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ABSTRACT Branching morphogenesis, the creation of branched structures in the body, is a key
feature of animal and plant development. It requires the coordinated interplay of multiple types of
epithelial cells with the surrounding extracellular matrix. Cell migration, proliferation, and extra-
cellular matrix dynamics have different roles in driving budding in different organs. This historical
review article summarizes the first founding literature data concerning branching morphogenesis
occurring in kidney, lung, vascular system, mammary glands and neurons.
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Introduction

A variety of cellular processes, including differential growth,
cell invasion, epithelial folding and matrix-driven branching, can
contribute to branching morphogenesis in different contexts (Varner
and Nelson, 2014). Different epithelia, such as those of the thyroid
follicles, kidney tubules, and the branching ducts in the lung and
exocrine glands, acquire diverse forms correlated to their specific
functions. The development of most glandular organs begins with
the invagination of an existing epithelial sheet into the underlying
mesenchyme (Hogan and Kolodziej, 2002). The primary bud thus
generated subsequently undergoes a series of morphogenetic
events that culminate in the formation of branching tubes (excre-
tory ducts) and hollow spheres (follicles, alveoli, acini).

Tubules can arise through two main mechanisms: the invagina-
tion of cells from an epithelial sheet, as occurs in the formation of
the neural tube or through the organization of initially un-polarized
cells into cord-like structures that invade the surrounding mesen-
chyme, forming branched, hollow tubules lined by polarized cells
(Hogan and Kolodziej, 2002). The formation of branching tubes
frominitialunbranched epithelial buds occursin the development of
many organs, including the pancreas, liver, mammary gland, lung,
and kidney (Affolter et al., 2003, Lubarsky and Krasnow, 2003).

The development of many branched organs, including the lung,
kidney, and salivary glands, depends on differential rates of cell
proliferation (Goldin, 1980). Elevated levels of cell proliferation
have been observed in nascent epithelial buds in response to
growth factor expression in the neighboring mesenchyme. Local
stimulation of epithelial cell proliferation is involved in the formation

of new branches (Ettensohn, 1985). Elevated proliferation was
localized to the branch tips and if growth factor-loaded beads were
embedded onto the gel adjacent to mesenchyme-free explants,
new epithelial branches extended toward the local source of growth
factors (Park et al., 1998).

All organs consist of an epithelium and a mesenchyme (Grob-
stein, 1953, 1954, 1967). Epithelium is able to induce differentia-
tion of the mesenchyme and vice-versa, and play an instructive
role mediated by differential activation of genes in responding
epithelial cells. Interactions between epithelium and mesenchyme
are mediated by soluble factors, through direct cell-cell contact,
as occurs during mammary gland development (Sakakura, 1991)
and are under the influence of the extracellular matrix (ECM)
(Grobstein, 1954), which changes its organization and adhesive
properties (Ekblom, 1981, Ekblom et al., 1980) and by diffusion
of soluble factors.

Using developing mouse salivary glands, Grobstein (Grobstein,
1954) demonstrated that isolated epithelial explants fail to branch
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in culture, while when recombined with their mesenchyme, these
explants resume to their normal morphogenesis. However, mesen-
chyme-free culture has been established in 1995 (Nogawa and Ito,
1995) and extensively used as a model system. The emergence
of branches in cultures of mesenchyme-free lung epithelium has
been indicated as the result of diffusion-limited growth (Hartmann
and Miura, 2006).

Epithelial growth and branching can be stimulated by heter-
ologous mesenchyme: salivary mesenchyme support thymic
(Auerbach, 1960), pancreatic (Golosow and Grobstein, 1962),
and mammary (Kratochwil, 1969) branching in culture. Moreover,
grafts of mesenchyme from various organs promoted the formation
of an ectopic bud when sections of tracheal mesenchyme were
dissected away, but only lung mesenchyme was able to induce
subsequent branching morphogenesis (Spooner and Wessells,
1970, Wessells, 1970).

ECM plays aninstructive role in branching morphogenesis (Wil-
liams and Daniel, 1983). Fibrils of interstitial collagen (Fukuda et
al., 1988, Nakanishi et al., 1988) and fibronectin (Sakai et al., 2003)
accumulate at sites od cleft initiation. Exogenous fibronectin in the
culture medium induces clef formation in the salivary explants.
Fibronectin is also required for branching morphogenesis of the
lung and kidney (Roman, 1997, Sakai et al., 2003). The epithe-
lium increases its expression of a6, 1, and B4 integrin during the
branching process in response to epidermal growth factor (EGF)
(Kashimata and Gresik, 1997). The mammary gland epithelium
interacts with the surrounding ECM primarily through p1integrin and
silencing of Blintegrin prevents branching morphogenesis (Mori
et al., 2012), matrix metalloproteinase 14 (MMP14) is expressed
at high levels by epithelial cells within the terminal buds of the
pubertal mouse mammary glands and by cells at branch sites in
culture (Mori et al., 2009, Mori et al., 2012).

