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1. Introduction

Tubular organs of both invertebrate and vertebrate animals serve many important
physiological functions, such as the delivery of gases, nutrients and hormones and removal
of waste. All tubular organs contain a central lumen that is formed through a variety of
mechanisms and whose size and shape is essential for organ function. While some lumens
form from pre-polarized cells, others form de novo from single cells or solid cords of cells
(Andrew and Ewald, 2010). Studies of lumen formation in tubular organs in the Drosophila
embryo have benefited from the genetic analysis available in Drosophila and the advent of
sophisticated microscopic techniques that allow lumen formation to be visualized in vivo in
real time in a developing embryo. In this chapter we will review recent advances on the
cellular and molecular mechanisms by which lumens form and their size is controlled in the
salivary gland, trachea and dorsal vessel of the Drosophila melanogaster embryo.

2. Dorsal vessel

The Drosophila cardiac tube, or dorsal vessel, is a hemolymph pumping organ that
constitutes the entire cardiovascular system of the Drosophila open circulatory system. The
dorsal vessel is established during embryogenesis and is composed of two rows of 52
contractile myoendothelial cells (cardioblasts [CBs]) enclosing a central lumen surrounded
by loosely attached non-muscular pericardial cells (Figure 1A and B) (Tao and Schulz, 2007).
The dorsal vessel is derived from mesodermal cells that acquire certain epithelial
characteristics to form two bilateral rows of CBs that migrate dorsally and meet at the dorsal
midline to create a lumen exclusively formed by the membrane walls of the CBs (Figure 1B).
At the end of cardiac morphogenesis, the posterior portion of the dorsal vessel becomes
enlarged and constitutes the definitive heart, whereas the anterior portion has a narrow
diameter and is equivalent to the aorta (Figure 1A). The heart is the only region of the dorsal
vessel that exhibits automatic and synchronized beating to act as a myogenic pump and
promote circulation of the hemolymph throughout the cardiovascular system.
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404 Embryogenesis

In this section, we discuss the genetic networks that control lumen formation of the
Drosophila dorsal vessel. In particular, we discuss the necessary changes in cell shape and
cell-cell adhesion that occur during lumen formation, and the requirement of G-protein
signaling for maintenance of the cardiac tube.

2.1 Dorsal vessel lumen formation

The cardiac myoendothelium originates from mesodermal cells that form two bilateral rows
of CBs. During dorsal closure, when the dorsal epidermis from opposing sides of the
embryo migrates as a sheet to seal the opening at the dorsal surface, the two rows of aligned
CBs, together with adjacent pericardial cells, migrate as a sheet of cells, in association and in
coordination, with the overlying ectoderm towards the dorsal midline. Lateral alignment
and dorsal migration of CBs are critical for the proper formation of the mature dorsal vessel,
as mutations in genes that regulate these processes result in structural and lumenal defects
(Reim and Frasch, 2010; Tao and Schulz, 2007). As the lateral rows of CBs approach the
dorsal midline, the CBs adopt a pear-like shape through constriction of their cellular
surfaces facing the dorsal midline (Figure 1C) (Medioni et al., 2008; Santiago-Martinez et al.,
2008). Actin-rich protrusions extend from this membrane domain, which constitutes the
leading edge of the dorsally migrating CBs (Medioni et al., 2008). CBs from each of the two
lateral rows initiates contact with its contralateral counterpart at their dorsal-most leading
edge and join at the dorsal midline. Subsequently, the CBs adopt a crescent-like shape,
thereby allowing contralateral CBs to join ventrally to close the tube and form a central
lumen (Figure 1C) (Medioni et al., 2008; Santiago-Martinez et al., 2008).

Heart B
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Fig. 1. Lumen formation in the dorsal vessel.

(A) The Drosophila embryonic dorsal vessel consists of the aorta and the heart proper where the lumen is
lined by cardioblasts (red) and ostium cells (yellow) which in turn are surrounded by the pericardial
cells (green). (B) Cross section of the dorsal vessel with a central lumen (L) showing the lumenal and
junctional domains of the cardioblasts (red) and the pericardial adhesion domain between the
cardioblasts and pericardial cells (green). (C) Lumen formation in the dorsal vessel is preceded by the
dorsal migration of a row of cardioblasts (red) in contact with pericardial cells (green) on each side of
the embryo, followed by cell-cell contact at the dorsal and then the ventral sides of the cardioblasts to
form a central lumen. D: dorsal; V: ventral. Panel C was kindly provided by F. Macabenta and S.
Kramer.
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Concomitant with these cell shape changes, the membrane domains of CBs undergo
significant remodeling to alter their cellular polarity. As CBs approach the dorsal midline,
proteins required for cell adhesion, junctional domain formation and attractive/repulsive
signals become sub-localized within distinct CB membrane domains. The lumenal domain,
which encloses the lumen itself, is characterized by the presence of basal membrane matrix
proteins, including Dystroglycan and Perlecan, and the attractant/repellant proteins, Slit
and Roundabout (Robo) (Figure 1B). The junctional domain, located at the ventral and
dorsal membrane regions, is characterized by the accumulation of adherens junction (AJ)
proteins, such as E-Cadherin, Discs-Large and B-catenin. The pericardial adhesion domain,
which exists at the contact points between the CBs and the pericardial cells (PCs), is
distinguished by the presence of extracellular matrix (ECM) proteins, such as pericardin
(Chartier et al., 2002).

