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Abstract

Mitochondria, in addition to their well-known function of ATP synthesis, are also involved in
a wide variety of cellular processes, such as apoptosis, calcium homeostasis and signalling.
Mitochondria are structured by dedicated fusion and fission machinery that consists of well
characterized GTPase proteins. The mitochondrial morphology is modified based on cell
type and physiological requirements and is linked with a wide range of signalling pathways.
Embryogenesis involves complex cascades of signalling that occur at specific milestones of
the development. Hints from the literature suggest a temporal regulation of mitochondrial
function and localization in ascidian and mammalian embryos. Mislocalization and
deregulation of mitochondrial structure lead to cellular and embryonic lethality. However, a
systematic analysis of mitochondrial shape and localization with respect to functional
regulation and signalling during embryogenesis has not been carried out so far. We
characterized mitochondria in early Drosophila embryogenesis using mitochondrially
localized GFP and found that mitochondria are small and dispersed around nuclei in
syncytial, cellular blastoderm, and gastrulating embryos. Mitochondria are basally enriched
during syncytial stage and are actively re-distributed to the apical side during cellularization.
Apical migration of mitochondria is specifically enhanced in the ventral furrow cells during
gastrulation. This re-localization of mitochondria is microtubule dependent. This apical
redistribution of mitochondria is abolished in embryos mutant for mitochondrial fission
protein Drpl. Myosin Il levels are reduced in drp1 mutant embryos and the cells formed
during cellularization in embryos are shorter and have wider contractile rings at their basal
regions. The misaligned ventral furrow cells also have lowered Myosin |l accumulation at
their apical regions in drp1 mutant embryos. This is likely due to reduced levels of reactive
oxygen species (ROS) in these embryos. We find that apical mitochondrial transport in
ventral furrow cells is regulated by the Toll-Dorsal pathway. Upregulation of Dorsal
enhances the ventral signalling and apical accumulation of mitochondria whereas fog loss of
function shows reduced mitochondrial apical transport in the ventral furrow cells. Thus, we
demonstrate that mitochondrial localization is regulated by the Toll-Dorsal pathway and
propose that their function is essential for functioning of Toll-Dorsal pathway. We are

further examining the functional role of mitochondria in regulation of this pathway.
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Title: Role of mitochondrial dynamics and function in Drosophila embryo morphogenesis

1. Introduction

Mitochondria are primarily known for their function in ATP synthesis and thereby called
“Power house of the Cell”. In addition to this prime function, they are also involved in
regulation of a number of physiological processes such as calcium signalling and ROS
production. Mitochondrial shape is dynamic in the eukaryotic cells and they can exist as an
intricate reticular network or small punctate form (Bereiter-Hahn and Voth, 1994). The
mitochondrial structure is often correlated with their function and metabolic output (Mishra
and Chan, 2016). Larger mitochondria have a complex cristae organization which helps
harbouring more electron transport chain (ETC) components (Cogliati et al., 2013) thereby
enhancing the ATP output in differentiated cells such as muscles, neurons, pancreatic cells
and cardiomyocytes (Kuznetsov et al., 2009). On the other hand small mitochondria are
considered to be poor ATP producers in the literature and are present in stem cells and
embryonic cells (Lees et al., 2017; Motta et al., 2000; Sathananthan and Trounson, 2000).
Mitochondrial shape is regulated by fission and fusion proteins with aid from the
cytoskeleton. These proteins are dynamin family GTPases which can actively modify
mitochondrial membrane architecture (Chan, 2006). Different mitochondrial shapes are
associated with a variety of signalling pathways. Mitochondrial fragmentation by EGFR
pathway is essential for cellular differentiation (Mitra et al., 2012; Tomer et al., 2018).
Regulation of mitochondrial fusion by Hippo/Yorkie pathway is implicated in cell growth and
cancers (Nagaraj et al., 2012). Mitochondrial interaction with Bcl-2 family proteins is
essential for apoptosis (Dewson and Kluck, 2009). Mitochondrial size is regulated during cell

cycle to provide for increase energy demands (Mitra et al., 2009). More such emerging
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studies indicate involvement and regulation of mitochondria in a number of key signalling

pathways of cell fate determination and patterning based on their structure and dynamics.

