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Skin structure in newborn marsupials with focus on
cutaneous gas exchange
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Abstract

A morphological and morphometric study of the skin of a variety of newborn marsupials (Dasyurus viverrinus,
Monodelphis domestica, Trichosurus vulpecula, Isoodon obesulus, Perameles nasuta, Phascolarctos cinereus,
Potorous tridactylus, Petrogale penicillata, Thylogale thetidi, Macropus dorsalis) and of a monotreme hatchling
(Ornithorhynchus anatinus) was undertaken to assess the possibility of cutaneous gas exchange. Additionally,
the lungs of some of these species were investigated to assess its structural degree at birth. The skin in the
different newborn marsupials and the monotreme hatchling had a similar structure (no hair follicles and no
sebaceous or perspiratory glands) and was in all cases less developed than the skin of altricial eutherians. The
thickness of the entire skin (36-186 um) and its different layers, epidermis (6-29 um) and dermis (29-171 um)
varied among the marsupial species and reflected the differences in size and developmental degree of the
neonates. In the skin of all marsupial neonates and the monotreme hatchling, numerous superficial cutaneous
capillaries were encountered, some closely associated with the epidermis, indicating the possibility that the skin
participated in gaseous exchange. The skin of the newborn D. viverrinus had the highest capillary volume
density and shortest skin diffusion barrier of all marsupial neonates, suggesting that skin gas exchange in the
dasyurid neonate might be the most pronounced. A graduation of the skin capillary density among the
marsupial neonates inversely followed the respective lung structure and general developmental degree of the
neonates.
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alternative organ system such as the skin for gas exchange

Introduction
(Frappell & MacFarlane, 2006).

Newborn marsupials and newly hatched monotremes are
distinguished from eutherian mammals by their extremely
small size and high immaturity at birth (bodyweight rang-
ing from ~ 6 mg in the smallest newborn, the honey pos-
sum, to ~830 mg in the largest newborn, the grey
kangaroo; see Tyndale-Biscoe & Renfree, 1987). Most of
their growth and development occurs postnatally, sup-
ported by a prolonged lactation cycle (Renfree, 2006; Ferner
& Mess, 2011). Despite the extremely small size, primary sys-
tems of the marsupial neonate have been described as basi-
cally functioning (e.g. digestive, neuronal, immune,
respiratory; see Hughes & Hall, 1988). Increasing evidence,
however, suggests that the immaturity of the respiratory
system in marsupial neonates necessitates recruitment of an
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The lungs of newborn marsupials and newly hatched
monotremes are considerably less developed when com-
pared with those of newborn eutherian mammals (Ferner
et al. 2009, 2017). The lung structure is highly immature
at birth and the majority of lung development takes
place during early postnatal life (Szdzuy et al. 2008). A
graduation of lung development from canalicular stage
to saccular stage can be observed among newborn mar-
supials (Frappell & MacFarlane, 2006; Mess & Ferner,
2010). It follows the size variation in the sequence G1 to
G3 as proposed by Hughes & Hall (1988), which is based
on the developmental complexity of the organ systems
and the external form of the newborns. The most
underdeveloped of all marsupial neonates, the low birth-
weight Dasyuridae (G1), such as the eastern and northern
native cat (Dasyurus viverrinus, 12.5 mg, Hill & Hill, 1955;
Dasyurus hallucatus, 18 mg, Gemmell & Nelson, 1988),
the stripe-faced and fat-tailed dunnart (Sminthopsis
macroura,16 mg, Gemmell & Selwood, 1994; Sminthopsis
crassicaudata, 10 mg, Simpson et al. 2011) and the Tasma-
nian devil (Sarcophilus harrisii; 18 mg, Hughes & Hall,
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1988) have simple airways that end in tubular air spaces
with vascularized partitions.

Neonates of the Peramelidae (bandicoot, /soodon
macrourus, 180 mg, Gemmell, 1986), Phalangeridae (brush-
tail possum, Trichosurus vulpecula, 200 mg, Gemmell & Nel-
son, 1988), and Didelphidae (North American opossum,
Didelphis virginiana, 130 mg, Krause & Leeson, 1975; grey
short-tailed opossum, Monodelphis domestica, 100 mg, Fer-
ner et al. 2017) represent the intermediate developmental
type G2, with lungs consisting of a number of large termi-
nal air spaces with capillaries located on either side of the
thickened primary septa. The most developed lungs of all
marsupial neonates (G3) can be found among the Macropo-
didae (tammar wallaby, Macropus eugenii, 370 mg, Runci-
man et al. 1996; Szdzuy et al. 2008). They already have a
primitive bronchial tree terminating in several smaller sac-
cules (saccules still larger than in eutherian neonates).

Despite the immaturity of the respiratory system in mar-
supial neonates, respiration and gas exchange via the lung
is possible in most of the newborn marsupials investigated
so far (M. eugenii: MacFarlane & Frappell, 2001; MacFarlane
et al. 2002; Frappell & MacFarlane, 2006; M. domestica:
Szdzuy et al. 2008). Exceptions are the smallest marsupial
neonates, the dasyurids. In the fat-tailed dunnart, S. crassi-
caudata (Frappell & MacFarlane, 2006) and Julia creek dun-
nart, Sminthopsis douglasi (Frappell & Mortola, 2000) no
pulmonary ventilation was observed and gas exchange was
conducted solely via cutaneous respiration. The onset of
pulmonary ventilation is delayed for a number of days in
these species (Mortola et al. 1999).

But even in comparatively well developed marsupial neo-
nates, such as the tammar wallaby, the high resistance of
the respiratory system and the distortion of the chest wall
greatly reduce the mechanical efficiency of breathing
(MacFarlane et al. 2002). Therefore, gas exchange through
the skin is an important complement to pulmonary ventila-
tion in the newborn tammar wallaby and accounts for 33%
of the total oxygen uptake (MacFarlane & Frappell, 2001).

Considering the large surface area to volume ratio inher-
ent in small body size, it is not surprising that cutaneous gas
exchange occurs during the neonatal period in marsupials.
Factors that likely contribute to cutaneous gas exchange in
newborn marsupials may be the low oxygen requirements
of the pouch young (Frappell & MacFarlane, 2006; Szdzuy
et al. 2008; Simpson et al. 2011), neuro-mechanical con-
straints on ventilation (Frappell & MacFarlane, 2006) and
the presence of cardiac shunts (Runciman et al. 1995).

Given the similar relative immaturity at birth, the possibil-
ity exists that cutaneous respiration may be present to a
varying extent in nearly all marsupial neonates and in
monotreme hatchlings as well.

