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by noisy, redundant duct connection as new small ductal holes form. Later on, the secre-
tion of fluid that runs through the pancreatic network into the duodenum leads to the
widening of ducts with the greatest flow, while nonnecessary ducts are eliminated, akin to
how river beds are formed.

Introduction
Branching is a phenomenon that appears everywhere in life. Biological examples include tree
leaves and branches [1], the arterial and venous systems [2], the liver [3], lung [4,5], kidney,
and several glands such as the pancreas, the mammary [6], salivary [7], lacrimal [8], prostate
[9], and meibomian glands [10]. Work carried out on independent organs suggests that several
branched organs share principles, such as the importance of mesenchymal signals, and even
molecules, such as a frequent use of fibroblast growth factor (FGF) sources [4,5]. However,
important differences in morphogenesis also exist across organs. For example, branching is
more stereotypic in the lung than in glands, in which the ductal tree differs between individu-
als. Though emphasis has been put on the outer shape of the branching epithelium, experi-
ments in the pancreas [11,12] and salivary glands [13] suggest that the branching process may
be driven from inside the gland when lumen form and connect into tubes.

The mature pancreas is a branched organ in which branches are formed of monolayers of
cells assembled into tubes that are connected to form a treelike structure with exit into the
duodenum. The pancreas is composed of three main components: acinar, ductal, and endo-
crine cells. Acinar cells at the terminal ends of the ductal tree secrete digestive enzymes into
the ducts, which deliver them into the duodenum [14]. Ductal cells secrete water, the bicarbon-
ate that neutralizes acidic gastric juices, and mucus that protects the ducts [15,16]. The basic
pH of ductal secretions contributes to keeping the digestive enzymes inactive until they reach
the duodenum. The endocrine cells reside in islets of Langerhans embedded near the ductal
system and regulate glucose homeostasis by secretion into the bloodstream. In recent years,
our understanding of pancreatic development has grown with increasing speed, driven by
advances in both image acquisition and methods for tracking and categorizing cells.

Around embryonic day (E) 9.5 of mouse development, cells in the foregut endoderm
change from a cuboidal into a columnar shape, forming the dorsal and mouse pancreatic buds
[17,18]. The pancreatic progenitor cells then proliferate and form a stratified epithelium, with
most cells losing their apical domain and connection to the duodenal lumen. Shortly after,
clusters of cells begin forming microlumen. At E10.75, several of these microlumen exist, some
of which are connected by polarized canals [12]. Isolated lumen continue to emerge and subse-
quently connect to this burgeoning network. This results in a plexus of interconnected ducts at
E12.5 [11,12,17].

From E12.5, the now densely packed epithelium starts remodeling its ductal structure. This,
combined with general expansion of the epithelium and associated ducts, results in fingerlike
protrusions of plexus into the surrounding mesenchyme [12,17]. Running in parallel with this
remodeling, the cells begin to segregate into domains with distinctive “tip” and “trunk” cell
identities [19]. Tip domains contain cells that are progressively restricted to an acinar fate,
while the trunk domain contains the endocrine/duct bipotent progenitors. Starting from
E13.5, the tip cells become committed to the acinar fate and start a massive wave of prolifera-
tion, rapidly increasing the amount of acinar ends in the network [19]. At around E18.5, the
network of the pancreas is more “arborized,” forming a ramified ductal network [20]. In the
adult, the ducts are categorized in a rough hierarchical order of duct thickness, with the
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smallest intercalated ducts close to acini, intralobular ducts, and ending with the interlobular
ducts separating the lobes of the pancreas [14].

We still know little about how the microlumen coalesce into a plexus. Kesavan and col-
leagues showed that epithelial polarity is needed for microlumen formation and maintenance
of the ductal network [11]. However, a detailed description of how the microlumens form the
ductal network is missing. Even less understood are the mechanisms for remodeling the ductal
network from a plexus to a ramified treelike organ. Villasenor and colleagues provided invalu-
able insight into this process with a detailed anatomical description of the remodeling process
[12]. They unveiled that the pancreas might be more stereotypic than previously believed and
could identify trends in the patterns of branches. However, further understanding has been
limited by a lack of quantitative measures.

