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Abstract Anatomy as a descriptive topic of research and
instruction in medicine has been increasingly influenced by
discoveries in molecular cell and developmental biology
and most recently the advent of human induced pluripotent
stem cells and organoids. We summarize here how anatomy
has been influenced by developmental and stem cell biolo-
gists, and how in vitro modelling of the three-dimensional
body environment is emerging to understand structure and
function of cells during differentiation processes in devel-
opment and disease.
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Anatomy is the science of the structure of organisms and
their parts. Human anatomy as one of the basic essential
topics of research and instruction in medicine can be fol-
lowed back to ancient Greek and Egyptian times as known
from the Edwin Smith Papyrus, dated 1600 BCE, which
already described heart, blood vessels, liver, kidney, hypo-
thalamus, uterus and bladder (unknown 1600 BCE). In
addition to the essential groundwork of descriptive anatomy
on which all surgical disciplines are based also nowadays,
it is noteworthy that over the centuries anatomists deeply
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engaged in the analysis of developmental aspects and used
animal models to unravel their details and functions. For
more than 3500 years, human anatomy has been mostly
descriptive and still is in the medical curricula. However, in
order to understand how structure and function are intrin-
sically and causally related, experiments moved into the
focus gradually. Such experiments resulted in pioneering
insights into the function of the human body on which a
considerable proportion of Western medical therapies are
based. Remarkably, many of the experimenting anatomists
established or improved embryonic animal models.

Among the descriptive anatomists, Harvey (1578-1657)
pioneered the discovery of the circulatory system in avian
embryos. After the invention of the first microscopes by
the Dutch cloth trader Van Leeuwenhoek (1632-1723), the
advent of microscopic anatomy was facilitated by small-
scale analyses of tissues and body fluids. Prior to the dis-
covery of the mammalian oocyte, Wolff and Purkinje in
1825 investigated into the avian blastodisc and germinal
vesicle. Eventually, the description of the mammalian
including the human oocyte by von Baer (1792-1876) was
a groundbreaking finding that created the basis for repro-
ductive biology and medicine (von Baer 1827). In Europe,
the disciplines comparative anatomy and zoology, and also
physiology, were traditionally combined in one depart-
ment or institute until the 1940s. Hence, the establishment
of easily accessible animal models to study reproduction
as well as development were in the hands of anatomists.
Among them, Haeckel (1834-1919) and Miiller (1801—
1858), director of the Museum of Natural Sciences in Ber-
lin, ranged among the most prominent researchers of devel-
opmental processes. At the end of the nineteenth century,
Hertwig achieved a milestone by his observations on sea
urchin fertilization and embryogenesis (Hertwig 1876). His
publication sets the stage for innumerable studies on early
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Fig.1 Somite transplantation experiment from a quail embryo into a
chick embryo; Feulgen-staining reveals nucleolus-associated hetero-
chromatin, a natural feature of quail cells which are found in myo-
blasts of limb muscle blastemas (arrows). Experiment performed by

animal development by the forthcoming generations of sci-
entists. The Swiss anatomist and physiologist Wilhelm His
(1831-1904) was dedicated to the three-dimensional recon-
struction of sectioned embryos, and in particular, he inves-
tigated the development of the nervous system and was the
first to describe the neuroblast.

One of the most important findings of experimental
embryology with an enormous bearing on stem cell biol-
ogy was derived from the experimental work of Spemann
(1869-1941) and his pupils (Spemann and Mangold 1924).
The central idea that the genome residing in all somatic
cells gradually unfolds during development as a conse-
quence of local signalling between neighbouring structures
in the embryo constituted the basis for the notions of toti-
potency, pluripotency, etc., lineage commitment and deter-
mination. It furthermore inaugurated the concept of epige-
netics that goes back to the theoretical considerations of
Waddington (1905-1975) who designed the famous draw-
ing of the epigenetic landscape that is still used by stem
cell researchers today to describe cell commitment and
the activation and inactivation of genetic programs related
to developmental potencies (Waddington 1957; Takahashi
2012).