Earlier morphological studies of the newborn tammar
wallaby largely dismissed the possibility that the skin
may be an accessory or a major site of gas exchange in
marsupial pouch young (Baudinette et al. 1988). The

comparison of vascularity (sparse vs. rich) and blood-air
diffusion distances (> 100 vs. <1 um) of skin and lung
led to the assumption that cutaneous respiration might
be negligible (Randall et al. 1984). However, these studies
used young that were not newborn (youngest animals
were ~ 3 days old) and a marsupial species, where the
neonate is relatively large. A more recent study on the
newborn quokka wallaby (Setonix brachyurus, 350 mg)
reported a skin diffusion barrier between 30 and 35 pm,
suggesting that the skin also participates in gaseous
exchange (Makanya et al. 2007). Besides these studies on
macropodids, there is no information about skin mor-
phology of marsupial neonates with respect to diffusion
distances or capillary density available. In view of the
assumed importance of cutaneous respiration for new-
born marsupials emerging from physiological studies, a
structural investigation of the skin was needed.

In the current study, the structural characteristics of the
skin in newborns of a wide range of marsupial species
(Dasyurus viverrinus, Monodelphis domestica, Trichosurus
vulpecula, Isoodon obesulus, Perameles nasuta, Phascolarc-
tos cinereus, Potorous tridactylus, Petrogale penicillata, Thy-
logale thetidi, Macropus dorsalis) and one monotreme
hatchling (platypus; Ornithorhynchus anatinus) were com-
pared in order to examine the morphological basis for cuta-
neous gas exchange.

Materials and methods

Tissues

The taxa selected for this study represent the different developmen-
tal stages that exist in marsupial neonates (see Fig. 1). Neonates of
eastern quoll (D. viverrinus), grey short-tailed opossum (M. domes-
tica), southern brown bandicoot (/. obesulus), long-nosed bandicoot
(P. nasuta), brush-tail possum (7. vulpecula), koala (P. cinereus),
long-nosed potoroo (P. tridactylus), brush-tailed rock wallaby (P.
penicillata), red-necked pademelon (T. thetidi) and black-striped
wallaby (M. dorsalis) were investigated. For comparison, a neonate
of an altricial eutherian, the golden hamster (Mesocricetus auratus)
and a newly hatched monotreme, the platypus (O. anatinus), were
included in this study. To compare and understand the mechanisms
of cutaneous respiration, the skin of two amphibian species with
cutaneous respiration, the fire salamander (Salamandra salaman-
dra) and Northern leopard frog (Lithobates pipiens), were investi-
gated as well.

The samples of the newborn marsupials and of the newly
hatched monotreme were available from the Hubrecht & Hill collec-
tion, which is a part of the embryological collection of the Museum
fur Naturkunde, Leibniz-Institut flr Evolutions- und Biodiversitats-
forschung, Berlin.

The sections of the neonate grey short-tailed opossum (M.
domestica) and of the neonate Golden hamster (M. auratus) were
obtained during the author’s PhD work in 2006 (Supervisor: U. Zel-
ler) at the Humboldt-Universitat zu Berlin. The skin sections of the
two amphibian species were kindly provided by Collin van Buren
(Museum fur Naturkunde, Leibniz-Institut fur Evolutions- und Biodi-
versitatsforschung, Berlin).

© 2018 Anatomical Society
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Fig. 1 Macrographs of neonate marsupials reflecting the varying developmental degrees (G1-G3) among marsupial species: Dasyurus viverrinus
(A), Monodelphis domestica (B), Isoodon obesulus (C), Trichosurus vulpecula (D), Phascolarctos cincereus (E) and Macropus eugenii (F, 5 days old).
All neonate marsupials had stronger developed forelimbs than hindlimbs and laterally fused lips. The most immature newborn, D. viverrinus (G1),
showed a massive oral shield and large prominent nostrils, eye and ear primordia were barely visible and a definitive neck was missing. M. domes-
tica, I. obesulus and T. vulpecula (G2) had a definitive neck, eye and ear primordia were visible, the nasal swelling was moderate and an simple
oral shield was present. Phascolarctos cincereus and M. eugenii (G3) showed a definitive neck, a slight nasal swelling, a vestigial oral shield and vis-
ible ear and eye primordia (prominent ring of retinal pigmentation in M. eugenii). Scale bar: 0.5 cm.

© 2018 Anatomical Society
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All samples had been prepared for light microscope studies
before (e.g. serially sectioned, transferred to glass slides, stained)
and were already available for the investigation. The specimens
from the Hubrecht & Hill collection were collected around 1900 in
Australia. The exact time of sampling and process of preservation is
not documented. However, it is most probable that the material
was fixed with Bouin’s solution and preserved in 70% ethanol as
was state of the art at that time. The neonates of M. domestica and
M. auratus were fixed with Bouin’s solution and preserved in 70%
ethanol as well (for detail see Szdzuy et al. 2008). The fixative
Bouin’s solution (picric acid, acetic acid and formaldehyde in an
aqueous solution) and the entire embedding process in paraffin
can cause some shrinkage of the material (~ 30%, see Ross, 1953).
Considering the unavoidable shrinking during the processing of the
material, the obtained values and morphometrical measurement of
skin and lung sections might be underestimated. However, the com-
parability of the data among the species investigated in this study is
a given, as the processing of the material was similar.

Animals labelled as ‘newborn’, ‘recently born’, ‘about to be born’
or ‘newly hatched’ in the collection were defined as neonate/hatch-
ling (day 0 postpartum, first 24 h at the day of birth) in this study.
The number of animals investigated per species varied depending
on the availability in the Hubrecht & Hill collection. The specifics
and numbers of the specimens used for light microscopy in this
study are summarized in Table 1.

Measurements and skin morphometry

Serial histological sections were investigated by light microscopy
using a stereomicroscope (Leica MZ 12; Wildt, Switzerland).

Table 1 List of specimens examined in this study.