Processes of branching morphogenesis, however, are not limited
to multicellular organs, but also shape single cell types. The typical
example are neurons (Gibson and Ma, 2011, Kaliland Dent, 2013),
that develop and extend multiple branches forming terminal arbors
allowing these cells to integrate information from divergent regions
of the nervous system. In this case, branching morphogenesis is a
process inducing a rearrangement of the cytoskeleton in response
to extracellular cues and neuronal activity.

Inthe first part of the present review, the main biological aspects
of branching morphogenesis in five systems (kidney, lung and
mammary gland as examples of multicellular tree topology which
is primarily generated by collective migration of epithelial sheet,
vascular system as an example of multicellular/network topology,
and neurons, as an example of unicellular topology) will be briefly
recapitulated.

These systems differ in many aspects, that include the topol-
ogy of the pattern they exhibit (vessels, for instance, generate a
network of interconnected structures instead of a branching tree),
the number of cells involved (neurons are single cells) and the
morphogens driving the developmental process.

In recent years, however, based on quantitative analyses of
large-scale structure reconstructions and kinetics measurements
it has been suggested that branching morphogenesis could be
explained within a single unifying framework as a self-organized
process reliant on a set of simple local rules (Hannezo et al., 2017,
Lang et al., 2018). This perspective will be also briefly discussed.

Kidney

The development of the kidney starts when the ureteric bud,
a local evagination of the Wolffian nephric duct, grows into meta-
nephrogenic mesenchyme. The epithelium of the ureter forms a
network of tubules that are embedded in the mesenchyme, part
of which differentiates into epithelia which organizes themselves
into proximal tubes (nephron segments) and which join the distal
tubules of the arborizing ureter, while the remainder provides the
cellular matrix in which these tubules are embedded (Saxen, 1987).
The invasion of the surrounding mesenchyme occurs through a
process of dichotomous ductal branching (Fig. 1) (Watanabe and
Costantini, 2004).

Reciprocal inductive interactions occur between the epithelium
of the ureter and the adjacent mesenchyme (Grobstein, 1955,
Saxén, 1970). Grobstein (1955, 1956) cultured in vitro the ureteric
epithelium and the adjacent mesenchyme alone or together, and
demonstrated that the ureteric epithelium did not branch in the
absence of the mesenchyme, while when they were cultured to-
gether, the epithelium branched and the nephrons formed regularly.
The incipient epithelium induced the expression of tenascin in the
adjacent mesenchyme (Aufderheide, 1987). The signal from the
mesenchyme is glial-derived neurotrophic factor (GDNF) while

Fig. 1.Three-dimensional branching of the ureteric bud. Confocalimages
ofan E15 kidney with ureteric buds stained with anti-cytokeratin antibodies.
The X-Y plane (lower panel) was sectioned at the dotted line to generate
the Y-Z plane shown in the upper panel. In the top panel the white arrow
shows a dividing branch in the Y-Z, that is, dorso-ventral plane. Its location
in the X-Y plane below is marked by a black arrowhead. (Reproduced from
al-Awaqati and Goldberg, 1998).



Fig.2.Branching morphogenesisin the mouse lung. /mmunofiuorescent
staining of E cadherin in the branching epithelium of whole-mount lung
(Modified from Lu and Werb, 2008).

its receptor RET is expressed in the ureteric bud (Shakya et al.,
2005) Mice with either the GDNF or RET gene knocked out form
no kidney. If a GDNF slow-release bead is placed on a culture of
nephrogenic mesenchyme from these embryos, then branching
of the duct is restored in the GDNF knock out, which lacks the
factor, but not in the RET knockout, which lacks the capacity to
respond to it.

Only the metanephrogenic mesenchyme is able to respond to
the ureteric bud and form kidney tubules; if induced by embryonic
salivary gland or neural tube tissue, metanephrogenic mesenchyme
responds by forming kidney tubules and no other structures (Sariola
et al., 1982, Saxen, 1987).