The specification and maintenance of these distinct membrane domains and the dynamic
changes in cell shape require specific genetic regulators, the loss of which disrupts lumen
formation. Shotgun (shg), which encodes the Drosophila homolog of E-cadherin, is specifically
required for adhesion of opposing rows of CBs to form the junctional domain (Haag et al.,
1999; Santiago-Martinez et al., 2008). The loss of shg function results in a loss of adhesion
between contralateral CBs, whereas the overexpression of E-cadherin in CBs results in an
expansion of the junctional domain and the inability to form a lumen (Haag et al., 1999;
Santiago-Martinez et al., 2008). One key regulator of E-cadherin-mediated adhesion between
contralateral CBs is the Slit/Robo signaling pathway. Slit is an EGF- and LRR-containing
secreted extracellular matrix protein that functions as the ligand for the Robo family of
transmembrane receptors and has been shown previously to regulate repulsive axonal
guidance in the Drosophila nervous system (Kidd et al., 1999; Qian et al., 2005; Rothberg et
al., 1990). During migration of the bilateral rows of CBs, Slit and Robo accumulate at the
presumptive lumenal domain as the CBs align at the dorsal midline. This polarization of
Slit/Robo signaling is critical for its function in regulating lumen formation. In robo and slit
mutants, E-cadherin mediated adhesion between the two opposing CBs is expanded
preventing critical cell shape changes and blocking lumen formation (Medioni et al., 2008;
Santiago-Martinez et al., 2008). In contrast, when Slit is ectopically expressed on all CB
surfaces, a loss of cell adhesion was observed, resulting in the formation of multiple lumens
(Santiago-Martinez et al., 2008). These studies indicate that polarized Slit/ Robo repulsion is
required for inhibition of E-cadherin mediated adhesion at the presumptive lumenal
domain to form a central lumen.

Restriction of Slit localization to the lumenal domain is regulated by the transmembrane
heparin sulfate proteoglycan, Syndecan (Knox et al., 2011). Syndecans are known to interact
with a diversity of extracellular ligands, often in conjunction with other cell surface
receptors, and are thought to play a dual role in adhesion and as regulators of signaling
from the extracellular matrix (ECM). In Drosophila, the single Syndecan homolog, Sdc,
regulates axon guidance by acting as a co-receptor with Robo to mediate Slit signaling
(Chanana et al., 2009). Embryos that lack Sdc function fail to localize Slit and Robo to the
luminal domain and fail to properly form a lumen, indicating that Sdc may also act as a co-
receptor for Slit to regulate lumen formation in the dorsal vessel (Knox et al., 2011).

Formation of the dorsal vessel lumen also depends on the transmembrane receptor,
Uncoordinated 5 (Unc5). Uncb represents the single Drosophila homolog of a conserved

www.intechopen.com



406 Embryogenesis

receptor family that binds to the secreted ligand, Netrin (Net) (Keleman and Dickson, 2001).
Unc5/Net signaling, like Slit/Robo signaling, plays a role in repulsive axonal guidance and
has a localization pattern in the dorsal vessel similar to that of Slit and Robo, where Unc5,
and its ligand, NetB, accumulate at the lumenal domain of CBs (Albrecht et al., 2011;
Keleman and Dickson, 2001; von Hilchen et al., 2010). In embryos mutant for unc5 or netB,
CBs migrate and initiate contact with their contralateral counterparts normally but fail to
form a central lumen (Albrecht et al., 2011). Thus, Unc5/Netrin acts as a repulsive force to
inhibit contralateral CBs from attaching to one another at their presumptive lumenal
domains.

2.2 Maintenance of the dorsal vessel

Genetic analysis has identified the mechanisms by which the lumen of the dorsal vessel is
maintained. In particular, at the end of dorsal vessel development, the pericardial cells and
CBs must adhere tightly to maintain the structure and integrity of the dorsal vessel. The loss
of pericardial and CB adhesion results in the disruption of the dorsal vessel lumen and loss
of cardiac function (Yi et al., 2006). The mevalonate pathway, which is important for the
synthesis of isoprene derivatives that modify the C termini of proteins containing a CAAX
motif (C, cysteine; A, aliphatic amino acids; X, any amino acid), is required for proper
pericardial and CB adhesion and dorsal vessel maintenance. In mutants for HMGCR
(hydroxymethylglutaryl (HMG)-coenyme A (CoA) reductase), an important regulator of the
mevalonate pathway, CBs and pericardial cells properly align at the dorsal midline to form
a central lumen; however, at the end of embryogenesis, pericardial cells dissociate from the
CBs resulting in CB misalignment and loss of lumen integrity (Yi et al., 2006).