Subcutaneous capillaries were found in the skin of the ventral and
dorsolateral sides of the trunk and in the skin of extremities (see
Fig. 4). A preceding survey of the whole trunk suggested that the
highest volume density of capillaries (V,) was found in the skin of
the dorsolateral side. For comparison, the volume density of capil-
laries was measured at five arbitrary positions in the skin of the ven-
tral side of the trunk and in the skin of the extremities of one
neonate of D. viverrinus (MS138B). The results confirmed a lower
volume density of capillaries in the skin of extremities
(Ve = 0.10 £ 0.00) and ventral side of the trunk (V. = 0.14 + 0.02)
than in the skin on the dorsolateral side (V. = 0.33 4 0.05). Consid-
ering the curled up position of the neonates and the proximity of
littermates fixed to the maternal teat, only the dorsolateral side of
the trunk is freely exposed to the air. Therefore it represents proba-
bly the most important body region for cutaneous gas exchange
and was selected for the comparative analysis. The measurements
of the skin were conducted at arbitrary positions on the dorsolat-
eral side of the trunk. Five selected sections of each specimen were
captured in a light microscope (Zeiss Axiokop, Carl Zeiss Microscopy
GmbH, Germany) equipped with a digital camera (Leica DFC490,
Leica Microsystems, Switzerland), connected to a computer (soft-
ware LAS V4.2, Leica Microsystems, Switzerland). Assessment of
total skin thickness and of its different components (dermis, epider-
mis, stratum corneum) as well as the distance between the external
surface and the capillaries closest to the epidermis (in marsupial and
monotreme species) were performed by 50 measurements per speci-
men. Measurements were made directly on the computer screen
using a digital ruler (Ivace) software, National Institutes of Health,
USA). All measurements were averaged for each animal and the
means and SEM are presented, and additional group means were
obtained (presented in Table 2).

Species common name Species scientific name No. CRL (mm) Age/remark Section Staining
Eastern quoll Dasyurus viverrinus MS 138 5.45 Newborn 10 pm, longitudinal H & E
MS 138(B) 5.45 Newborn 5 um, transversal H&E
MS134 5.5 Newborn 10 pum, coronal H&E
MS134(B) 5.5 Newborn 5 um, transversal H&E
Grey short-tailed opossum  Monodelphis domestica 337* 10 Newborn 10 um, transversal Azan
Brushtail possum Trichosurus vulpecula MS288 14.5 Recently born 15 um, coronal H&E
MS289 15 Newborn H&E
MS290 15.5 Newborn H&E
Southern brown bandicoot /soodon obesulus MS219 15 Newborn 10 um, coronal Azan?
Long-nosed bandicoot Perameles nasuta MS482 (A) 11 Late-stage embryo 7 um, transversal H&E
MS216 14 Newborn Sagittal H&E
MS218 15 Newborn 10 pum, coronal H & E?
Koala Phascolarctos cinereus MS351 17 Newborn Coronal H&E
MS352 18 Newborn Coronal Azan?
MS353 16.5 Newborn Coronal H&E
Long-nosed potoroo Potorous tridactylus MS492a Newborn 6 um, transversal H&E
Brush-tailed rock wallaby Petrogale penicillata MS484 19-20 Newborn 7-8 um, transversal H &E
MS448 20 Newborn 7 um, transversal H&E
Red-necked pademelon Thylogale thetidi MS408 17 About to be born  Transversal H&E
Black-striped wallaby Macropus dorsalis MS407 16.5 Late-stage embryo Sagittal H&E
Platypus Ornithorhynchus anatinus M44 16.75 Newly hatched 10 um, coronal Azan
Golden hamster Mesocricetus auratus 14* 30 Newborn 10 pum, transversal H&E

All other specimens were available from the Hubrecht & Hill collection.
*Specimens of M. domestica and Mesocricetus auratus are available from the author’s PhD.

© 2018 Anatomical Society
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Table 2 Cutaneous and pulmonary morphometrical data of neonates from 10 marsupial species, of the newly hatched platypus and of the neo-
nate golden hamster.

Area of the
gas exchange
surface per

Stratum unitary lung
Dermal corneum  Diffusion Volume density volume, Sv

Specimen  Entire skin thickness, Epidermal thickness, distance, of capillariesin (g.e.s., lung),
No. thickness, yum pm thickness, pm pm um the skin, Vvc cam™’

Dasyururs viverrinus ~ MS 138 33 £1 26 £ 1 6+0 2+0 9+0 0.26 + 0.03 108.79 + 4.03
MS 138(B) 31 +1 24 +1 7+0 2+0 10+ 1 0.33 + 0.05 112.82 + 14.10
MS134 44 + 1 38 +1 5+0 2+0 7+0 0.44 + 0.04 60.44 + 4.03
MS134(B) 36 + 1 27 +1 6+0 2+0 10+0 0.29 + 0.02 84.62 + 9.40
Mean 36 +3 29 +3 6+0 2+0 9+1 0.33 + 0.04 91.67 + 12.13

Monodelphis 337 63 + 2 39 +2 21 +1 5+0 38 + 1 0.12 + 0.00 130.26 + 11.96

domestica

Trichosurus MS288 107 + 6 90 + 5 14 +0 6+0 33+1 0.11 + 0.01 137.50 + 24.68

vulpecula MS289 84 +1 58 + 1 23 +1 1M1 +0 39 +1 0.16 + 0.02 148.28 + 15.31
MS290 76 + 2 55+ 2 17 +0 6+0 40 + 1 0.13 £+ 0.02 148.33 + 3.27
Mean 89 +9 68 +11 18 +3 8 +2 37 £ 2 0.13 + 0.01 144.70 + 3.60

Isoodon obesulus MS219 75 + 2 54 + 1 15 + 0.4 4+0 41 + 2 0.11 + 0.03 n.a.

Perameles nasuta MS482(A) 76 + 1 59 + 1 14 +0 4+0 50 + 1 0.11 + 0.01 178.88 + 6.40
MS216 118 + 3 89 +3 24+ 0 44+0 84 + 2 0.06 + 0.01 166.12 + 14.00
MS218 68 + 2 49 + 2 15+ 0 4+0 47 + 1 0.13 + 0.02 162.18 + 7.05
Mean 87 + 16 66 + 12 18 +3 4+0 60 + 12 0.10 + 0.02 169.06 + 5.04

Phascolarctos MS351 126 + 2 107 + 2 15 £ 1 5+0 50 + 3 0.11 £+ 0.02 231.64 + 15.95

cinereus MS352 110 + 4 84 +3 16 £ 1 6+0 38 +2 0.12 + 0.03 170.34 + 18.03
MS353 110 + 3 84 +3 19 £ 1 44+0 48 + 3 0.09 + 0.02 172.88 + 19.58
Mean 115+ 5 92 +8 17 +1 5+1 45 + 4 0.11 + 0.01 191.62 + 20.02

Potorous tridactylus ~ MS492a 83 +2 66 + 2 14 +0 5+0 35+ 2 0.12 + 0.02 n.a.

Petrogale penicillata MS484 110 + 4 88 + 3 19 £1 6+0 36 + 1 0.05 + 0.01 236.22 + 44.10
MS448 119 + 2 99 + 2 17 £1 8+0 40 + 2 0.04 + 0.01 201.26 + 22.62
Mean 115 +5 94 + 6 18 +1 7+1 38 + 2 0.05 + 0.01 218.74 + 14.27

Thylogale thetidi MS408 159 + 3 127 + 3 29 + 1 4+0 65 + 2 0.07 + 0.01 n.a.