Madin-Darby canine kidney (MDCK) cells generate tubule-like
structures in vivo, and grown within three-dimensional collagen
gels, form spherical cysts (McAteer et al., 1987). MDCK cells sus-
pended within a collagen gel contiguous to a fibroblast-populated
gel layer form branching tubules instead of the spherical cysts
that develop in the absence of fibroblasts; MDCK cells grown
as a monolayer on a cell-free collagen gel cast layer invade
the underlying collagen matrix, forming a network of branching
tubules; fibroblast-conditioned medium mimics the effect of co-
culture by eliciting tubule formation by MDCK cells (Montesano
et al., 1991b). Moreover, MDCK cells grown in collagen gels
in the presence of the hepatocyte growth factor (HGF) formed
linear or branching tubular structures; MDCK cells grown in the
presence of fibroblast-conditioned medium pre-incubated with
specific anti-HGF antibodies exclusively formed spherical cysts
similar to those observed in the absence of conditioned medium;
anti-HGF antibodies suppressed tubulogenesis in co-cultures of
MDCK cells and fibroblasts (Montesano et al., 1991a).These data
demonstrated that the fibroblast-derived factor that induces tubule
formation by MDCK cells is HGF. When MDCK cells were grown
in fibrin gels instead of collagen gels, HGF-induced tubule forma-
tion was prevented by the addition of serine proteinase inhibitors
(Montesano et al., 1991b); conditioned medium from fibroblasts
increased uPA activity and mRNA by about 5-fold and this effect
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was completely inhibited by pre-incubation of conditioned medium
with anti-HGF antibodies; exogenously added recombinant HGF
induced a comparable increase in uPAactivity and mRNAin MDCK
cells;both fibroblast-conditioned medium and HGF induced amore
than 30-fold increase in uPAR mRNA in MDCK cells (Pepper et
al., 1992b). These data suggest that epithelial tubulogenesis is
dependent on extracellular plasmin-dependent proteolysis, which
results from a concomitant increase in uPA and uPAR expression.

Lung

The experiments of Rudnick (Rudnick, 1933) with grafts of chick
lung strongly suggested that budding of the bronchial tree does
not take place when the epithelium is deprived of its investing
mesenchyme and she concluded that factors necessary for the
production of orderly branching of the endodermal bud lie within
the surrounding mesenchyme. Loffredo Sampaolo and Sampaolo
(Loffredo Sampaolo and Sampaolo, 1961) cultivating chick and
rabbit lung on a defined medium, discovered that removal of the
mesenchyme from the right lung interrupts the process of epithelial
branching. The unaltered left lung, adjoining, continues to branch
normally. Dameron (1961) demonstrated that the epithelium of
fetal lung, isolated in vitro, is incapable of morphogenesis. When
the epithelium is recombined with pulmonary mesenchyme, de-
velopment resumes. Using short-term cultures of cells dissociated
from embryonic lung, Grover (Grover, 1961a) found that when the
medium is seeded, the cells begin to re-aggregate into one mass.
Moreover, the effectiveness of both dissociation and re-aggregation
decreased with increasing age (Grover, 1961b). Mesenchyme,
separated from fetal mouse lung and placed on plasma clots at
some distances from the bare tracheobronchial tree, will migrate
toward the epithelium and arrange itself about the epithelium.
Following re-association, epithelial branching proceeds and this
process is maximally inhibited after irradiation of both components
(Alescio et al., 1963). Alescio and Cassini (Alescio and Cassini,
1962a, Alescio and Cassini, 1962b) demonstrated that if a section
of mesenchyme from the tracheal bud is removed and replaced
by mesenchyme taken from a bronchial bud, and if the grafted
lungs is cultivated in vitro, a supernumerary bud grows out from
the epithelium beneath the grafting site. Normally, the trachea
produces no extra branches.

The respiratory epithelium of an embryonic mouse can be iso-
lated soon after it has split into two bronchi, and the entire rudiment
can be cultured. When the right bronchial epithelium was allowed
to retain its lung mesenchyme, it proliferated and branched under
the influence of the lung mesenchyme (Fig. 2). Otherwise, the left
bronchus surrounded with tracheal mesenchyme, continued to
grow in an unbranched manner (Wessells, 1970).

The epithelial lung buds can be induced to form also gastric
glands, villi epithelia or hepatic cords, in the presence of the cor-
responding mesenchyme (Deuchar, 1975). The composition of the
extracellular glycosaminoglycans (GAGs) varies during different
phases of lung development and influence branching and differen-
tiation of lung epithelium (Becchetti et al., 1988, Shannon, 1994).
The branching morphogenesis of the developing lungs involves a
lateral inhibition-type system whereby new tips produce fibroblast
growth factor-10 (FGF-10) and suppress the formation of other tips
in their immediate neighborhood.

The Drosophila tracheal system has three generations of
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Fig.3.The tracheal system in Drosophilalarvae. It is a relatively simple model system for the study of
branched structures and has provided some amazing insights into the biology of branching morphology.

branches: primary, secondary and terminal (Fig. 3) (Ghabrial et al.,
2003). The expression of the FGF homolog Branchless (Bnl) speci-
fies the tip cell which inhibit tip cell phenotype in the neighboring
stalk cells through Delta-Notch signaling (Ghabrial and Krasnow,
2006, Sutherland et al., 1996). Initially, the lumen of the primary
branch is surrounded by multiple stalk cells. Then, they rearrange
to generate an epithelium in which the lumen is surrounded by a
single cell. In the mouse lung, during the early stages of develop-
ment, lateral branching is prevalent, later planar bifurcation, and
finally orthogonal bifurcation (Metzger et al., 2008)

FGF-10 drives outgrowth of limb buds (Bellusci et al., 1997).
High expression levels of FGF10 are observed on the distal
mesenchyme of the tip, as well as on the sides of the tips of a
bud. The concentration of FGF10 at the distal tip of the limb bud
directs elongation, whereas terminal branching is the result of a
split localization of FGF10, and lateral branching is the result from
FGF10 signaling restricted to spots on the side.