Embryogenesis consists of cascades of complex signalling that are spatio-temporally
regulated as the embryonic stem cells specialize to attain a peculiar fate. They are
maternally inherited in the embryos and therefore implicated in diseases related to
mitochondrial DNA (mtDNA) mutations (Giles et al., 1980; May-Panloup et al., 2016).
Mitochondria are small and dispersed in the early blastoderm embryos (Acton et al., 2004;
Van Blerkom et al., 2000; Motta et al., 2000; Sathananthan and Trounson, 2000) and their
ATP synthesis is initiated by Calcium signalling during fertilization of the eggs (Dumollard et
al., 2003; Roegiers et al., 1995). Although they are abundant around the nuclei, the active
mitochondria are localized cortically in the mammalian embryos (Acton et al., 2004; Van
Blerkom et al., 2003). Mitochondrial distribution is asymmetric in Xenopus and sea urchin
embryos (Roegiers et al., 1995). Mitochondrial asymmetric distribution and activity define
the oral-arboral axis in the sea urchin embryos (Coffman et al., 2004). Another study
postulates increased mitochondrial localization and function at the prospective gastrulation
site in Xenopus embryos (Yost et al., 1995). A thorough analysis of how mitochondria may
regulate processes during embryogenesis is absent in the field. This led us to perform a
systematic analysis of mitochondrial morphology and function in the embryonic

development.

We characterized mitochondrial morphology and distribution in the early Drosophila
embryogenesis and attempted to understand the effects of mitochondrial morphology

alteration at the cellular level. The key findings are as follows:
2. Results
2.1 Mitochondria are enriched basally and are compartmentalized in the syncytial cells

Nuclei in the syncytial embryo are partially covered with plasma membrane on the apical
regions. Despite the presence of free cytoplasm at the basal regions, organelles such as ER
and Golgi and plasma membrane associated proteins localize within one nuclear-
cytoplasmic territory (Frescas et al., 2006; Mavrakis et al., 2009). We visualized

mitochondria using maternally expressed mitochondrially localized GFP (Mito-GFP) in the
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syncytial embryos and found that they occurred as small discrete structures enriched at the
basal regions of syncytial cells. The basal enrichment of mitochondria is determined by
microtubule motor Kinesin-1. We monitored their movement using photobleaching and
photoactivation. The mitochondria did not have significant lateral movement, leading to

their restricted localization within a syncytial cell.
2.2 Mitochondrial metabolism is required for metaphase furrow elongation.

First, to test the mode of metabolism in the Drosophila embryos, we inhibited either
glycolysis or ETC using pharmacological inhibitor drugs and measured the levels of ATP
sensor activated AMPK (pAMPK) in the syncytial cells. AMPK is activated by phosphorylation
by upstream kinases upon ATP depletion (Hardie et al., 2006; Sakamoto et al., 2005).
pAMPK signal in the syncytial cells did not change upon inhibition of glycolysis and was
significantly elevated in the treatments with ETC drug inhibitors. Similar results were
obtained when we knocked down components of ETC: PDSW subunit of NADH
dehydrogenase complex (Complex |, pdsw) and cytochrome C oxidase subunit Va (Complex
IV, cova), using RNAIi based approach. Thus these data established that mitochondrial ETC is

the ATP source in the syncytial embryos.

We then explored the implications of ATP depletion. The short membrane structures
covering the syncytial nuclei extend basally during metaphase forming furrows with the help
of rapid actin assembly and may require abundant energy supply. The treatment with ETC
inhibitor drugs and knockdown of pdsw and cova led to shortening of these metaphase
furrows. Therefore despite the small shape, mitochondria produce ATP, which may be
locally delivered to the growing membranes for rapid actin dynamics. It also possible that
the phenotype of shorter furrows is due to interaction of AMPK signalling with cytoskeletal

components (Cook et al., 2014; Lee et al., 2007).
2.3 Mitochondria are transported apically during cellularization and gastrulation

During cellularization the short membranes extend towards basal regions and enclose the
nuclei to form tall epithelial cells (Mazumdar and Mazumdar, 2002; Warn and Robert-
Nicoud, 1990). We imaged mitochondria during cellularization using the Mito-GFP tag and

observed their increased accumulation at the apical regions of cells. Using photoactivation
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we showed that they migrate apically from basal regions. The apical migration is assisted by
microtubule motors. Knockdown of Kinesin-1 (khc) resulted in premature mitochondrial
transport toward the apical regions whereas they clustered at the basal regions in Dynein
(dhc) knockdown embryos. Thus Dynein motors transport mitochondria apically during

cellularization.