Dorsal vessel defects of HMGCR mutant embryos result from the failure of G protein y
subunit 1 (Gyl) to be post-translationally modified with a geranylgeranyl moiety (Yi et al.,
2006; Yi et al., 2008). G proteins form heterotrimers with subunits designated a, p and y and
act as intracellular effectors of G protein coupled receptors (GPCRs) (Malbon, 2005). Gyl
functions with the B and a subunits, GB13F and G-oa47A, respectively, to regulate dorsal
vessel maintenance, where loss of GP13F or G-oa47A results in pericardial cell-CB
dissociation (Yi et al., 2008). Genetic analysis indicates that regulation between the Ga and
Gpy subunits, in coordination with Loco, a member of the regulators of G-protein
signaling (RGS) protein family, ensure proper maintenance of the dorsal vessel (Yi et al.,
2008). One mechanism by which heterotrimeric G proteins regulate CB-pericardial cell
adhesion is by regulating septate junction (SJ) components (Yi et al., 2008). In Drosophila,
SJs are spoke and ladder septa that connect adjacent plasma membranes and are
functionally similar to tight junctions in mammalian systems (Banerjee et al., 2006).
Although SJs are absent in the embryonic dorsal vessel, SJ proteins are present, suggesting
that SJ proteins perform non-canonical functions during dorsal vessel morphogenesis.
Gyl regulates the cellular localization of the SJ proteins, Coracle (Cora), Sinuous (Sinu),
Neurexin-IV (Nrx-IV) and Nervana2 (Nrv2), and mutants for these SJ proteins have
defects in pericardial cell-CB adhesion (Yi et al., 2008). In embryos mutant for SJ proteins,
CBs properly align and adhere their ventral and lateral membrane domains at the dorsal
midline to form a central lumen; however, the lumen is not maintained and becomes
twisted and flattened (Yi et al.,, 2008). This is in contrast to embryos mutant for AJ
proteins, where CBs fail to initialize adhesion with contralateral CBs at the dorsal midline.
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These studies suggest a novel pathway in which heterotrimeric G-protein signaling
controls proper localization and function of SJ proteins at the pericardial adhesion domain
of CBs, which leads to the establishment of stable “SJ-like” adhesive contacts with
pericardial cells to maintain the mature dorsal vessel lumen.

3. Salivary gland

The Drosophila salivary gland is a secretory organ and consists of a pair of elongated
secretory tubes (hereafter referred to the salivary gland) that are connected to the larval
mouth through the finer set of duct tubes. The glands are formed during embryogenesis and
become functional in the larval stage when they synthesize and secrete proteins necessary
for lubrication, digestion and taste. The salivary gland consists of a layer of polarized
epithelial cells surrounding a central lumen that is formed from two placodes of epithelial
cells, approximately 100 cells each. Salivary glands invaginate through constriction of apical
domains and basal migration of nuclei to form a tube that is initially oriented dorsally. After
all salivary gland cells have invaginated, the gland turns and migrates posteriorly until it
reaches its final position in the embryo (Pirraglia and Myat, 2010). In this section, we will
focus on our current understanding of how the salivary gland lumen achieves and
maintains its size and shape.

3.1 Growth and remodeling of the apical membrane

The salivary gland lumen forms concomitantly with invagination of gland cells from the
embryo surface. During the early migratory step of salivary gland development when the
internalized gland turns and migrates posteriorly, gland lumen length doubles and lumen
width in the proximal region (the region closest to the ventral surface) is reduced by half
(Figure 2A-C) (Pirraglia et al., 2010). Salivary gland lumen size is controlled, at least in part,
by the dynamic growth and remodeling of the apical membrane. Transmission electron
micrographs (TEMs) revealed that after all salivary gland cells have invaginated from the
embryo surface, the gland lumen is characterized by abundant apical protrusions into the
luminal space (Myat and Andrew, 2002). Measurements of the length of the apical surface
membrane per individual salivary gland cell showed an increase in apical surface
membrane, suggesting dramatic growth of the apical membrane (Myat and Andrew, 2002).
This rapid phase of membrane growth is followed by elongation of the apical domain of
individual gland cells in the proximal-distal (Pr-Di) direction, the direction in which the
salivary gland lumen elongates concomitant with posterior migration of the gland (Figure
2D) (Myat and Andrew, 2002; Pirraglia et al., 2010). The Sp1/egr-like transcription factor,
Huckebein (Hkb), regulates the size and shape of the salivary gland lumen through control
of apical membrane growth (Myat and Andrew, 2000a; Myat and Andrew, 2002). In hkb
mutant salivary gland cells, the apical surface membrane fails to grow and the apical
domain fails to elongate resulting in spherical lumens (Myat and Andrew, 2002).

In the salivary gland placode, the pattern of hkb RNA precedes the order in which salivary
gland cells invaginate (Myat and Andrew, 2000a). This pattern of hkb RNA expression is
controlled by Hairy, a basic helix-loop-helix (bHLH) transcription factor (Carroll et al., 1988;
Hooper et al., 1989). In hairy mutant embryos, hkb RNA is expressed in all gland cells and
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stage 138

Fig. 2. Lumen elongation in the Drosophila embryonic salivary gland.

(A) The salivary gland lumen is formed as salivary gland cells invaginate from the embryo surface at
stage 11. (B and C) As the gland migrates posteriorly, lumen length increases. (D) Apical domain
elongation is controlled by differential localization of E-cadherin in a Pakl-dependent manner. Panels in
A-C are projected confocal images of wild-type embryos stained for dCREB-A (green) to mark the gland
nuclei and E-cadherin (E-cad; white) to mark the gland lumen that is outlined in red. Scale bar in A
represents 5 um.