In contrast to single cells, the formation of tissues and
organs involves an additional level of complexity, namely
3D spatial arrangement, resulting in pattern formation.
For regenerative medicine, correct organ patterning and
stability present the greatest challenge. Historically, the
developmental patterning of organs has been experimen-
tally studied in two complementary ways: (1) by grafting
of organ anlagen (homotopic and heterotopic) and (2) by
cell dissociation and reaggregation experiments (isotypical
and heterotypical). Experiments were carried out in differ-
ent vertebrates, e.g. in the embryonic chicken model, where
kidney, liver and skin cells of 8- to 14-day embryos were
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reaggregated and tracked in 8-day embryos (Weiss and
Taylor 1960). In this way, the contributions of embryonic
cell populations to adult derivatives or transitory structures,
as well as their time of commitment, could be determined.
In the absence of reporter genes, the first classical experi-
ments used natural markers, for example grafting from the
quail to the chicken embryo. The most well-known results
obtained were the multiple derivatives of the neural crest
(Le Douarin and Teillet 1974), and the somitic origin of
the skeletal muscle in the limbs (Christ et al. 1977; Fig. 1).
Interestingly, the migration and spatial arrangement of
grafted cells, even after dissociation, followed specific rules
also active during normal embryonic development. Cells
showed characteristic germ layer preferences (Moscona
1952; Townes and Holtfreter 1955) that set the grounds for
the discovery of cell adhesion molecules (Takeichi 1987)
and are the basis for our current understanding of embryoid
body formation and organoid culture as discussed below.
Since the 1960s the disciplines ‘Macroscopic Anatomy’
and ‘Microscopic Anatomy’ have been increasingly com-
plemented by more discoveries in molecular cell and devel-
opmental biology, giving rise to a discipline which could be
considered as ‘Molecular Anatomy’. In the recent decades,
development of tissues and organs could be increasingly
studied in animal model systems, which were also amena-
ble to genetic engineering strategies. By merging key find-
ings from developmental biology, reproductive biology and
molecular biology including epigenetic gene regulation, a
considerable breakthrough for cell differentiation research
was brought about during the last decade: the induction of
pluripotent stem cells (PSCs) which resulted in awarding
the Nobel Prize to Shinya Yamanaka and Sir John Gur-
don in 2012. Human PSCs, first derived from blastocysts
(Thomson et al. 1998), later by transcription factor—
induced reprogramming of human somatic cells (Takahashi
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Fig. 2 Neural organoid structures differentiated from human induced
pluripotent stem cells (day 30 after induction, yellow: neural progeni-
tor marker Sox2, red: neuronal marker tubulin beta III, blue: nucleic
DAPI stains) (Figure provided by Prof. Hans Scholer and Dr. Jan
Bruder, Max-Planck-Institut fiir molekulare Biomedizin, Miinster)

et al. 2007), opened a new era to many disciplines includ-
ing anatomy by allowing to study human development with
genuine human in vitro differentiation model systems.

Striking recent achievements explore the differentiation
of three-dimensional organ-like tissues, called organoids
from human pluripotent stem cells. The term ‘organoid’
refers to ‘resembling an organ’ concerning its cell types,
their organization as well as recapitulating their function
(Lancaster and Knoblich 2014). Pluripotent stem cells left
in suspension culture without the inductive clues to self-
renew (e.g. LIF in mouse, bFGF in human) tend to form
three-dimensional aggregates termed ‘embryoid bodies’
(EB), which consist of cells of all three germ layers. In
principle, the various organoid protocols resemble pattern-
ing processes in embryonic development, whereby signal
transduction and transcription factor cascades involved in
germ layer and lineage specifications (e.g. Hox, Pax, Wnt,
Bmp, Fgf, Egf, Tgf) are sequentially applied to differenti-
ating PSCs/EBs in liquid culture systems or embedded in
semisolid gels resembling extracellular matrices. Both fac-
tors, which induce or inhibit certain developmental signal-
ling cascades as well as surface interactions, support the
self-organization process towards a certain tissue structure.
The organoid approach can in theory be applied to every
human organ system, since protocols to generate all 200
cell types of the human body from pluripotent stem cells
can be refined from partially available two-dimensional
protocols to organoid aggregation protocols in the years to
come.