To observe mitochondrial dynamics during gastrulation, we aligned embryos vertically or
end on, such that their dorso-ventral axis was visible. We observed that post cellularization,
mitochondrial apical transport is enhanced only in the ventral furrow cells. Mitochondrial
transport was not seen in the lateral region cells post cellularization. The data indicate that
specific relocalization of mitochondria is likely to be by the virtue of Toll-Dorsal signalling in
the ventral furrow region and there may be a distinctive functional relevance of apical
mitochondria in the ventral furrow cells. We tested whether this pathway influenced

mitochondrial transport further.
2.4 Mitochondrial shape is essential for their apical transport

It is known that maintenance of mitochondrial architecture is obligatory for embryonic
survival (Chen et al., 2003; Ishihara et al., 2009; Moore et al., 2010). We maternally depleted
the levels of fission protein Drp1 and fusion proteins Marf and Opal using RNAi or genomic
mutations. We also employed a strategy of over-expressing mutant form of proteins.
Optimum knockdown of these proteins was lethal. We found that mitochondria were
clustered in drp1 knockdown or mutations. The morphology did not change in Marf or Opal
knockdown. We followed drp1 mutant: drp1°¢ and drp1 RNAI (drp1') based on the extent of
phenotype and embryonic lethality. We were able to revert the mitochondrial shape from
clustered to fragmented when we knocked down opal in the background of drp1°° (drp1°S;

opal’). This indicated that both fission and fusion machinery are active in the embryos.

Mitochondria formed large clusters of mitochondria located at the basal regions in drp1°¢
and drp1'. These large clusters of mitochondria failed to migrate apically during
cellularization and gastrulation. We observed a rescue of this transport defect in drp1°5;

opal embryos. Therefore, mitochondrial morphology is essential for their apical transport.
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2.5 Cellular morphology is altered in drp1°¢ embryos.

We then analysed how drp1 mutation may affect the process of cellularization. We
visualized membrane extension dynamics during cellularization using tagged Myosin
regulatory light chain (Sgh-mCherry). The cellularization ended abruptly and significantly
shorter cells were formed in the drp1°¢ embryos. The basal contractile rings of these cells
did not completely constrict to enclose the cellular compartment. Myosin Il localization and
activity is required for membrane extension and constriction during cellularization (He et al.,
2016; Wenzl et al., 2010; Young et al., 1991). drp1°¢ embryos had lowered levels of Sgh,
likely leading to membrane extension and constriction defects. Myosin activity is regulated
by ROS levels during Drosophila embryo dorsal closure (Muliyil and Narasimha, 2014). In
accordance with this study, we found that the level of ROS was reduced in drp1°¢ embryos

and is likely the cause of Sgh depletion.
2.6 drp1°¢ embryos contain shallow ventral furrow with misaligned cells.

Pulsatile Myosin Il helps in the apical constriction and invagination of ventral furrow cells
(Martin et al., 2009). We found that ventral furrow in drp1°¢ embryos was jagged and had
misaligned cells. The furrow morphology appeared shallow in the end-on orientation. The
furrow did not completely close. Similar to cellularization, Sgh levels were reduced at the
apical regions of the ventral furrow cells. This suggests that mitochondrial localization and

probably ROS based activity is required for ventral furrow morphogenesis.
2.7 Apical transport of mitochondria during gastrulation depends on Toll-Dorsal signalling

Ventral fate is regulated by Toll-Dorsal signalling through a number of transcription factors
regulating Myosin Il localization at the apical regions of ventral furrow cells (Dawes-Hoang,
2005; Martin et al., 2009; Morisato, 2001). We had observed that mitochondria localize
specifically at the apical regions of ventral cells. Also, the lack of mitochondrial transport
and activity in drp1°¢ embryos led to decreased Myosin activity and distorted ventral furrow
morphology. Over-expression of Dorsal in the Drosophila embryos extended the zone of
mitochondrial apical transport to almost the entire embryo compared to a restricted ventral

region in the WT. Knockdown of a downstream factor fog reduced mitochondrial transport

XVi



at the ventral furrow. Thus based on these experiments, mitochondria operate under the

influence of Toll-Dorsal pathway and possibly aid in regulating Myosin Il activity.