Mammary gland

Fibroblast-conditioned medium stimulated the
development of an extensive system of highly arbo-
rized duct-like structures in mammary cells (Fig. 4)
(Soriano etal., 1995) Moreover, the effect of fibroblast-
conditioned medium was completely abrogated by
antibodies to HGF, whereas the addition of exogenous
HGF to the cultures mimicked the tubulogenic activity
of conditioned medium. Finally, the effect of HGF was
markedly boosted by the simultaneous addition of
hydrocortisone, which also enhanced lumen forma-
tion (Soriano et al., 1995).

The levels of both HGF and its receptor c-met
mRNA progressively reduced during pregnancy,
were undetectable during lactation, but increased
during the involution phase up to pre-pregnancy
levels (Pepper et al., 1995). Moreover, after 3 days
of lactation both HGF and c-met transcripts were
once again reduced to undetectable levels in the
mothers. Finally, prolactin significantly reduced the

levels of c-met mMRNA in mammary cells,
thus providing a possible mechanism for
c-met downregulation in the rat mammary
gland during lactation.
Low concentrations of TGF-B1 promote
A the elongation and branching of mammary
*a cells, whereas high levels have inhibitory
effects (Soriano et al., 1996)Mammary
epithelial cells grown in collagen gels in
chemically defined medium form spheri-
cal cysts. The addition of acidified foetal
calf serum (FCS) to the defined medium
induced the formation of branching tubes
(Montesano, 2007). The use of a phar-
macological inhibitor of TGF-p receptor
signalling and a neutralizing antibody to
TGF-B1, identified the active component
in acidified FCS as TGF-B1. Moreover, the
effect of acidified FCS was replicated by
the addition of exogenous TGF-31. Overall,
these findings demonstrate that, at low concentrations, TGF-p1
can activate a morphogenetic program resulting in the formation
of epithelial tubes. A dose-dependent increase in MMP-9 was
observed following TGF-1 treatment, and tube formation was
suppressed by a synthetic broad-spectrum MMP inhibitor, by a
recombinant tissue inhibitor of MMP-2 and by a selective inhibitor
of MMP-9, indicating that this morphogenetic process requires the
activity of MMP-9 (Montesano et al., 2007).

Retinoic acid induces the formation of lumen-containing colo-
nies (cysts) in cultured mammary epithelial cells (Montesano and
Soulie, 2002). Moreover, a dose-dependent increase in the latent
and active forms of MMP-9 following retinoic acid treatment, was
observed, and lumen formation was abrogated by the addition of
the synthetic MMP inhibitor, indicating that this morphogenetic
process likely requires MMP activity. Tumor necrosis factor alpha
(TNF-a) causes multicellular colonies of mammary epithelial cells
to disaggregate and induces cells grown on top of a collagen gel to
invade the underlying matrix (Montesano, 2005). TNF-a confers to
mammary epithelial cells several additional properties that are char-

Fig. 4. Branching morphogenesis in the mammary gland of a 4 day-old mouse.
(Credit: Olivia Harris, Felicity Davis, Bethan Lloyd-Lewis and Christine Watson, University
of Cambridge, Wellcome Images).



acteristics of malignantly transformed cells, including proliferation
in the absence of exogenously added growth factors, anchorage-
independent growth and the loss of contact-mediated inhibition
of proliferation (Montesano, 2005). Bone morphogenetic protein
4 (BMP4) disrupts cyst organization in a concentration-dependent
manner, causing lumen obliteration, the extension of invading cell
cords, and three-dimensional cell scattering (Montesano, 2007).

Vascular system

Tree structure in vasculature is established by remodeling by
flow and fundamentally different from kidney, lung and mammary
gland. Branching is but one of the processes that form the vascular
system (Fig. 5), including cell proliferation, guided migration, tubu-
logenesis, vessel fusion, and vessel pruning. Branching involves
the sprouting of new vessels. The term angiogenesis, applied to
the formation of capillaries from pre-existing vessels, i.e. capillaries
and post-capillary venules, is based on endothelial sprouting or
intussusceptive (non-sprouting) microvascular growth (Burri and
Tarek, 1990, Risau, 1997). During angiogenesis, microvascular
endothelial cells focally degrade their investing basement mem-
brane, and subsequently migrate into the interstitial matrix of the
surrounding connective tissue (Ausprunk and Folkman, 1977).
The sprout elongates by further migration and by endothelial cell
proliferation proximal to the migrating front, and a lumen is gradu-
ally formed proximally to the region of proliferation. Contiguous
tubular sprouts anastomose to form functional capillary loops, and
vessel maturation is accomplished by means of reconstitution of
the basement membrane (Ausprunk and Folkman, 1977).