Most prominent among all organoids might be cerebral
organoids, termed ‘mini-brains’, representing different

brain regions including Sox2-positive neural progenitor/
stem cell layers (Lancaster et al. 2013, Fig. 2). Organoid
induction from human PSCs within the ectodermal lineage
has also been very successfully applied to the differentia-
tion towards retinal structures (Nakano et al. 2012). PSCs
can be patterned towards hindgut endoderm via mesen-
doderm. Examples among endodermal organoids include
modelling of intestinal tissue (Spence et al. 2011), gastric
organs (McCracken et al. 2014), liver (Takebe et al. 2013)
and lung (Wong et al. 2012; Huang et al. 2014). Meso-
dermal kidney structures have been modelled as complex
multicellular organoids from PSC-derived mesendodermal
precursors (Takasato et al. 2015). Heart and skeletal muscle
as well as bone organoids from PSCs are, however, still in
their infancy.

All current protocols result in organoids with a certain
degree of positional randomness, which can partially be
attributed to a lack of mimicking embryonic axis forma-
tion in the three-dimensional protocols developed so far
(Lancaster and Knoblich 2014). Furthermore cell types
patterned from PSC within organoids very likely resemble
embryonic or foetal phenotypes; this ‘maturation issue’ is
also observed in cell types differentiated from PSCs in two-
dimensional protocols. Furthermore, to recapitulate organ
function, organoid cells also must get a sufficient nutri-
tion supply, which might not be ensured in the inner part
of an organoid lacking vascularization. After transplanta-
tion, vascularization can be induced by organoid—host cell
interactions (Takebe et al. 2013).

As an alternative to patterning organoids from pluripo-
tent stem cells, explanted adult somatic stem cells can be
the source for organoid formation, thereby mimicking stem
cell niches physiologically (Clevers 2016). This approach
has been pioneered by exploring the Wnt pathway in gut
stem cells, which are marked by Lgr5 receptor expres-
sion. Thereby isolated Lgr5+ intestinal stem cells can be
patterned towards crypt-villus structures (‘mini-guts’)
(Sato et al. 2009). Further studies used these somatic gut
stem cells to differentiate towards stomach, liver and pan-
creas organoids, which demonstrates that similar organoid
structures might either be patterned from PSCs or from
explanted adult stem cell populations.

Novel genome editing technologies can be employed
in organoid cultures to introduce genetic alterations or
phenotypic rescues, as demonstrated for patient-derived
intestinal stem cell organoids with mutations at the cystic
fibrosis transmembrane conductance regulator (CFTR)
locus corrected by CRISPR/Cas9 mediated homologous
recombination (Schwank et al. 2013). Modelling and cor-
recting hereditary diseases is just one major aspect to uti-
lize organ-resembling organoids; acquired diseases like
pathogen infections as exemplified by challenging human
PSC-derived stomach organoids with Helicobacter pylori
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as well as provision of organoids modelling oncogenesis
are targets of these research endeavours (Boj et al. 2015;
McCracken et al. 2014).

The science of the structure of organism and their parts
has been enriched maybe even transformed by pluripotent
stem cell and organoid technology in meaningful ways. In
future, it will become increasingly feasible to create novel
physiologically complex in vitro models of human diseases
with patient-derived organoids to study (developmental)
pathogenesis or—for a more translational approach—to
do pharmaceutical drug screening, as well as to implement
gene and tissue engineering. Organoids will be applied to
further develop direct reprogramming strategies, e.g. the
conversion of one cell lineage to another via expression
of lineage-specific factors within physiological niches,
which will lead to novel in vivo reprogramming therapeutic
modalities. The developments in molecular cell and devel-
opmental biology, we have highlighted here, have tremen-
dous impact on human anatomy as a scientific discipline as
well as regenerative medicine in clinical practice.
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