Macropus dorsalis MS407 186 + 6 171+ 6 17 £ 1 6+0 23 +1 0.07 + 0.01 235.13 + 24.45

Ornithorhynchus M44 75+ 5 53 +4 19 + 1 7+0 47 + 2 0.09 + 0.02 135.09 + 13.50

anatinus

Mesocricetus auratus 14 243 + 8 226 + 9 21+ 0 7+0 - - 321 + 39.36

All values are means + SEM.
For species in which more than one specimen was investigated, additional group means are presented. For better inter-species com-
parison the values for the species (obtained from single specimen or group means) are highlighted bold.

Using LM morphometry the volume densities of capillaries (V,) in
the selected skin sections were obtained by point-counting methods
(Howard & Reed, 2005), following the equation:

Ve = Pc/Ptot

where P. and P, are point counts on capillaries and
total number of points on the skin tissue.

Lung morphology and estimation of surface areas

As a measure of the developmental degree of the neonates in
general and of the respiratory system in particular, the lung struc-
tures of neonate marsupials, a recently hatched monotreme and
an altricial eutherian neonate were included in this study. Serial
sections of the lungs of newborn eastern quoll, grey short-tailed

© 2018 Anatomical Society

opossum, long-nosed bandicoot, brush-tail possum, koala, brush-
tailed rock wallaby, black-striped wallaby, golden hamster and
newly hatched platypus were available from the same specimens
examined for skin morphology (Table 1). Five arbitrary sections of
the entire lung were captured using a stereomicroscope equipped
with a digital camera (specifics above). The airspace surface areas
of the lungs were obtained by the intersection counting method
(Howard & Reed, 2005). The area of the gas exchange surface
(g.e.s.) per unitary lung volume Sv, expressed as cm ™' can be esti-
mated using following equation:

Sia=2xY_1/((I/p) x> _P)
where | is the number of intersection counts between

the test lines and the surface of interest (airspaces), P
is the number of points hitting the reference space
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(parenchymal tissue) and //p is the length of cycloid
associated with each point for the given magnification.

All data of individuals and of the group are presented as means
+ 1SEM.

Results

Skin structure and morphometry

The skin in all newborn marsupials investigated in this study
was less developed than that of the altricial eutherian neo-
nate. The skin thickness varied among the marsupial species
and reflected the differences in size and developmental
degree of the neonates (G1-G3, see Fig. 1). Structural
details of the skin of newborn marsupials are given in Figs 2
and 3, and the morphometric measurements are presented
in Table 2. The thickness of the entire skin ranged from
36 + 3 um in D. viverrinus to 186 + 6 um in M. dorsalis.
Hairs and hair follicles were conspicuously absent in the skin
of all marsupial newborns and sebaceous and perspiratory
glands were missing as well. The skin of the newly hatched
O. anatinus resembled in structure and thickness
(75 £+ 5 um) the skin of newborn marsupials. For compar-
ison, the skin of the altricial eutherian newborn M. auratus
measured 243 4+ 8 um in thickness. Hair follicles were
already visible in the dermis, yet not breaking through the
epidermis, as in this species newborn are hairless.

The skin of the newborn marsupials consisted basically of
two layers: the dermis and the epidermis. The dermis
accounted for the largest part of the skin and consisted
mainly of connective tissue and several capillaries. The thick-
ness of the dermal layer varied between 29 + 3 um in D.
viverrinus and 171 + 6 pm in M. dorsalis.

The epidermis of the marsupial neonates lacked the typi-
cal stratification characteristic of the mammalian integu-
ment and consisted mainly of a stratum basale with one
layer of amorphous rounded cells and a thin flattened layer
of keratinized cells, the stratum corneum. Only in the more
developed macropodid neonates (G3: M. dorsalis, P. penicil-
lata) did a thin stratum spinosum, visible as attenuated cells,
adjoin the stratum basale. The entire epidermis of the most
immature neonate of D. viverrinus (G1) was extremely thin
and measured 6 + 0 um in thickness, and the stratum cor-
neum was only 2 + 0 um thick. Similar thicknesses were
found in all other marsupial neonates (G2-G3), in the newly
hatched O. anatinus and in the altricial eutherian neonate.
The epidermal thickness measured between 14 4+ 0 um in
P. tridactylus and 29 + 1 um in T. thetidi. The stratum cor-
neum varied between 4 + 0 um in P. nasuta and 8 + 2 um
in T. vulpecula.

A marked difference between the marsupial neonates/
monotreme hatchling and the altricial eutherian neonate
was the presence of numerous cutaneous capillaries in the
dermis of the marsupial neonates and monotreme hatch-
ling. These were missing in the eutherian neonate. Several

superficial capillaries were encountered, some closely
apposed to the epidermis (Figs 2 and 3A-E). The skin of the
newborn D. viverrinus had the highest capillary volume
density (0.33 + 0.02). It was three-fold higher than that of
marsupial neonates at the G2 developmental stage
(0.10 & 0.02 to 0.13 £ 0.01) and four-fold higher than that
of monotreme hatchling (0.09 + 0.02) and macropodid
neonates that referred to developmental stage G3
(0.05 + 0.01 to 0.07 + 0.01) (Table 2). A survey of the
whole trunk of newborn marsupials revealed that subcuta-
neous capillaries were not evenly distributed over the
entire body (for detail see ‘Measurements and skin mor-
phometry’ in Methods). Although capillaries were present
in the skin of the extremities and the ventral side of the
trunk as well, the capillary density was highest on the dor-
solateral side of the trunk (Fig. 4).

The skin diffusion barrier (distance between the external
surface of the skin and the most superficial capillaries) in
the skin of the newborn D. viverrinus was very thin and
measured only 9 + 1 um. The skin diffusion barriers of the
other marsupial neonates and the monotreme hatchling
ranged from 23 4+ 1 uym in M. dorsalis to 65 + 2 um in T.
thetidi (Table 2).

The pathways of cutaneous gas exchange must also
include the blood supply to the skin. Beside superficial cap-
illaries, which were located close to the epidermis (Fig. 5A),
deeper lying capillaries were running through the dermis
(Fig. 5B), indicating a transport of blood to and from the
subcutaneous capillaries. Various large blood vessels were
drawing from peripheral regions towards the heart, provid-
ing the blood supply for the cutaneous gas exchange
(Fig. 5C,D). Structural details of the heart of the newborn
D. viverrinus indicated a large blood vessel (possibly a pul-
mocutaneous vein) communicating with the left atrium
(Fig. 5E), and the lack of an inter-ventricular septum
(Fig. 5F).