the lumens that form are expanded or branched (Myat and Andrew, 2002). Similar to loss of
hairy function, overexpression of hkb in salivary gland cells leads to expanded and rounded
lumens, instead of elongated lumens, but not branched lumens (Myat and Andrew, 2002).
Hkb controls salivary gland lumen size through two downstream target genes, klarsicht
(klar), which encodes a Drosophila KASH (Klar, Anc-1, Syne-1 homology) domain protein
(Mosley-Bishop et al., 1999), and crumbs (crb), which encodes an apical transmembrane
protein that confers apical identity (Myat and Andrew, 2002; Wodarz et al.,, 1995). In
Drosophila ovaries and eye, Klar is present on the nuclear envelope and is required for
nuclear migration whereas in the early embryo, Klar localizes to lipid droplets and is
required for lipid droplet transport (Guo et al., 2005; Kracklauer et al., 2007; Welte et al.,
1998). Similar to Klar, the mammalian KASH domain proteins, such as Nesprins, localize to
nuclear membranes (Zhang et al., 2001) and regulate nuclear positioning (Zhang et al., 2010).
Crumbs (Crb) is important for the establishment and maintenance of apical polarity in both
Drosophila and mammalian epithelia and photoreceptor cells (Bulgakova and Knust, 2009;
Izaddoost et al., 2002; Pellikka et al., 2002; Tepass et al., 1996; Tepass and Knust, 1990;
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Wodarz et al., 1995). Hkb regulates not only the levels of crb RNA in salivary gland cells but
also Crb protein level and/or localization together with Klar (Myat and Andrew, 2002).
Considering Klar likely mediates dynein-dependent cargo transport along microtubules
(Mosley-Bishop et al., 1999; Welte et al., 1998), it is thought that Hkb mediates the apical
delivery of vesicles, such as those containing Crb, through Klar, to promote apical
membrane growth and polarized elongation of apical domains during salivary gland lumen
elongation.

3.2 Ribbon function in salivary gland lumen elongation

crb RNA expression in salivary gland cells is also controlled by Ribbon (Rib), a BTB (bric-
a-brac, tramtrack, broad-complex)/POZ (poxvirus and zinc finger) domain transcription
factor required for the proper morphology of multiple tubular organs in Drosophila, such
as the salivary gland, trachea, Malpighian tubules and the hindgut (Blake et al., 1998;
Bradley and Andrew, 2001; Jack and Myette, 1997; Kerman et al., 2008; Shim et al., 2001).
In salivary gland cells, Rib controls lumen elongation by simultaneously promoting crb
RNA expression and limiting apical localization of active phosphorylated Moesin (Moe), a
Drosophila Ezrin-Radixin-Moesin (ERM) family protein that links the actin cytoskeleton to
the plasma membrane (Kerman et al., 2008). The salivary gland phenotype of rib mutants
is phenocopied by gland specific expression of MoeT5%D, a phosphomimetic mutation in
Moe where threonine (T) 559 is replaced by aspartic acid (D) and functions as a
constitutively-active form of Moe in Drosophila developing eyes (Karagiosis and Ready,
2004; Kerman et al., 2008). Since Moe normally links the actin cytoskeleton to the plasma
membrane, it is thought that inhibition of Moe activity by Rib decreases the linkage of the
apical membrane to the actin cytoskeleton, which in turn, reduces apical membrane
stiffness to allow lumen elongation. Furthermore, Rib may control lumen elongation by
promoting Rabl1l-dependent delivery of apically targeted vesicles since rib mutant gland
cells have a reduced number of apical Rab-11 positive vesicles (Kerman et al., 2008).
Rabll is a small GTPase that mediates apical trafficking of cargo proteins through
recycling endosomes or directly from the Golgi (Satoh et al., 2005). Based on these
observations, a model for Rib regulation of salivary gland lumen elongation is proposed
where Rib promotes crb RNA expression and Rabl1-dependent apical vesicle delivery to
facilitate apical membrane growth, and limits apical Moe activity to reduce apical
membrane stiffness which allows the salivary gland lumen to elongate (Kerman et al.,
2008). This model is supported by computational models based on live imaging, which
suggest that rib mutant salivary glands have increased apical stiffness and apical viscosity
compared to wild-type salivary glands (Cheshire et al., 2008).

3.3 Pak1 is required for correct salivary gland lumen width

Recent studies from our laboratory demonstrate an essential role for the p21 activated
kinase (Pak) 1 in control of salivary gland lumen size through the cell-cell adhesion protein,
E-cadherin. Pak proteins are serine-threonine kinases that control vascular integrity in
zebrafish blood vessels (Buchner et al., 2007; Liu et al., 2007) and lumen formation by human
endothelial cells cultured in three-dimensional collagen matrices (Koh et al., 2008; Koh et al.,
2009). In the Drosophila embryonic salivary gland, Pakl functions downstream of the small
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GTPase, Cdc42, to regulate gland lumen size (Pirraglia et al., 2010). Loss of pakl results in
expansion of lumen diameter in the medial and distal regions of the gland without
affecting lumen length. The widened lumen of pakl mutant salivary glands is not due to
increased cell proliferation, and instead, is due to failure to limit apical domain size and to
elongate the apical domain in the direction of lumen elongation. These changes in apical
domain size and elongation in pakl mutant gland cells is accompanied by increased
localization of E-cadherin, at the adherens junctions (AJs) and reduced localization at the
basolateral membrane (Figure 2D). Pakl controls this differential localization of
E-cadherin in salivary gland cells through Rab5- and Dynamin-dependent endocytosis;
not only does inhibition of either Rab5 or Dynamin in salivary gland cells phenocopy the
pakl mutant lumen defects, but expression of constitutively-active Rab5 in pakl mutant
gland cells restores normal distribution of E-cadherin and restores normal apical domain
size and elongation (Pirraglia et al., 2010). Pakl may regulate E-cadherin endocytosis
indirectly through its downstream effector Merlin, the Drosophila homologue of the
human neurofibromatosis 2 gene (McClatchey and Fehon, 2009 ), since expression of
dominant-negative Merlin phenocopies the salivary gland lumen defects of pakl and Rab5
mutant embryos. Thus, Pakl-dependent localization of E-cadherin at the AJs and at the
basolateral membrane is important for apical domain elongation and control of salivary
gland lumen size (Figure 2D). A role for Pakl in lumen size control through membrane
transport of E-cadherin is further supported by the demonstration that expression of an
activated membrane-bound form of Pakl in the salivary gland forms multiple
intercellular lumens instead of a single central lumen. Induction of multiple intercellular
lumens by activated Pakl1 is due to the internalization of E-cadherin and apical membrane
proteins into early endosomes (Pirraglia et al., 2010).

