engraftment and functionality of human induced pluripo-
tent stem cell (hPSC)-derived skeletal muscle (Rao et al.
2018). Muscle progenitor cells were derived by transient
overexpression of Pax7 in mesodermal cells differentiated
from the hPSCs. The human muscle progenitor cells were
grown in vitro into 3D bundles of muscle tissue and were
subsequently implanted into the dorsal skin fold of
immunocompromised mice. The hPSC-derived muscle tissue
survived and became progressively vascularized, exemplify-
ing calcium firing patterns typical of contractile adult myofi-
bres (Rao et al. 2018). The aforementioned studies reflect
how the dorsal skinfold window chamber technique is
increasingly being used and developed as an invaluable tool
to examine and functionally test stem cell engineered tis-
sues in the field of regenerative medicine (Laschke & Men-
ger, 2016; Schreiter et al. 2017).

Conclusions

In this article, we have advocated a redefinition of PC mus-
cle and a re-assessment of its functional importance in the
light of numerous studies and diverse aspects of its physiol-
ogy. We hope that this review will improve knowledge of
this unique anatomical structure and induce other research-
ers to add information on the knowledge gaps that still
persist.
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