For comparison the skin of the fire salamander (5. sala-
mandra) and of the Northern leopard frog (L. pipiens), was
investigated (Fig. 6). The thickness of the entire skin of S.
salamandra and L. pipiens measured 248 + 3 um and
178 + 1, respectively. The skin consisted of the epidermis,
the dermis and the subcutis (Tela subcutanea). The epider-
mis was composed of a stratum germinativum with strati-
fied epithelium and a stratum corneum with flattened
keratinized cells. The epidermal thickness measured
20 + 0 um (stratum corneum thickness: 10 + 0 pm) in S.
salamandra and 25 + 0 um (stratum corneum thickness:
3 4+ 0 um) in L. pipiens. The dermis also consisted of two
layers. The outer stratum spongiosum was made up of areo-
lar connective tissue with interlacing fibres, capillaries and
various types of cells, including pigment-bearing chro-
matophores. Mucous glands of epidermal origin were
imbedded in the stratum spongiosum. The underlying stra-
tum compactum was composed of compactly arranged col-
lagenous fibres, nerve fibres and smooth musculature.

© 2018 Anatomical Society
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Fig. 2 Histological sections comparing the structural characteristics of the skin in the neonate Dasyurus viverrinus (A), Monodelphis domestica (B), Tri-
chosurus vulpecula (C), Isoodon obesulus (D), Perameles nasuta (E) and Phascolarctos cincereus (F). The skin layers varied in thickness between the mar-
supial neonates. Capillaries (arrowheads) were encountered in all marsupial neonates at various levels of the dermis, some closely associated with the
epidermis. The highest capillary density was present in the newborn D. viverrinus. As part of the epidermis, a thin layer of keratin (stratum corneum,
arrow) formed the outer covering of the skin. Hairs were absent. bv, blood vessel; d, dermis; e, epidermis; r, rib. Scale bar: 100 pum.

A capillary network of numerous small capillaries were
located directly beneath the epidermis. Associated arterioles
and venules ran perpendicular to the skin surface, commu-
nicating with a network of larger arteries and veins located
in the subcutis. The skin diffusion barrier measured
31 + 1 umin S. salamandra and 41 + 1 um in L. pipiens.

Lung morphology

Lung development in newborn marsupials followed the
general developmental degree of the neonates (G1-G3).
The most immature lungs were present in the newborn D.
viverrinus (G1; Fig. 7A,B). They were at the canalicular stage
of lung development, characterized by primitive airways
consisting of tubules, partially subdivided by septal crests.
Only a few capillaries were located at the inner surface of
the lungs, predominantly type Il pneumocytes formed the
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inner lining within the airspaces. The area of the gas
exchange surface per unitary lung volume in the neonate
D. viverrinus was at 91.67 + 12.13 cm ™' the lowest of all
marsupial lungs examined (Table 2).

The neonates of M. domestica (Fig. 7C,D), T. vulpecula
(Fig. 7E,F) and P. nasuta (Fig. 7G,H) represented the inter-
mediate developmental degree G2, with lungs at the early
saccular stage of lung development. Their lungs consisted
of primitive airways, which opened in large terminal sac-
cules separated by thick tissue septa with a double capillary
network. The lining of the airspace surface was formed by
squamous type | pneumocytes and interspersed cuboidal
type Il pneumocytes. The area of the gas exchange surface
per unitary lung volume was 130.26 + 11.96 cm ' in M.
domestica, 144.70 = 3.60 cm™' in T. wulpecula and
169.06 + 5.04 cm ' in P. nasuta. The lung structure of the
monotreme hatchling (Fig. 8E,F) resembled that of M.



318 Skin structure in newborn marsupials, K. Ferner

Fig. 3 Histological sections comparing the structural characteristics of the skin in the neonate Potorous tridactylus (A), Petrogale penicillata (B), Thylogale
thetidi (C), Macropus dorsalis (D), Ornithorhynchus anatinus (E) and Mesocricetus auratus (F). Capillaries (arrowheads) were present in the dermis of all mar-
supial neonates and the monotreme hatchling, but were absent in the altricial neonate. A thin layer of keratin (stratum corneum, arrow) formed the outer
rim of the epidermis, providing cover and protection of the skin. Hairs were absent in all marsupial neonates and the monotreme hatchling, but hair follicles
(encircled) were prominent in the dermis of the altricial neonate. a, artery; bv, blood vessel; d, dermis; e, epidermis; r, rib; v, vein. Scale bar: 100 pm.

domestica, T. vulpecula and P. nasuta neonates. The area of
the gas exchange surface per unitary lung volume was with
135.09 =+ 13.50 cm ', similar to the G2 neonates.

Phascolarctos cincereus (Fig. 8A,B), P. penicillata (Fig. 8C,
D) and M. dorsalis (not shown) had the most developed
lungs of all the marsupial neonates. The lungs of these G3
neonates were at the saccular stage of lung development.
Prominent airways extended to the pleural surface and
branched out into wide channels that opened directly into
terminal saccules. The terminal saccules were large, with a
few low septal ridges protruding from the thick double
capillary septa, indicating an increasing subdivision of the
lung parenchyma. Compared with the other marsupial neo-
nates (G1 and G2) the saccules were smaller and more
numerous. The area of the gas exchange surface per unitary
lung volume was 191.62 & 20.02 cm™' in P. cincereus,
218.74 + 14.27 cm™ ' in P. penicillata and 235.13 + 24.45
cm~"in M. dorsalis.

The lung of the newborn M. auratus, representing altri-
cial eutherians (Fig. 8G,H), showed characteristics typical for
the late saccular stage of lung development. The ramified
bronchial tree extended out to the periphery of the lung.
The numerous small saccules were separated by thin double
capillary septa and a few secondary septa (tissue crests) and
a well developed blood-gas barrier were present. The area
of the gas exchange surface per unitary lung volume was
321.49 + 39.36 cm ™.