3.4 Control of salivary gland lumen size through secretory activity

While dynamic changes at the apical membrane and differential localization of E-cadherin
control salivary gland lumen size early in gland development, directed secretion into the
lumenal space expands lumen width and allows formation of a patent lumen in the mature
gland. Secretory products are detected as electron dense material by TEM within apical
vesicular structures and in the luminal space. As embryogenesis proceeds, the salivary
gland lumen continues to fill with electron-dense secreted products and lumen width
increases uniformly throughout the length of the lumen (Myat and Andrew, 2002; Seshaiah
et al.,, 2001). Secretory function of salivary gland cells is controlled by pasilla (ps) which
encodes a Drosophila homologue of the human Nova family RNA-binding proteins that
function in RNA splicing (Jensen et al., 2000; Seshaiah et al., 2001), and by PH4aSG1 and
PH4aSG2, which encode homologues of the a-subunit of resident endoplasmic reticulum
enzymes that hydroxylate proline in select secreted proteins (Abrams et al., 2006; Kivirikko
and Pihlajaniemi, 1998 ). In ps mutant salivary glands, secretory contents within the lumen
and apical vesicles is reduced, and the lumen fails to expand uniformly (Seshaiah et al.,
2001). Similar to ps mutant embryos, PH4aSG1 and PH4aSG2 mutant embryos have reduced
secretory products in the salivary gland lumens and are characterized by abnormally
shaped lumens with regions of expansion, constriction and closure (Abrams et al., 2006).
Together these studies show that ps, PH4aSG1 and PH4aSG2 control salivary gland lumen
size at later stages of embryogenesis by affecting secretion into the gland lumen.
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The expression of PH4aSG1 and PH4aSG2 is regulated by the single Drosophila FoxA family
transcription factor Fork head (Fkh), that affects 59% of gene expression in the salivary
gland (Maruyama et al., 2011) and is required for cell survival and cell shape change during
salivary gland invagination (Myat and Andrew, 2000b). Fkh regulates the expression of sage,
encoding a salivary gland specific basic helix-loop-helix (P HLH) protein, and functions with
Sage to directly regulate the expression of PH4aSG2 and to indirectly regulate the
expression of PH4aSG1 (Abrams et al., 2006). In addition to Fkh, secretory activity in the
Drosophila salivary glands is controlled by CrebA which belongs to the CrebA/Creb3-like
family of bZip transcription factors (Abrams and Andrew, 2005; Andrew et al., 1997; Fox et
al., 2010). CrebA can bind directly to the enhancers of genes encoding components in
secretory pathways and upregulate the expression of genes encoding both the general
protein machinery required for secretion and of cell type-specific secreted proteins (Fox et
al., 2010). Consistent with the role of CrebA in salivary gland secretion, lumens of CrebA
mutant embryos are smaller and have reduced secretory material (Fox et al., 2010).

In summary, salivary gland lumen size in early stages of gland development is controlled by
apical membrane growth and apical domain elongation in individual gland cells through
processes regulated by transcription factors, Hairy, Hkb and Rib, and their downstream
targets, Klar, Crb and Moe as well as by Cdc42 and its effector Pakl through differential
localization of E-cadherin. During late embryogenesis, uniform expansion of the gland
lumen is controlled by directed secretion into the lumen through the activities of ps,
PH4aSG1, PH4aSG2 and CrebA.

4. Trachea

The Drosophila trachea serves as the respiratory organ of the animal, and like the vertebrate
lung, salivary gland and vasculature it is a branched network of tubes. The pattern of the
larval trachea is established during embryogenesis when cells from ten tracheal placodes or
plates of approximately 90 ectodermal epithelial cells on each side of the embryo, invaginate
into the underlying mesoderm to form elongated sacs (Figure 3A). In response to Fibroblast
Growth Factor (FGF) or Branchless (Bnl), which is expressed in surrounding ectodermal and
mesodermal cells (Ohshiro et al.,, 2002; Sutherland et al., 1996; Zhan et al., 2010), the
invaginated tracheal cells which express the FGF receptor, Breathless (Btl), migrate towards
the Bnl source to form the six primary branches (Figure 3B and C). Some of the primary
branches, such as the visceral branch (VB) and the anterior and posterior dorsal trunk (DT),
grow along the anterior-posterior axis, whereas other branches, such as the dorsal branch
(DB), lateral trunk (LT) and ganglionic branch (GB), grow along the dorsal-ventral axis
(Figure 3D). Tracheal cell migration is followed by fusion between the contralateral DBs, DT
and LT branches of adjacent segmentally arranged metameres on each side of the embryo to
form an interconnected tracheal network with a single central lumen (Figure 3F).