In summary, mitochondrial distribution is regulated at distinctive stages of embryonic
development in Drosophila. Their shape and activity are essential for membrane ingression
during syncytial stage and cellularization and ventral furrow ingression during gastrulation.
The study partly demonstrates and proposes the regulation of mitochondria by axis

determination Toll-Dorsal pathway in the Drosophila embryogenesis.
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Chapter 1
Introduction

1.1 Mitochondria are essential organelles of eukaryotic cells

It is thought that mitochondria have evolved from a symbiont a-proteobacteria species
found inside eukaryotic host cells. Mitochondria are semi-autonomous organelles holding
significance in aerobic metabolism and production of ATP in cells. They possess their own
DNA, obtained from their bacterial form. Apart from the known function of ATP production,
their shape and distribution suggest their role in regulating the essential signalling processes
of cell. Transportation of mitochondria occurs via microtubules and their localization is
necessary for survival and effective functioning of cell. Different kinds of cells demonstrate
various shapes of mitochondria. Stem cells and embryos have comparatively smaller and
lesser number while on the other hand, differentiated cells can show long shaped ones.
Embryonic development depends on mitochondrial function. Also the literature indicates
that any perturbations in the shape of mitochondria affects embryonic patterning and can
lead to lethality. The regulation of mitochondrial morphology and its functions in the

embryo still remains an information to be uncovered.
1.1.1 Mitochondria produce cellular ATP

As the primary function of mitochondria is ATP production, they are called “the powerhouse

III

of the cell”. The mitochondria are semi-autonomous due to presence of its own DNA and
ribosomes, that enable it to produce tRNAs and components of electron transport chain.
The ATP generation occurs by redox cycles of electron transport chain (ETC) proteins which
are found in in the inner mitochondrial membrane. This membrane folds to form numerous
loops called cristae (Fig. 1.1) (Stroud and Ryan, 2013). Mitochondria play a role in
oxidization of carbon compounds by a chain of redox reactions in ETC, called as the Kreb’s
cycle or tricarboxylic acid (TCA) cycle. The ETC involves four protein complexes that
transport electrons, acting as electron acceptors and donors. These complexes are NADH
dehydrogenase (Complex 1), succinate dehydrogenase (Complex Il), cytochrome bcl

complex (Complex Ill) and Cytochrome oxidase (Complex IV). ETC complexes are coupled to

ATP synthase complex utilizes the proton gradient across inner mitochondrial membrane to
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hydrolyse ADP to ATP in the mitochondrial matrix (Fig. 1.2). Water molecules are produced
as a result of reduction of oxygen during electron transfer. 34 ATP molecules are produced
during the Kreb’s cycle and oxidative phosphorylation (Ernster and Schatz, 1981).
Respiratory chain complexes also form super-complexes that play a role in raising the
efficiency of respiration. This was seen in yeast and mammalian cells (Lapuente-brun et al.,
2013; SchakEgger and Pfeiffer, 2000). Supercomplex assembly is controlled by inner
membrane architecture, in turn by mitochondrial inner membrane fusion protein Opal
(Cogliati et al., 2013). There is a close association of ATP production and cristae architecture.
The intricate cristae structure brings about assembly of more super complexes and thus
increasing ATP generation (Cogliati et al., 2013). The last component of ETC, i.e. ATPase is

also central | for maintaining the structure (Saddar et al., 2008).
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Figure 1.1: Mitochondrial structure. The schematic depicts mitochondrial double
membraned architecture. The superfolded inner membrane (yellow) houses ETC. The
mitochondrial matrix (blue) consists of DNA, ribosomes and granules (A). An electron
micrograph shows mitochondria in Drosphila brain. Electron dense cristae (black arrows)

are organized in parallel array (B). Adapted from (Macchi et al., 2013) (B)

Mitochondrial reactive oxygen species (ROS) is produced as a by-product of electron leakage
from the ETC, primarily from Complex | and Il of the ETC (Fig. 1.2) (Bell et al., 2007; Liu et
al., 2002). A number of defence systems are utilized in cells to reduce ROS. Superoxides
generated are modified by superoxide dismutase (SOD) to diffusible hydrogen peroxide
(H20.). Glutathione peroxidase silences ROS by oxidizing glutathione. ROS is scavenged in
peroxisomes by the catalase enzymes (Ray et al., 2012). Mitochondrial shape and signalling

interacts and modifies ROS. This is discussed later on in this section.
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Figure 2.1 ATP is genetated by mitochondrial electron transport chain. The ETC
complexes reside in the mitochondrial inner membrane (grey). The electrons (green) are
relayed from complex | to complex IV by oxidizing NADH at Complex | (light blue), FADH2
at Complex Il (light green), reduction and oxidation of Cytochrome C (yellow) by Complex
1l (light yellow) and IV (light orange) respectively. Protons (red) are pumped in the
intermembrane space by Complex |, lll and IV. Complex V (ATP synthase, pink) uses
proton flux to generate ATP (blue) in the matrix. ROS is generated by leaky electrons from

Complex | and lll. Adapted from (Keane et al., 2011).