Discussion

Lung morphology

Newborn marsupials and monotreme hatchlings are born
very small and with a low requirement for oxygen (Szdzuy
& Zeller, 2009). Generally, marsupials species with a very
low birthweight have lungs at birth consisting of a few
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Fig. 4 Light micrographs of transversal (A-C) and a longitudinal (D) histological section through a newborn Dasyurus viverrinus. Numerous superfi-
cial capillaries (arrowheads) were closely associated with the epidermis, providing an extremely thin diffusion barrier. Capillaries were present in
the skin of the ventral side of the trunk (A) and in the skin of the extremities (B) as well. However, capillary density was highest in the skin of the
dorsolateral side of the trunk (C,D). The general developmental degree of D. viverrinus was highly immature at birth, showing cartilaginous skeletal
elements, lungs with tubular air spaces, a simple mesonephros as kidney, a small and undifferentiated stomach and a short intestine. Remarkable
was the pronounced para-axial musculature, which enables crawling movement toward the pouch immediately after birth. ao, aorta; e, eye pri-
mordium; h, heart; i, intestine; k, kidney; I, lung; m, musculature; ob, olfactory bulbus; r, rib; s, stomach; sc, spinal cord; v, vertebrae. Magnifica-
tion is indicated by the scale bar.

tubular airspaces (G1; e.g. D. viverrinus), neonates with M. domestica, T. vulpecula, P. nasuta) and the neonates
intermediate birthweights have lungs consisting of large with the highest birthweights have further divided lungs
terminal saccules separated by thick primary septa (G2; e.g. (G3; e.g. P. cincereus, P. penicillata, M. dorsalis). A summary
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Fig. 5 Light micrographs of the skin and heart of the neonates of Dasyurus viverrinus (A,B,E,F) and Trichosurus vulpecula (C,D). Superficial capillar-
ies (indicated by arrowheads) were located close to the epidermis (4A), allowing for transcutaneous gas exchange. Capillaries (indicated by asterisk)
were running through the dermis (Fig. 4B-D), indicating a transport of blood to and from the subcutaneous capillaries. Various large blood vessels
were running from peripheral regions towards the heart (C,D). Structural details of the heart of the newborn D. viverrinus indicated a large blood
vessel (possibly a pulmocutaneous vein) communicating with the left atrium (E, arrow) and the lack of an inter-ventricular septum (F). bv, blood
vessel; d, dermis; e, epidermis; h, heart; la, left atrium; lv, left ventricle; oe, oesophagus; ra, right atrium; right ventricle; t, trachea. Magnification

is indicated by the scale bar.

diagram defines the consecutive developmental stages of
lung development and shows the degree of the lung devel-
opment at birth/hatching for the species investigated in this
study (Fig. 9).

Although the lungs at birth are either at the canalicu-
lar or saccular stages of lung development, they show
qualitative characteristics of a mature gas-exchanging
organ, such as the full complement of surfactant (Ribbons
et al. 1989; Miller et al. 2001; Makanya et al. 2007) and a
thin blood-gas barrier (Runciman et al. 1996; Szdzuy
et al. 2008). Furthermore, the respiratory system is neu-
ronally developed, a reflex control of breathing exists
and the muscles required for breathing are innervated
(Frappell & MacFarlane, 2006). Thus from the standpoint
of passive mechanics there may be no major constraints
to inspiration (Makanya et al. 2007). However, dynamic
factors such as poor muscle co-ordination and chest-wall
distortion impose severe constraints on ventilation

(MacFarlane & Frappell, 2001). Increasing evidence from
physiological studies suggests that the functional immatu-
rity of the respiratory system at birth in marsupials neces-
sitates recruitment of an alternative organ system such as
the skin for gas exchange (Mortola et al. 1999; Frappell
& Mortola, 2000; MacFarlane & Frappell, 2001; MacFar-
lane et al. 2002; Frappell & MacFarlane, 2006). Physiologi-
cal studies found that 30-40% of gas exchange occurs
across the skin in the newborn M. eugenii (MacFarlane &
Frappell, 2001; MacFarlane et al. 2002). The extremely
small neonates of the dasyurids rely for 95% of their air
on gas exchange via the skin (Mortola et al., 1999; Frap-
pell & Mortola, 2000). In the newborn Julia creek dun-
nart (Sminthopsis douglasi) gas exchange through the
skin is a requirement because of the inefficient pul-
monary ventilation (no breathing movements and volume
changes) due to the immature neuro-muscular develop-
ment (Frappell & Mortola, 2000).
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Fig. 6 Histological sections of the skin in two amphibian species, Salamandra salamandra (A) and Lithobates pipiens (B). The epidermis was com-
posed of a stratum germinativum with stratified epithelium and a stratum corneum (arrow) with flattened keratinized cells. The dermis consisted
of an outer stratum spongiosum and the underlying stratum compactum. Mucous glands and chromatophores (asterisk) were embedded in the
stratum spongiosum. A capillary network of numerous small capillaries (indicated by arrowheads) was located in a plane directly beneath the epi-
dermis. A network of larger arteries and veins was located in the subcutis. e, epidermis; d, dermis; mg, mucous gland; s, subcutis; sc, stratum
compactum; sg, straum germinativum; ss, stratum spongiosum. Magnification is indicated by the scale bar.

Gas exchange through the skin

The utility of the skin as a gas exchange organ depends on
both morphological and physiological variables. Diffusion is
proportional to the skin surface area, the skin permeability
to gases and the difference in gas concentration (gas partial
pressure) on either side of the skin, and is inversely propor-
tional to skin thickness (Feder & Burggren, 1985). The physi-
ological role of the cutaneous gas exchange area needs to
be considered in relation to the surface area to mass ratio
and the metabolic needs of the organism. Skin gas
exchange is favoured in the newborn marsupial because of
a relatively a large surface-to-mass ratio and a low meta-
bolic rate (Frappell & MacFarlane, 2006). However, gas
exchange via the skin would not be possible without the
very thin skin, which provides an excellent opportunity for
gas diffusion. Gas exchange through the body surface may
be adequate even in organisms with a small surface-to-mass
ratio, as long as oxygen needs are low, as found in many
invertebrates and a few vertebrates such as amphibians
(Mortola, 2015). Percutaneous gas exchange is known to be
the primary mode of gas exchange in the lungless European
salamander (Salamandra maculosa). The skin has an epider-
mis measuring 40-60 pum in thickness with a 5-um-thick stra-
tum corneum (Spearman, 1968). The thickness of the
epidermis and stratum corneum is even smaller in the skin
of the fire salamander and Northern leopard frog examined
here (Table 3), and numerous small sub-epidermal capillar-
ies are present. In addition to the lung, amphibians use the
skin of the body (surface area can be increased by skin
folds, flaps, dermal papillae), the skin of the hind extremi-
ties and the inside surfaces of the mouth and pharynx for
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the exchange of respiratory gases (Whitford & Hutchinson,
1965; Feder & Burggren, 1985). In the majority of verte-
brates, cutaneous gas exchange is limited by the poor gas
diffusion properties of the skin tissues, the low surface-to-
mass ratio resulting from large body size, and the high
metabolic demands (Makanya et al. 2007; Mortola, 2015).
In the shrew, one of the smallest mammals with a large
body surface-to-mass ratio but a high metabolic rate, the
skin contributes not more than 3% of total gaseous meta-
bolism (Mover-Lev et al. 1998). A special case of percuta-
neous gas exchange in mammals is reported from bats. The
structural modifications of the wing web membrane of the
epauletted fruit bat (Epomophorus wahlbergi) permit a
substantial contribution (6-10%) to the total gas exchange
(Makanya & Mortola, 2007). This value might have been
underestimated, as it was obtained in anaesthetized bats
with folded wings. Higher values would be expected with
awake and active bats with wings spread out, as occurs dur-
ing flight (Makanya & Mortola, 2007).