Similar to the Drosophila embryonic salivary gland, the lumen of the trachea is formed
during the invagination step when cells of the placode become internalized and form
elongated sacs (Casanova, 2007). As the internalized tracheal cells migrate out to form the
six primary branches, the lumen extends simultaneously with the elongating branches. In
this section, we focus on how lumen size is controlled in the trachea and how lumens form
de novo at two distinct stages of tracheal development, first, during anastomosis
of the tracheal DT, and second, during intracellular lumen formation in the specialized
terminal cells.
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Fig. 3. Lumen formation in the tracheal branches.

(A) The embryonic trachea is formed from 10 placodes of ectodermal cells that invaginate into the
interior of the embryo. D: dorsal; V: ventral; A: anterior and P: posterior. (B) Internalized tracheal cells
migrate out to form the six primary branches, some of which fuse with branches from adjacent
metameres to form an interconnected network (C). (D) Schematic diagram of one tracheal metamere
showing the dorsal trunk (anterior and posterior; Dta and Dtp), lateral trunk (anterior and posterior; Lta
and Ltp), dorsal branch (DB), visceral branch (VB), spiracular branch (SB) and ganglionic branch (GB).
(E) Two DBs, each with a terminal cell (TC, red) and a fusion cell (FC, green). (F) The interconnected
tracheal network of a stage 15 embryo has a single central lumen. (G) Terminal cell (TC) forms a lumen
de novo as the cell elongates; db: dorsal branch, dt: dorsal trunk. Embryos in A-C were processed for
RNA in situ hybridization to trachealess to label tracheal cells. Embryo in E was stained for DSRF (red) to
label TC, Dysfusion to label FC (green) and 2A12 (blue) to label the lumen of the DB. Embryo in F was
stained for 2A12 (white) to label the lumen and GFP to detect actin-GFP expressed specifically in the
trachea with breathless-GAL4. Diagram in D is not drawn to scale. Panel G was kindly provided by J.
Casanova with permission from the Nature Publishing Group.
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4.1 Regulation of tracheal tube/lumen size and shape

Morphometric and genetic analyses in the Drosophila embryonic trachea were among the first
to show that tube and lumen size are under genetic control. Tracheal tube length increases
gradually, whereas tube diameter increases abruptly at distinct times during development. By
the larval stage, tracheal tube diameter can be 40x times its original size (Beitel and Krasnow,
2000). These morphometric studies by Beitel and Krasnow (2000) were the first to show that
tracheal tube size is not controlled by the number, size or shape of the cells that comprise the
tube, and instead, is controlled at the apical surface of the tracheal cells and by the overall
identity of each branch. The role of the apical surface membrane in control of tracheal tube size
is supported by studies of the grainy head (grh) mutant (Hemphala et al., 2002). In grh mutant
embryos, tracheal DT length is increased by 40% and is characterized by the dramatic growth
of the apical surface membrane. Grh encodes a transcription factor that is expressed in a
number of epithelial tissues (Bray and Kafatos, 1991; Ostrowski et al., 2002), including the
epidermis, where Grh controls re-epithelialization during wound healing through the tyrosine
kinase Stitcher (Wang et al., 2009). In the trachea, Grh acts downstream of Bnl/FGF signaling
to limit lumen elongation and thus, ensure that branches with lumens of the correct size are
formed (Hemphala et al., 2002).

A second mechanism by which tracheal lumen size is controlled is through the luminal
secretion and modification of chitin, a fibrous substance composed of polysaccharides.
Secretion of chitin occurs prior to expansion of the DT lumen and continues throughout
growth of the DT lumen. Transient accumulation of chitin is thought to coordinate and
stabilize expansion of the lumen (Araujo et al., 2005; Devine et al., 2005; Tonning et al.,
2005). While genes encoding proteins that synthesize and secrete chitin control the uniform
expansion of tracheal lumen diameter and elongation of lumen length, genes encoding
proteins that modify chitin, specifically control lumen length. In mutants where chitin fibers
do not form, the DT lumen at points of anastomosis between branches of neighboring
hemisegments fail to expand, whereas the lumen throughout the rest of the DT is
excessively dilated (Moussian et al., 2006; Tonning et al., 2005). By contrast, in mutants for
Vermiform (Verm) and Serpentine (Serp), which encode chitin deacetylating proteins, the
DT lumen is excessively elongated (Luschnig et al., 2006; Wang et al., 2006). Restriction of
tracheal tube length also depends on genes encoding components of the SJs, a structure
located basal to the adherens junctions, which like the vertebrate tight junctions functions as
a paracellular diffusion barrier and is comprised in part by the claudin family proteins (Behr
et al., 2003; Nelson et al., 2010; Tepass et al., 2001, Wu et al., 2004). Mutations in several S]
proteins affect both tracheal tube length and diameter but not early aspects of tracheal
development (Behr et al., 2003; Beitel and Kransnow, 2000; Llimargas et al., 2004; Paul et al.,
2003; Wu et al., 2004). One mechanism by which S] proteins control tracheal tube size is
through apical secretion of Verm and Serp (Luschnig et al., 2006; Wang et al., 2006). SJ-
associated polarity proteins, such as Discs Large (Dlg) and Scribble (Scrib), also control
tracheal tube length independent of chitin and without affecting the paracellular diffusion
barrier function (Laprise et al., 2010). The FERM domain protein, Yurt, which belongs to the
Yurt/Coracle group of basolateral polarity proteins controls tracheal lumen length by
antagonizing the apical determinant protein, Crumbs. However, unlike Yurt, Scrib controls
lumen size independent of Crb. The SJ-associated protein, Coracle (Cora), regulates tracheal
lumen length by limiting Crb activity independent of Yrt as well as by promoting Verm
secretion (Laprise et al, 2010). Thus, independent of Verm/Serp-dependent chitin
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modification, tracheal lumen length is controlled by a Yurt/Cora pathway dependent on
Crb activity, and by a Scrib pathway independent of Crb. SJs likely control tracheal tube size
by other mechanisms, such as cell shape since mutations in the SJ proteins, encoded by
megatrachea and lachesin, cause tracheal cells to adopt an irregularly stretched morphology
(Behr et al., 2003; Llimargas et al., 2004).