When a monolayer of microvascular endothelial cells on the
surface of a collagen gel is covered with a second layer of colla-
gen, it reorganizes within a few days into a network of branching
and anastomosing tubules, without invading the underlying matrix,
demonstrating that a three-dimensional interaction with collagen
fibrils plays an important role in driving capillary morphogenesis
(Montesano, 1983). Furthermore, when confluent monolayers of
microvascular endothelial cells on collagen gels were treated with
phorbol myristate acetate (PMA), a tumor promoter that mark-
edly stimulated the production of collagenase and plasminogen
activators (PAs), whereas control endothelial cells were confined
to the surface of the gels, PMA-treated endothelial cells invaded
the underlying collagen matrix, where they formed capillary-like
tubular structures (Montesano and Orci, 1985).

Basic fibroblast growth factor (0FGF) and vascular endothelial
growth factor (VEGF) induced the endothelial cells to invade the
underlying collagen matrix and to form capillary-like tubules, and
stimulated the endothelial cells to produce PAs (Montesano et al.,
1986, Pepper et al., 1992a) Moreover, when added simultane-
ously, VEGF and bFGF induced an in vitro angiogenic response
which was greater than the sum of the two, and which occurred
with greater rapidity than the response to either cytokine alone
(Pepper et al., 1992a). TGF-B1 at low concentrations decreased
bFGF- or VEGF-induced invasion, whereas at high concentrations
it increased invasion (Pepper et al., 1992b).

Other evidence demonstrating an increased uPA and urokinase
plasminogen activator receptor (UPAR) expression in endothelial
cells migrating from the edge of an experimental wound in vitro
(Pepper et al., 1992a, Pepper et al., 1987), supported the role of
the PA/plasmin system in angiogenesis.
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Fig. 5. Vascular branching in the chick embryo yolk sac.

In the Vertebrate vasculature, tip cells are selected by VEGF-A
which induces signalling down-stream of VEGFR-2 to up-regulate
the expression of Delta-like4 (DIl4) (Hellstrém et al., 2007, Noguera-
Troise etal., 2006, Suchting etal.,2007). Cells with the highestlevels
of DIl4 become tip cells and lead to the growing branch (Jakobsson
et al., 2010). Activation of Notch signalling in the adjacent cells
reduces their expression of VEGFR-2 inducing them to become
stalk cells (Kume, 2009). The final topology of the vasculature is
different compared to other branched structures, because it is not
a blind-ending tree, but rather consists of arterial and venous tree
that are interconnected via a capillary bed.

Embryonic vessel formation is also highly dynamic and subject
to intense pruning and remodeling throughout development. Lo-
cal alterations in perfusion produce dramatic changes in vascular
patterning throughout the embryo (le Noble, 2003), and in adult
vessels, vessel segments can adapt to the amount of flow carried
(Peirce and Skalak, 2003).

Intussusceptive branching remodeling leads to modifica-
tion of the branching geometry of supplying vessels, optimiz-
ing pre- and post-capillary flow properties and lead to the removal
of branches by pruning in response to changes in metabolic needs.
Intussusceptive branching remodeling do notrequires the prolifera-
tion of endothelial cell, rather the rearrangement and remodeling
of existing ones (Djonov et al., 2003).

Neurons

Neurons form branched structure butis single cell level phenom-
enon with completely different mechanism. During development,
neural stem cells (NSCs) are the source of all neurons as well as
of the two types of macroglial cells in the central nervous system
(CNS) (astrocytes and oligodendrocytes) and of the ependymal
cells (Guidolin et al., 2018). Neuroepithelial cells represent the basic
form of NSC, the germinal cells from which directly or indirectly all
nerve cells derive. They form the primitive wall of the neural tube
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lining the lumen. Like all the epithelial cells, neuroepithelial cells
are highly polarized, with an apical pole oriented inward to contact
the lumen surface and a basal pole oriented outward towards the
pial surface of the neural tube (Medelnik et al., 2018). In humans,
at approximately gestation week 5-6, the neuroepithelial cells
downregulate some epithelial features such as tight junctions
(Aaku-Saraste et al., 1996). At the same time, they take on glial
characteristics including intermediate filament proteins such as glial
fibrillary acidic protein (GFAP), glycogen storage granules, the Ca2*
binding protein S100p and the astrocyte-specific glutamate trans-
porter GLAST (Campbell and Gétz, 2002). These changes mark
the transition of neuroepithelial cells to radial glial cells (RGCs).
The conversion requires the activation of the Notch-signaling
pathway (Hatakeyama, 2004), which is also a key factor for the
maintenance of the cell identity and self-renewal (Rubenstein and
Rakic, 2013). RGC will then undergo many asymmetric divisions
generating daughter RGC and differentiated neurons or more re-
stricted progenitors (Gotz and Huttner, 2005). Through consecutive
waves of neurogenesis, nascent neurons migrate radially along
the RGC process into the most superficial layer of the developing
tissue where they mature. These steps occur through the action of
morphogens (Grove and Monuki, 2013), including sonic hedgehog
(Shh), retinoic acid, bone morphogenetic proteins (BMPs), and FGF.