Compared with the considerable percutaneous gas
exchange measured in newborn marsupials (33% in Macro-
pus eugenii; MacFarlane et al. 2002, and 95% in Sminthop-
sis douglasi; Mortola et al. 1999) the reported rates are
negligible. However, even if the skin might provide only a
negligible contribution to O, exchange, CO, exchange via
the skin might be more important. Due to a higher perme-
ation coefficient of CO,, the skin figures generally more
prominently in CO, excretion than in O, uptake (Feder &
Burggren, 1985).

In all neonate marsupials investigated here, the epidermis
was poorly developed with a thin stratum corneum and no
hair follicles, providing a weak barrier to transcutaneous
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Fig. 7 Histological sections of the lung in the neonate Dasyurus viverrinus (A,B), Monodelphis domestica (C), Trichosurus vulpecula (E,F) and Per-
ameles nasuta (G,H). Higher magnification micrographs show the septa between airspaces: (B,F,H) histological sections; (D) TEM micrograph of

M. domestica (from the author’s PhD work). The lung of the newborn D. viverrinus consisted of poorly vascularized airspaces (tubules). No double
capillary septa and onlys a few portions of the blood-air barrier were present, thus showing characteristics of the canalicular stage (G1). The lungs
of M. domestica, T. vulpecula and P. nasuta were at the early saccular stage. The large smooth airspaces were separated by thick primary septa
with a double capillary network and a blood-air barrier was present (G2). b, bronchus; bab, blood-air-barrier; ¢, capillary; e, erythrocyte; mb, main
bronchus; n, spinal cord; p, partitions; ps, primary septum; r, rib; s, sacculus; t, tubulus; v, cartilage of vertebra. Magnification is indicated by the

scale bar.

gas exchange. The presence of numerous capillaries in the
dermal layer of all marsupial neonates and the monotreme
hatchling supports the notion that cutaneous exchange in
newborn marsupials and probably also newly hatched
monotremes might be commonplace (see MacFarlane et al.
2002). The extremely short diffusion distance (blood-gas
barrier) as well as the high capillary volume density in the

skin of the newborn dasyurid D. viverrinus would provide
excellent preconditions for effective cutaneous gas
exchange. The highly immature lung structure of the neo-
nate D. viverrinus with an area of the gas exchange surface
per unitary lung volume of only 91.67 cm™"' might have an
influence on the pulmonary function. It is possible that the
neonate D. viverrinus is almost totally dependent on skin
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Fig. 8 Histological sections of the lung in the neonate Phascolarctos cinereus (A,B), Petrogale penicillata (C,D), O. anatinus (E,F) and Mesocricetus
auratus (G). Higher magnification micrographs show the septa between airspaces: (B,D,F) histological sections; (H) TEM micrograph of M. auratus
(from the author’s PhD work). The lungs of P. cinereus, P. penicillata and O. anatinus were at the saccular stage, characterized by large terminal
saccules separated by thick primary septa with a double capillary network. In the lungs of neonate P. cinereus and P. penicillata, numerous septal
crests indicated a further proliferation of the lung parenchyma, resulting in more irregular shapes of the terminal saccules (G3). In the altricial pla-
cental neonate M. auratus, the bronchial tubes led to the periphery of the lung and terminated in numerous small saccules which were separated
by a thin primary double capillary septum. A well developed blood-air barrier was present (8H). b, bronchus; bab, blood-air-barrier; ¢, capillary; e,
erythrocyte; ps, primary septum; r, rib; s, sacculus; tl, type | pneumocytes; tll, type Il pneumocytes. Magnification is indicated by the scale bar.

gas exchange, as has been reported for other newborn
dasyurids (see Frappell & MacFarlane, 2006).

The newborn D. viverrinus had, with only 9 um, the thin-
nest skin diffusion barrier of all marsupial neonates exam-
ined in this study. The barrier is thinner than the skin
diffusion barrier reported from other species with cuta-
neous gas exchange as well. However, the value is close to
the estimation of the epidermal thickness (9.8 um) in the
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stretched wing web membrane of the fruit bat (Makanya &
Mortola, 2007). The thickness of the skin diffusion barrier of
the other marsupial neonates and of the monotreme hatch-
ling (23-65 um) were within a similar range reported for
another newborn marsupial (Setonix brachyurus; 30—
35 um), amphibians (31.3-41.5 ym) and the folded wing
web skin of a fruit bat (Epomorphorus wahlbergi; 26.8 um)
(see Table 3). These diffusion distances should be sufficient
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- acinar tubules - dilatated tubules - smooth walled saccules - alveoli -
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- few - alveolar sacs
distinct - alveolar ducts

alveolar - respiratory
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Fig. 9 Summary diagram of lung development. The developmental degree of the lung at birth/hatching is indicated for six marsupials (Dasyurus
viverrinus, M. domestica, Trichosurus vulpecula, Perameles nasuta, Phascolarctos cincereus, Petrogale penicillata, a monotreme (Ornithorhynchus

anatinus) and an alticial eutherian (Mesocricetus auratus).

for gas exchange, as Stuicker et al. (2002) have shown that
cutaneous oxygen diffusion for the supply of underlying tis-
sue can reach depths of 250-400 pm.

The skin diffusion distances of the newborn marsupials
offer an enormous diffusion barrier when compared with
the blood-gas barrier of the lung in neonatal marsupials,
which can be as thin as 0.3-0.6 um (Runciman, 1994; Szdzuy
et al. 2008). However, percutaneous gas exchange is advan-
tageous in that the animal is exposed to an infinite pool of
air with high partial pressures of oxygen. Contrary to the
lung values with a partial oxygen pressure (PO,) of
100 mm Hg in the saccules and 46 mm Hg in venous blood,
capillary blood of the skin of newborn marsupials is
exposed to the environmental PO, of about 150 mm Hg.
Hence, the O, pressure gradient for the skin capillaries of
newborn marsupials would be twice that in the lung, which
would be equivalent to halving the diffusion distance
(Makanya & Mortola, 2007). A right-shifted Psq curve (PO,
at which the blood is 50% saturated) in newborn marsupi-
als ensures that O, can be unloaded at high PO,, enabling

diffusion over a greater distance. The high Psg may be an
adaptation for the early neonatal period in marsupials
when pulmonary circulation is limited and the immaturity
of the lung function favours a reliance, to varying extents,
on exchange of oxygen across the skin (Frappell & MacFar-
lane, 2006). Generally, the risk of excessive water loss via
the skin is high in any terrestrial organism that uses the skin
as blood gas barrier and therefore animals with percuta-
neous gas exchange need to live in a moist environment
(Mortola, 2015). The humidity of the pouch in marsupials
probably helps the neonate to circumvent this problem;
even under pouch conditions, cutaneous blood would be
exposed to a relatively high PO, (Frappell & MacFarlane,
2006).