1.1.2 Mitochondria undergo fission and fusion
1.1.2.1 Mitochondrial morphology is regulated by fission-fusion machinery

Distinct mitochondrial morphologies have been observed in different cell types and
according to cell requirements. First observation of mitochondrial morphology changes was
done about a hundred years ago (Lewis and Lewis, 1915). Authors used light microscopy and
hand drawings to describe their observations. Since then, in the last couple of decades
mitochondrial fission and fusion have been very well characterized. Mitochondrial
morphology regulators were first found in yeast. A temperature sensitive yeast mutation in
the dynamin mgm1 showed defects in the mitochondrial DNA maintenance (Jones and
Fangman, 1992). Similar phenotype was observed with mutation in mitochondrial outer
membrane GTPase protein Fzo in Drosophila sperms (Hales and Fuller, 1997). Mutations in
Fzo lead to mitochondrial fragmentation (Hermann et al., 1998) and loss of mtDNA copies
from the mitochondrial fragments (Rapaport et al., 1998). Mitochondria were visualized
with mitochondrial GFP tag and mitochondrial dye: Mitotracker using an epifluorescence
microscope (Rapaport et al., 1998). Mgm1 was later characterized as the mitochondrial
inner membrane fusion protein and was shown to co-localize with mitochondria (Wong et
al., 2000). The protein homolog was also found to be involved in neuropathies and was
named as Optic atrophy 1 or Opa 1 in mammals and Drosophila (Delettre et al., 2000) (Fig.
1.3 A). The mammalian orthologs of Fzo, Mitofusins (Mfn1 and Mfn2) (Fig. 1.3 A) (Santel and
Fuller, 2000) were shown to have partially redundant functions and both were shown to be

essential for mouse embryonic development (Chen et al., 2003). Mitochondria assembly



regulating factor (Marf), another outer membrane fusion protein in Drosophila, along with

Opal has been shown to be essential for cardiomyocyte function (Dorn et al., 2011).

Mitochondrial fission protein, Dnm1p, was discovered in a yeast genetic screen and was
found to be associated with fission sites (Mozdy et al., 2000; Otsuga et al., 1998; Shaw and
Nunnari, 2002). The protein, most commonly known as Dynamin related protein 1 (Drp1) is
conversed in most eukaryotes and resulted in mitochondrial fragmentation (Labrousse et
al., 1999; Smirnova et al., 1998a). Using in vitro EM studies, it was observed in the yeast that
Dnm1 can oligomerize around tubules of the size of mitochondria in vitro (Ingerman et al.,
2005), similar to the activity of dynamin at the endocytic vesicles. Drp1 is present largely in
cytoplasm and localizes to the mitochondria upon fission cues. Outer membrane scaffolding
protein Fis1 (or Fislp in yeast) is required for binding of Drplon the mitochondria (Mozdy et
al., 2000) which then results in membrane scission. More recently additional adapter
proteins were found to play a role in recruit Drpl on the mitochondrial outer membrane.
Mdv1 (Koirala et al., 2010; Zhang and Chan, 2007) and Caf4p (Griffin et al., 2005) are
proteins that bind to Fisl and facilitate Dnm1 binding in yeast. In higher eukaryotes, since
there are not mdvl homologs found, other adapters seem to have taken over this function.
Mitochondrial fission factor (Mff) binds to Drp1 independent of Fis1 and is responsible for
mitochondrial fission in mammalian cells (Otera et al., 2010) (Fig. 1.3 A). Proteins like Mid49,
GDAP1 and Mid51/Mief (Loson et al., 2013) have been shown to recruit Drp1 and cause
mitochondrial fragmentation as well, indicating that there may be redundancy in the
regulation of mitochondrial fission in higher eukaryotes such as mammals. The final scission
of the membrane after oligomerization of Drpl is done by the bar domain protein

Endophilin B1 (Karbowski et al., 2004).