Apical secretion of luminal contents precedes expansion of tube diameter and occurs in a
sudden burst through COPI-, COPII- and Sec24-dependent membrane transport (Forster et al.,
2010; Grieder et al., 2008; Jayaram et al., 2008; Tsarouhas et al., 2007) and is dependent on Rho-
Diaphanous-Myosin V transport (Massarwa et al., 2009). In addition to secretion of chitin,
apical secretion may also play a role in tube length by contributing to apical membrane growth
and/or targeting other as of yet unidentified, regulators of tube size to the luminal surface. At
the end of embryogenesis, the chitin scaffold that has served to control lumen size in the
trachea is removed in time for larval hatching when the trachea gets filled with oxygen and
other gases. This is achieved through an endocytic pulse that allows the tracheal cells to
internalize and clear away the luminal contents (Tsarouhas et al., 2007). The small GTPases,
Rab5 and Dynamin are required for the endocytic pulse and luminal protein clearance
(Tsarouhas et al., 2007). These studies highlight the important role that chitin plays in tracheal
lumen size control; however, it is not known how chitin fibers allow uniform diametric growth
of the tracheal tube and restrict tube length. Independent of chitin and SJs, tracheal lumen size
is likely to be controlled by additional mechanisms, such as that demonstrated by
Convoluted/dALS (Swanson et al., 2009) and by serrano mutants which implicate the planar
cell polarity pathway in control of tracheal tube length (Chung et al., 2009).

Lumen shape in the tracheal tubes is controlled by receptor tyrosine phosphatases. In
embryos double mutant for two receptor-linked protein-tyrosine phosphatases (RPTPs),
Ptp4E and Ptp10D, tracheal branches, such as the ganglionic branches and terminal
branches, form large bubble-like cysts with dilated lumens that stain positive for apical
marker proteins (Jeon and Zinn, 2009). Cyst size and number are increased upon expression
of activated Egfr (epidermal growth factor receptor) and decreased with reduction of Egfr.
Thus, proper lumen shape in the trachea is achieved through downregulation of Egfr
signaling by the Ptp4E and Ptp10D RPTPs.

4.2 Dorsal trunk anastomosis

During primary branch outgrowth, the tracheal lumen is initially closed at the branch tips.
Later in development, a continuous tubular network is formed during anastomosis, when
specialized cells, known as fusion cells, which are found at the tips of migrating branches
such as the DT and DB, recognize each other’s partner in the adjacent metamere and connect
to form a continuous lumen (Figure 3E) (Baer et al., 2009). Although these specialized cells
are called fusion cells, they, in fact, do not fuse themselves and instead mediate the fusion of
two separate tubular structures. The tracheal fusion process occurs in four distinct steps. In
the first step, tracheal cells at the tip of adjacent branches contact each other through
filopodial extensions. In the second step, fusion cells form a cytoskeletal track at the site of
contact consisting of F-actin, microtubules, the plakin Short Stop (Shot) and E-cadherin-
based adhesion complexes that are assembled de novo at the contact site (Lee and Kolodziej,
2002). Structure function studies showed that distinct sites within the cytoplasmic domain of
E-cadherin control the initial assembly of the F-actin track, recruitment of Shot and
subsequent maturation of the track in a microtubule-dependent manner (Lee et al., 2003). In
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the third step, the cytoskeletal track expands to span the fusion cells and bridge the apical
surfaces of the DT lumens with apical membrane formed de novo at the contact site. In the
fourth and final step, the cytoskeletal track disassembles, the apical surfaces become
continuous and the narrow lumen that is initially formed expands to its final size (Baer et
al., 2009). Connection of the pre-existing DT lumens to the new lumen is dependent on
targeted exocytosis and remodeling of the plasma membrane by the Arf-like 3 small GTPase
(Arl3) which is known to associate with microtubules and vesicles (Jiang et al., 2007;
Kakihara et al., 2008), and the COPI coatomer complex that mediates membrane transport
of small vesicles (Grieder et al., 2008). Therefore, tracheal branch fusion is a complex and
highly regulated process involving precise coordination of cytoskeletal proteins, adhesion
proteins and components of the vesicular trafficking machinery.