Increasing the number of blood vessels per unit area (i.e.
skin capillary density) can also enhance the functional sur-
face area of the skin (Feder & Burggren, 1985). The skin of
amphibians, which almost always rely on cutaneous gas
exchange, is heavily vascularized and between 20 and 95%
of the total respiratory capillarization may occur in the skin,
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Table 3 Comparison of thickness of selected skin layers in vertebrates that use percutaneous gas exchange. All values are in pm.

Skin component

Stratum Diffussion

Species Epidermis corneum Dermis distance
Amphibia

European frog (Rana temporaria)* 80-100 5 NR NR

African clawed frog (Xenopus laevis)* 16-22 NR NR NR

European salamander (Salamandra maculosa)* 40-60 5 NR NR

Fire salamander (Salamandra salamandra) 20 10 248 31

Northern leopard frog (Lithobates pipiens) 25 3 178 41
Mammals

Epauletted fruit bat (Epomorphorus wahlbergi) wing web skin** 9.1-10.5 3.7-44 15.5 26.8

Quokka wallaby (Setonix brachyurus) neonate*** 29.97 4.87 NR 30-35

The data were obtained from: *Spearman, 1968; **Makanya & Mortola, 2007; ***Makanya et al. 2007.

NR, no records.

even in species that also breathe with lungs and gills (Czo-
pek, 1965). In this study the highest capillary volume density
was measured in the newborn D. viverrinus. The value was
three- to four-fold higher than that of the other marsupial
neonates, indicating that skin gas exchange in the dasyurid
neonate might be the most pronounced. It is not surprising
that the capillary volume density in the skin seems to be
diametrically opposed to the degree of lung development
in marsupial neonates. The following hypothesis is possible:
G1 neonates with the most immature and impaired lungs,
such as dasyurids, rely up for to 90-100% (Mortola et al.
1999) of their air on cutaneous respiration. G2 and G3 neo-
nates, depending on their respective structural degree and
capacity of the lung, supplement pulmonary respiration
with cutaneous respiration to a higher (G2 neonates possi-
bly 50-70%) or lower (G3 neonates 30-40%; MacFarlane
et al. 2002) degree. However, this hypothesis needs to be
verified by physiological measurements of more marsupial
species, in particular of neonates representing a develop-
mental degree of G2.

Blood supply of the skin

The pathways of cutaneous gas exchange must include not
only the superficial subepidermal capillary network but also
the blood transport to and from the skin. In the skin of
adult anurans, ramifications of the cutaneous arteries and
veins join the subepidermal capillaries through segments
running vertical to the skin surface, penetrating stratum
compactum and stratum spongiosum of the dermis without
branching in these layers (de Saint-Aubain, 1982).

In the marsupial neonates as well, there were deeper-
lying capillaries running through the dermis, indicating a
transport of blood to and from the subcutaneous capillaries.
These capillaries joined larger blood vessels, probably rami-
fications of cutaneous arteries and veins, indicating a blood
flow from peripheral regions towards the heart and vice

© 2018 Anatomical Society

versa. The exact structural details of the communication of
the large blood vessels coming from the periphery with the
cardiac system remain obscure. However, the gas exchange
via the skin requires certain specializations, such as the pres-
ence of a skin artery and skin vein (as in amphibians) or a
temporary pulmocutaneous artery and vein. Normally the
skin is provided with oxygenated blood, as it is the case for
all other body tissues. In amphibians a special skin artery
(equivalent to the pulmonary artery) supplies the skin with
deoxygenated blood, similar to the function of the lung
artery. The skin vein leads oxygenated blood toward the
heart and opens into the right atrium (in contrast to the
pulmonary vein, which opens into the left atrium). As
amphibians have a heart that consists of a single ventricle
and two atria, it is possible that oxygenated blood from the
skin mixes with that of the systemic circulation (Stephenson
et al. 2017). In the heart of the newborn D. viverrinus as
well, communication between the left and right sides of the
heart is provided by incomplete inter-atrial, inter-ventricular
and aortico-pulmonary septa (Hill & Hill, 1955; Baudinette
et al. 1988), enabling a solution similar to that present in
amphibians. However, in more mature marsupial neonates
such as Macropus eugenii, the inter-ventricular septa and
aortico-pulmonary septa are complete; only the inter-atrial
connection is still wide open (Baudinette et al. 1988). The
presence of the right-to-left shunt prevents discrete pul-
monary and systemic circuits. The shunt permits blood to
bypass the lungs and allows venous admixture of blood low
in oxygen content (Frappell & MacFarlane, 2006). Consider-
ing the temporary role of cutaneous respiration in marsu-
pial pouch young (see Mortola et al. 1999; MacFarlane &
Frappell, 2001) and the fast structural changes of the pul-
monary and systemic circulations (closing all shunts) in the
early postnatal period, a temporary solution for the cardio-
vascular—cutaneous circulation (e.g. pulmocutaneous artery
and vein) would be advantageous. Indeed, structural details
of the heart of the newborn D. viverrinus indicated a large
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blood vessel (possibly the pulmocutaneous vein) communi-
cating with the left atrium.

Conclusion

The structural basis for gas exchange via the skin is given in
all newborn marsupial species and in the newly hatched
monotreme investigated in this study. Especially in the most
immature marsupial neonate, D. viverrinus, a pronounced
cutaneous capillarization was evident. A graduation of the
skin capillary density among the marsupial neonates inver-
sely followed the respective lung structure and general
developmental degree of the neonates. Skin gas exchange
is achievable in newborn marsupials because of the rela-
tively large surface-to-mass ratio, low metabolic rate and
very thin skin. Unlike the pulmonary ventilation, cutaneous
gas diffusion does not involve energy expenditure, which
may be advantageous for the highly immature marsupial
neonates.

The findings support the assumption that cutaneous gas
exchange in newborn marsupials and probably newly
hatched monotremes may be common and a required com-
pensation for incomplete pulmonary architecture and
impaired ventilation.
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