The activity of fission and fusion proteins is regulated by a number of post translational
modifications. Fission protein Drp1 is known to be modified with phosphorylation,
SUMOylation, Ubiquitination and S-nitrosylation. Mitochondrial fission during mitosis in
mammalian cells is promoted by phosphorylation of Drpl at GTPase effector domain (GED)
by cyclic-AMP dependent kinase A (PKA) in calcium dependent manner (Chang and
Blackstone, 2007; Cribbs and Strack, 2007; Taguchi et al., 2007). This is mediated by RalA,
effector RalB and Aurora kinase A in an Mff dependent manner (Kashatus et al., 2011). Ser

637 is a putative phosphorylation site in Drp1 conserved in metazoans and is regulated by



multiple mechanisms. Phosphorylation and dephosphorylation at this site by PKA and
calcineurin respectively regulate localization of Drp1 on the mitochondria (Cereghetti et al.,
2008; Taguchi et al., 2007). Drp1 is shown to be SUMOylated by mitochondrially anchored
protein ligase (MAPL) and leads to mitochondrial fragmentation (Braschi et al., 2009). The
SUMOylation is dependent on BAK/BAX protein kinases and could be essential to initiate
apoptosis in cells (Wasiak et al., 2007). SUMO protease activity of SENP5 inhibits Drp1
activity and makes mitochondrial network more fused (Zunino et al., 2007). Regulation of
Drp1 activity is also achieved by ubiquitination. Loss of function variant of another
mitochondrial E3 ubiquitin ligase, MARCH5 resulted in mitochondrial elongation (Karbowski
et al., 2007). MARCH5 was later shown to play a role in clearing misfolded SOD protein from

mitochondria and protecting the cells from oxidative damage (Yonashiro et al., 2009).
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Figure 1.3 Mitochondria undergo fusion and fission. Mitochondrial fusion is regulated
by Mfn1 and Mfn2 located on the mitochondrial outer membrane (A, fusion, blue).
Transmembrane protein Opal is required from inner mitochondrial membrane fusion
(A, fusion, orange). Cytosolic Drp1 (A, fission, yellow) binds to mitochondrial
membrane localized Fis1 (A, fission, orange) upon activation. Active Drp1 oligomerizes
around the mitochondrion to drive fission (A, fission). Fusion is associated with
increased ATP output, oxygen consumption and membrane potential and vice versa
with fission (A). Schematic is adapted from (Chiong et al., 2014) (A) Fluorescence
imaging of mitochondria in yeast cells shows conversion of mitochondrial network to a
hyperfused state upon fusion and punctate structures upon fragmentation (B). Adapted

from (Mozdy et al., 2000) (B).

Observations through EMs have suggested proximal localization of mitochondrial outer
membrane (OMM) and ER (Csordas et al., 2006). Mitochondria associated ER membranes
(MAMs) have been shown to be essential for lipid synthesis (Stone and Vance, 2000; Vance,
1990), ATP synthesis, trafficking and calcium regulation and this depends on the distance
between the ER and the OMM (Csordas et al., 2006, 2010; Rowland and Voeltz, 2012).
Localization of mitochondrial morphology proteins at MAMs regulate mitochondrial shape,
and thereby the function in the vicinity of ER. Studies using E.M. and super-resolution
microscopy (STORM) demonstrated the presence of ER tubule loops winding around
mitochondrial fission sites allowing constriction of the mitochondria prior to Drpl
recruitment (Friedman et al., 2011; Shim et al., 2012). Inverted formin 2 (INF2), a regulator
of actin polymerization and depolymerization (Chhabra and Higgs, 2006) localizes at the ER-
mitochondria contact sites, where it polymerizes F-actin around mitochondria to cause a
constriction initiation such that binding of Drp1 at these sites is enhanced (Korobova et al.,
2013). Microtubule motors dynein and dynactin complexes transport Drp1 to the
mitochondria (Varadi et al., 2004). A recent study suggests a relationship between

microtubule polymerization and mitochondrial size in yeast (Mehta et al., 2017).