In vivo, most neurons undergo axon-dendrite polarization dur-
ing migration (Polleux, 2013) and a careful examination of the
process revealed that neurons can inherit their axon and dendrite
polarity from the apico-basal polarity of their progenitors (Barnes
and Polleux, 2009). Neocortical pyramidal neurons, for instance,
form aleading process and a trailing process while migrating, each
becoming the axon or the dendrite. Evidence suggests that the
events leading to the emergence of the axon and the dendrites
require the ability of post mitotic neurons to sense gradients of
extracellular cues, such as TGFp (Yi et al., 2010) and BDNF
(Shelly et al., 2007). As neurons complete their migration, they
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extend axons and dendrites to appropriate synaptic partners. The
complex regulation of axon branching can be broken down into
several developmental steps, which include branch formation,
growth, guidance and pruning, as well as branch interactions, such
as competition, self-avoidance and tiling (Gibson and Ma, 2011,
Kalil and Dent, 2013). The phenotype attained by a neuron is firstly
determined by extracellular cues and experimental evidence sug-
gests that many of the cues known to serve early developmental
steps of neurite outgrowth may also modulate the more advanced
stages of neural arborization (Acebes and Ferras, 2000, Bilimoria
and Bonni, 2011, Kollins and Davenport, 2005). They include extra-
cellular matrix factors and adhesion molecules, neuronotrophic
factors, hormones and hormone-like factors, chemoattractant and
chemorepellent molecules, as, for instance, chemokines (Dever-
man and Patterson, 2009). However, the wide diversity in neural
cytoarchitecture also suggests that each neuronal population is
predisposedto develop particular arbor characteristics through cell
type specific constraints on branching (Flynn et al., 2013, Kollins
and Davenport, 2005). Neuronal branching morphogenesis, for
instance, depends on structural features, such as the size of the
perikaryon, intrinsically delimiting the number and area of primary
axons and dendrites and associated branch projections (Hillman,
1988, Mitchison, 1991). Furthermore, neurite branchingis limited by
the biophysical features of cytoskeletal structures and in particular
by the minimum number of microtubules required to maintain struc-
tural stability (Baas, 1997). An additional form of intrinsic control
over neuronal morphology is produced through the expression
of genes independent from extracellular cues, such as kinases
and their regulators (Diaz-Hernandez et al., 2008, Drinjakovic et
al., 2010, Jones et al., 2003), transcription factors (Dasen, 2009,
Livet et al., 2002) and the Rho family small GTPases, involved in
cytoskeleton regulation (Hall and Lalli, 2010).

Axon branching usually occurs as a dynamic process that
involves branch addition and branch retraction (Fig. 6). As shown

Cc

Fig. 6. Mechanisms underlying
activity-dependent regulation of
axon branching. (A) Axon branching
oftenoccurs as adynamic process that
involves branch addition and branch
retraction. Branching dynamics can be
modulated by neural activity to produce
abias toward branch addition or retrac-
tion, leading toa netchange in the arbor
morphology. (B) Neighboring axonal
branches compete forinnervation terri-
toryinthetargetstructure. Typically, the
axon experiencing the greatestamount
of activity ‘wins’ the competition by
inhibiting the arborization of neighbor-
ing axons. In sympathetic neurons,
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this phenomenon might be mediated
by a brain-derived neurotrophic factor
(BDNF)-nerve growth factor receptor
(p75) interaction, in which the ‘winning’

© Mature synapse
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branch secretes BDNF that then binds
tothe p75receptoron the ‘losing’axon,

resulting in the loss of that branch due to axon degeneration (illustrated here as branch retraction for simplicity). (C) Axon branching is tightly coupled to
synapse development. The maturity of new synapses is a significant criterion for determining which branches will be retained or retracted, in addition to
where new branches will form. Mature synapses can halt branch retraction, whereas immature synapses are associated with retracting branches. New
synapses preferentially form on new branches, and new branches preferentially form near mature synapses. (Reproduced from Gibson and Ma, 2011).