4.3 Terminal cell lumen formation

Terminal cells (TCs) at the tips of some tracheal branches form intracellular lumens de novo
(Figure 3E and G). Although de novo lumen formation in TCs was initially thought to occur
by the “cell hollowing” mechanism (Lubarsky and Krasnow, 2003), recent studies by
Gervais and Casanova (2010) show that the intracellular lumen forms by the inward growth
of new apical membrane from the surface that is in contact with the adjacent tracheal cell
and not through a cell-hollowing mechanism, shedding significant insight into this process.
The TC elongates as its lumen is formed intracellularly and both these processes are
accompanied by the asymmetric accumulation of the actin and microtubule cytoskeletal
systems (Figure 3G). Genetic perturbation of the microtubule network results in defects in
TC lumen elongation suggesting a critical role for microtubules in TC lumen formation. The
Bnl/FGF signaling pathway, known to regulate multiple aspects of tracheal morphogenesis
as described above, also regulates TC lumen elongation; in embryos with reduced gene
dosage of bnl, TC lumen length is shortened (Zhan et al., 2010). Bnl/FGF signaling controls
TC elongation and intracellular lumen formation by regulating actin and microtubules
through Drosophila Serum Response Factor (DSRF) and Enabled, a VASP protein (Gervais
and Casanova, 2010); however, DSRF is not required for Bnl-dependent initiation of TC
elongation and lumen formation, and instead allows these processes to progress under
normal conditions (Gervais and Casanova, 2011).

In addition to the requirement of Bnl signaling for intiation and progression of TC
elongation and lumen formation, integrin-mediated adhesion between the terminal
branches and the surrounding extracellular matrix is necessary for maintaining these tubes
and for proper organization of the intracellular lumen (Levi et al., 2006). The amenability of
Drosophila to large-scale genetic screens has allowed the generation of many new mutants
affecting TC lumen formation (Ghabrial et al., 2011). Analysis of these new mutants is
bound to bring novel insights to lumen formation in the tracheal TCs in the years to come.

5. Conclusion

In this chapter, we have reviewed our current understanding of how lumens form and are
maintained in the dorsal vessel, salivary gland and trachea of the Drosophila embryo. Lumen
formation in the Drosophila embryonic salivary gland and primary branches of the trachea
occurs concomitantly with invagination of the salivary gland and tracheal cells from the
embryo surface. Thus, it is not entirely surprising that lumen size control in these two
epithelial-based organs share similar cellular and molecular mechanisms, such as the roles
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of apical membrane growth and luminal secretion in defining tube and lumen size.
Although a role for chitin fibers in uniform diametric growth and restriction of tube length
has not been documented for the salivary gland as in the trachea, evidence does exist for
luminal secretion in forming a patent lumen in the salivary gland.

The dorsal vessel forms by entirely distinct mechanisms from that of the salivary gland and
trachea; however, in terms of lumen formation and size control, there are conserved
mechanisms between the dorsal vessel and salivary gland and trachea. For example, E-
cadherin-mediated cell-cell adhesion is important for correct lumen size in the salivary
gland and for forming a luminal space between CBs in the dorsal vessel. Although endocytic
trafficking of E-cadherin is important for lumen size control in the salivary gland, it is not
known whether Slit/Robo inhibition of E-cadherin occurs by a similar or distinct
mechanism. In addition to E-cadherin, SJ proteins, such as Coracle, are required for correct
lumen size in the trachea and the dorsal vessel. In the trachea, it is well established that
synthesis, secretion and modification of chitin affects tube and lumen size. Although dorsal
vessel shape is affected in S] mutants, it is not known whether vessel diameter and/or
length are affected as well. It was recently reported that the lumen of the mouse dorsal aorta
forms by a “cord-hollowing” mechanism where lumen formation between two cells is
initiated extracellularly through repositioning of cadherin-based adherens junctions and
through repulsion of apposed lateral membranes (Lubarsky and Krasnow, 2003; Strillic et
al., 2009). Due to the similarities between lumen formation in the Drosophila dorsal vessel
and the mouse aorta, studies of lumen formation in the Drosophila dorsal vessel will
continue to yield insight into lumen formation in the vertebrate vasculature.

Studies in the Drosophila embryonic salivary gland showed that growth of the apical
membrane and modulation of E-cadherin localization at the adherens junctions and the
basolateral membrane can influence lumen size and number. In the Drosophila embryonic
salivary gland, the regulated process of invagination ensures that only a single central
lumen is formed; however, the single central lumen can be replaced by multiple intercellular
lumens, such as by expression of activated Pakl, as described above. By contrast, the
formation of multiple lumens is a normal intermediate step in the formation of a single
central lumen during zebrafish gut tube morphogenesis (Bagnat et al.,, 2007) and in
pathological conditions, such as pre-invasive breast cancer, where multiple lumens
characterize cribriform ductal carcinoma in situ (DCIS) (Jaffar and Bleiweiss, 2002). Thus,
understanding the mechanisms by which tubular organs can transition between single and
multiple lumens will increase our understanding of more complex processes, such as DCIS.

In the Drosophila embryonic trachea, de novo lumen formation occurs during anastomosis of
specific branches, such as the DT, between adjacent hemisegments. A similar process of de
novo lumen formation occurs during anastomosis of vascular sprouts during angiogenesis.
Like the tracheal tip cells of the Drosophila trachea, vascular tip cells extend filopodia to
explore the surrounding enrivonment. Moreover, the presence of vascular E-cadherin (VE-
cadherin) at the tips of filopodia in cultured human endothelial cells (Almagro et al., 2010)
and at tip-tip contact sites between neighboring sprouts during formation of the zebrafish
intersegmental vessel (Blum et al., 2008) suggest a role for VE-cadherin in vascular
anastomosis that parallels the role played by E-cadherin in Drosophila tracheal anastomosis.

Although the structure and function of the Drosophila embryonic dorsal vessel, salivary
gland and trachea may differ from more complex organs of other organisms, it is clear that
there are conserved mechanisms for lumen formation. Thus, the study of tube and lumen
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formation in Drosophila tubular organs will continue to yield novel mechanisms and shed
significant insight into how lumens form in more complex organisms.
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