In this work, we digitize the ductal network at 3 distinct phases in the development of its
ductal tree. We chose E12.5 to represent the early stage with an almost completely interlinked
plexus. E14.5 represents the intermediary network in which distinct cell types are appearing
and plexus remodeling starts to be visible. Finally, E18.5 represents the (almost) fully mature
network. We show that the pancreatic ductal system has stereotypic traits at each stage and
that its remodeling can be quantified by standard network measures.

Using in silico modeling, we deconstruct the main steps of network development into a set
of simple rules. We show that the creation of the early network from E10.5 to E12.5 can be
explained by noisy, redundant duct formation as new microlumens form. We show that a little
noise in both the amount of microlumen connections and where it connects is needed to
reproduce a network similar to the E12.5. We subsequently show that the later transition from
E14.5 to E18.5 can be reproduced by pruning the network based on a flux of fluid running
through the pancreatic network into the duodenum. Taken together, we show that pancreatic
ductal development can be conceptualized into simple, rule-based modeling that is likely of
relevance to several other glands including secreting fluid.

Results

Digitizing the pancreatic network
To assess and quantify the development of the pancreatic ductal network, we first digitized it.
The ducts were visualized by whole-mount immunostaining of mucin1 and e-cadherin, which
respectively highlight the apical side of cells forming the ductal structure and the membranes
of the cells lining the ducts. Although automatic segmentation succeeded in digitizing a large
part of the network, it failed on fine ducts. Several of the ductal parameters rely on mapping all
duct types. The networks were therefore manually skeletonized at different time points by
mapping the terminal ends and intersections of the ducts. Thereby, we defined nodes and
linked them by edges following the ductal system (S1 Fig). The method is labor intensive, and
we therefore largely focused on the ventral pancreas, as it is almost entirely planar at its later
developmental stages and is therefore easier to map manually. Some comparisons with the
dorsal pancreas were done at E14.5 to test whether the network was different. The resulting
networks (Fig 1) closely resemble the pancreatic structure reported in previous studies
[11,12,17,20]. The network appears as a plexus at E12.5 and E14.5 and ends as a more treelike
structure at E18.5.

Quantifying network properties and their temporal evolution
The digitization of the pancreatic duct system enables us to derive its network properties based
on nodes and links that form the network (Fig 2). A node’s degree k is the amount of connec-
tions it has to other nodes. The polygonal features formed by the nodes and their links are
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derived by counting network limit cycles and give a measure of how interlinked the network is
[21]. The average clustering coefficient h�i (<. . .> denotes average) relates to the number of
triangles found in the network [22]. In addition, we consider the cost of the network in terms
of redundancy of paths from one point to another. This was quantified by comparing the net-
work in question to its (euclidian) minimum spanning tree (MST) obtained by connecting the
nodes in the spatial location with links that minimize the total length of all links in the network
[23,24]. A similar comparison quantified network performance, defined by the transport dis-
tance along the network between all pairs of nodes, normalized by the MST.

The E12.5 and E14.5 pancreas networks contain many polygonal features (short loops),
have a cost above 1, and have a performance below 1, all features of an overconnected network
[24]. At these stages, there is more than one path from a point to the duodenal exit. Both the
E12.5 and E14.5 networks have a dimension close to 2 (Fig 2, S2 Fig), highlighting that the pla-
narity that is visible at E18.5 is also present in the network from early developmental stages.

Fig 1. Digitized pancreas networks. Presented both in (A) their raw image format and (B) digitized. The red dots
represent the mapped nodes, while the blue lines represent the mapped links. The green circle represents the exit from
the pancreas (the organoids do not have an exit). The yellow box shows the mapped section of the E18.5 pancreas.
Digitized data and code files “Import_Experimental_data”, “PlotNetwork” are provided in supporting information (S1
Data). E, embryonic day; Muc1, mucin1

https://doi.org/10.1371/journal.pbio.2002842.g001
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