by quite recent studies, branching dynamics can be modulated by
neural activity to produce a bias toward branch addition or retrac-
tion, leading to a net change in the arbor morphology (Gibson and
Ma, 2011). This activity-dependent axon branching is driven by a
variety of constraints, including wiring optimization (Bird and Cuntz,
2016) and energy consumption (Ju et al., 2016). The influence
of neuronal structure on activity patterns has also been explored
by several studies. The effects of complex axonal geometries on
spike trains were described in simulation studies (Bove et al.,
1994, Manor et al., 1991, Ofer et al., 2017) and the influence
of the axonal morphology on activity was also demonstrated in
experimental investigations (Sasaki et al., 2011, Sasaki et al.,
2012, Stockbridge, 1988, Stockbridge and Stockbridge, 1988).
Recently, a quite detailed analysis focused on the two basic units
of the neuronal branching trees, i.e. axonal linear segments and
axonal branching points, has been proposed (Ofer et al., 2017).
It illustrated how asymmetric responses can emerge in axonal
branching points, suggesting that axonal morphological parameters
could be instrumental to information coding. These findings, there-
fore, open the possibility that in addition to the abovementioned
wiring optimization and energy consumption, information coding
considerations may also drive neuronal structure.

Can a unified theory of branching morphogenesis be
identified?

In the previous sections the main developmental steps of five
systems exhibiting a branching pattern have been briefly discussed.
From the cell biology standpoint, they differ in many respects. The
mammary gland branching morphology is characterized by a 2D
geometry, while kidney, lung, vessels and neurons develop as
3D system of branches. Unlike mammary gland, lung and kidney,
however, vessels self-organize in a network of interconnected
tubular structures. Furthermore, while mammary gland, lung,
kidney, and vessels are multicellular pattern formation, primarily
generated by collective cell migration, neurons are single cells
where branching involves the rearrangement of cytoskeletal ele-
ments (actin fibers and microtubules) and of the cell membrane.
At the molecular scale, regulatory signaling pathways play a key
role in controlling the process of branching in the different organs
(Iber and Menshykau, 2013), but, as discussed in the previous
sections, the morphogens involved are not always the same. In
lung and kidney, for instance, FGF10 and GDNF signaling is es-
sential to guide directional bud outgrowth, to sustain progenitor
cells fate and to affect gene expression (Bellusci et al., 1997, El
Agha et al., 2013, Zhao et al., 2004), while the interplay of VEGF
and Notch signaling drives the development of the vascular network
(Hellstrém et al., 2007, Kume, 2009, Noguera-Troise et al., 2006,
Suchting et al., 2007), and neurotrophic factors, guidance cues
and morphogens represent significant regulatory factors of neuron
morphology (Kaliland Dent, 2013). Because of such a microscopical
complexity, although relevant transcription factors and signaling
networks have been intensively studied, it remains quite unclear
how morphological patterns emerge from their interplay (Lang et
al., 2018). Mathematical modeling has proven to be a valuable
approach to address this point (Macias and Hinck, 2012) and, as
aconsequence, a wide range of modelling approaches have been
established (see (Lang et al., 2018) for recent reviews). They differ
in terms of the mathematical framework applied to model branch-
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ing morphogenesis (as a deterministic stereotypic program or as a
stochastic process) and in terms of spatial scale considered (e.g.
cell or tissue level), sometimes offering contrasting perspectives
(Hannezo et al., 2017).

In this respect, it can be of interest to observe that, when the
large-scale morphology is considered, all the biological systems
here analyzed share common features. In particular, they exhibit
structural patterns characterized by a high degree of self-similarity,
that can be well described by using concepts from fractal geometry
(Guidolin et al., 2011, Guidolin et al., 2016, lonescu et al., 2009,
Nelson et al., 1990), and in some of these systems fractal geom-
etry has also been proven as a useful tool to devise morphometric
methods suitable to quantitatively evaluate their structural features
(Guidolin et al., 2004, Porzionato et al., 2016). Thus, very recently
it has been suggested by some authors that a unified framework to
explain branching morphogenesis could be identified by consider-
ing the large-scale structural organization of the complex networks
emerging from this developmental process without largely ad-
dressing the detailed underlying molecular and cellular regulatory
processes (Hannezo etal., 2017, Hannezo and Simons, 2018, Lang
et al., 2018). According to a terminology used in physics, such a
view can be considered as a “phenomenological approach”, since
it aims at understanding the action of a morphogenetic program
without resolving its microscopical basis, but may provide the
means to frame specific questions into a more microscopic level
of description (Hannezo and Simons, 2018).

In this context, Lang and collaborators (Lang et al., 2018) sug-
gested the ligand-receptor based Turing mechanism as a poten-
tial candidate for a general regulatory mechanism for branching
morphogenesis. The Turing mechanism, originally proposed by
Turing (Turing, 1952), is based on the availability of at least two
regulatory factors with substantially different diffusion rates that
interact in a cooperative way leading to the upregulation of one
of the factors. These requirements are typically fulfilled by many
ligand-receptor systems (including those here discussed) and lead
to the self-organized emergence of many different kind of patterns.
As a matter of fact, this strategy has been explored in models of
lung branching morphogenesis including FGF10 and sonic hedge-
hog (SHH) as key signaling factors (Celliere et al., 2012) and has
been applied to kidney branching morphogenesis by considering
the regulatory interaction between GDNF and WNT11 (Menshykau
and Iber, 2013). A model of branching morphogenesis based on
the so-called theory of “branching and annihilating random walks”
(BARWSs), aclass of models extensively studied by physicists (Cardy
and Tauber, 1996), has been proposed by (Hannezo et al., 2017)
as a possible unifying theory of branching morphogenesis. It is
based on a simple set of local statistical rules, including stochastic
tip branching, random exploration of space and branch elonga-
tion and tip termination in high density regions. The model was
applied to the morphogenesis of the mammary gland epithelium
with good accuracy and then extended to the analysis of kidney
development (Shannon, 1994). BARW was also used to model
the branch dynamics governing shape characteristics of cerebellar
Purkinje cell dendrites (Fujishima et al., 2012). It is worth noting
that BARW phenomenology with its branching and annihilating dy-
namics can emerge naturally from Turing-type models (Meinhardt,
1982), see also (Howaed and Tauber, 1997) for a mathematical
discussion of the topic), indicating a substantial convergence of
the two strategies and suggesting that branching morphogenesis
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of complex tissues can be understood and predicted on the basis
of simple sets of local rules.

The reported results, obtained following the abovementioned
approaches, appear indeed quite accurate in reproducing the
outgrowth and the physiological geometries of systems charac-
terized by branching morphogenesis. The emerging patterns,
however, are typically dependent on the initial conditions and on
the choice of simulation parameters, indicating that within the
just mentioned general theoretical frameworks initial conditions
and setup parameters likely reflect important specific features of
each specific system. In this respect, for instance, studies exist
showing that mechanical stresses (associated with interactions
with the extracellular matrix) significantly influence branching
morphogenesis (Lang et al., 2018). Likewise, developing neurons
experience pattern of activity that contribute to the initial develop-
ment and subsequent refinement of their morphology (Gibson and
Ma, 2011). Thus, toincrease their efficiency, modeling approaches
should also account these aspects (Tanaka, 2015).

Theoretical studies on branching morphogenesis

Extensive investigations have identified features shared by all
branched organs, which are formed by repeated cycles of branching
together with phases of ductal elongation (Iber and Menshykau,
2013). Overlapping explanations based on mechanical (Gjorevski
and Nelson, 2011) or viscous (Lubkin and Murray, 1995) models
have been proposed, and processes such as oriented cell divisions
(Yu et al., 2008), collective cell migration (Huebner et al., 2016,
Riccio et al., 2016), and cytoskeleton-driven cell shape changes
(Elliott et al., 2015, Kim et al., 2015) have been shown to play a
role. Areceptor-ligand based Turing model for the control of branch-
ing morphogenesis has been proposed in both lung and kidney,
as well as other patterning processes in various developmental
systems (Iber and Menshykau, 2013). Hannezo et al., (Hannezo
et al., 2017)have investigated how the branching pattern of the
mouse mammary gland epithelium and kidney emerge throughout
development. Using a combination of whole-organ 3D reconstruc-
tion, proliferation kinetics, and biophysical modeling, they have
demonstrated that branching morphogenesis proceeds from the
spatial competition of equipotenttips, which randomly explore space
through a process of ductal elongation and stochastic branching.

Concluding remarks

The developmentof organsinvolves similar processes. Epithelia
are the commonest type of tissue organization found in animals
and play a key role in the development of many organs (Arechaga
etal., 1983). It is common for epithelia involved in organogenesis
to branch and for tubules and to be induced by the adjacent mes-
enchyme. Advanced imaging techniques and genetic manipula-
tions provide powerful tools to address fundamental questions of
branching morphogenesis and patterning.

Although numerous identified transcripts, genes, and molecular
pathways are responsible for the epithelial spatial organization of
the organs, the way in which epithelial cells move and rearrange
to form tissues is incompletely understood. The early branching
events are different between organs, by are highly stereotyped,
as occurs in kidney and lung, and must therefore be carefully
controlled.

Improving our understanding of how cells move during regulated
epithelial morphogenesis is not only of interest to developmental
biology for the purpose of filling gaps in knowledge, but it can
contribute to an enhanced understanding of the pathologically
dysregulated cell movements during the early stages of cancer
metastasis progression.
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