Therefore, mitochondria can acquire a variety of shapes and sizes in cells by activity and

regulation of fission fusion machinery. Remodelling of mitochondria is essential for



physiological processes in cells. A constant cycling between fusion and fission is said to be
present in mammalian cells (Fig. 1.4 A, B). Mitochondrial biogenesis occurs by creating new
mitochondria from an existing mitochondrial pool by fission (Goto et al., 2006; Marti et al.,
2009) (Fig. 1.4 C). Association of mitochondria is enhanced on fusion and maintains calcium
homeostasis in the cells (Grimm, 2012) (Fig. 1.4 A). Apoptotic cues lead to mitochondrial
fragmentation and release of Cytochrome C which activates the caspases (Estaquier and
Arnoult, 2007; Kluck and Newmeyer, 2013) (Fig 1.4 E). Mitochondrial fission and
depolarization of the membrane potential lead to mitophagy (Burman et al., 2017) (Fig. 1.4
D). Additionally, there is a link between mitochondrial architecture and their metabolic
capacity and ROS generation (Chan, 2006). Together, mitochondrial architecture coupled
with the metabolic function has been studied in the context of cellular signalling pathways

as discussed further.
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Figure 1.4: Physiological roles of mitochondrial morphology. Mitochondrial fusion is
regulated by Opal, Mfn1 and Mfn2 (A). Calcium based signalling occurs at the ER —
mitochondria interphase (A). Mitochondrial fission is promoted by the Drp1 (B).
Biogenesis of mitochondria requires fusion and promotes cell growth and metabolism
(C).Mitochondrial fission depolarizes mitochondria leading to mitophagy by lysosome
fusion followed by degradation (D). Apoptosis is promoted by Bcl-2 family proteins.
Apoptosis requires mitochondrial fission for Cytochrome C release (E). Schematic adapted

from (Boland et al., 2013).
1.1.2.2 Mitochondrial morphology and metabolism are interrelated.

There is a close connection between mitochondrial shape and their function. Mitochondrial
shape is regulated in cells based on energy requirements, cell type and resources (Kuznetsov
et al., 2009). Early embryos (Motta et al., 2000; Sathananthan and Trounson, 2000) and
stem cells (Chen et al., 2012) contain small, dispersed mitochondria. Differentiated cells,
such as muscles (Skulachev, 2001), rat cardiomyocytes (Ong and Hausenloy, 2010),
pancreatic cells (Kuznetsov et al., 2010), Drosophila oocyte main body follicle cells (Mitra et
al., 2012) contain an intercalated mitochondrial network. These interconnected
mitochondrial networks are said to be electrically coupled, have efficient regulation
membrane potential to provide for high energy requirements. Mitochondrial structures are
regulated based on cellular states. Growth phase yeast cells which depend on aerobic
respiration have elaborate mitochondria (Egner et al., 2002; Hoffmann and Avers, 1973). A
shift to glycolytic, fermentation state resolves the mitochondrial network (Jakobs et al.,
2003). Comparably, mitochondria in G1-S phase of mammalian cells are more reticular
compared to M phase, where they fragment to ensure proper distribution between
daughter cells (Mitra et al., 2009). Mitochondria hyperfuse and produce more ATP upon
presentation of stress stimuli to the cells (Tondera et al., 2009). Mitochondrial hyperfusion
may be necessary to protect cells from degeneration (Chen et al., 2007). Mitochondrial
fusion by inhibition of fission protein Drp1 during starvation stress via mTOR signalling is

also proposed to have similar protective role (Gomez et al., 2011; Rambold et al., 2011).

Mitochondrial inner membrane houses the ETC complexes and maintenance of cristae

structure with the help of inner membrane fusion protein Opal essential for ETC



supercomplex assembly and function (Cogliati et al., 2013; SchaEgger and Pfeiffer, 2000). A
number of studies associate increased mitochondrial fusion with OXPHOS activity elevation
(Chan, 2006), membrane potential (Chen et al., 2003; Tomer et al., 2018) and reduction in
ROS. On the other hand, smaller mitochondria are associated with minimal ATP production
(Chen and Chan, 2005; Westermann, 2012). Mitochondrial fusion ensures maintenance of
mtDNA. Depletion of mitochondrial fusion proteins in yeast, neurons and mouse skeletal
muscles led to mutations and loss of mtDNA (Chen et al., 2010, 2007; Jones and Fangman,
1992; Merz and Westermann, 2009). mtDNA is required for synthesis of ETC components .
The loss of mtDNA in the fusion mutants leads to further reduction in the mitochondrial
metabolic output. Increased fission shortens yeast life span (Scheckhuber et al., 2011).
Conversely, mitochondrial fission is aids removal of damaged mitochondria and maintains
healthy, productive mitochondria in the system (Twig et al., 2008). Loss of fission increased
life span of the yeast (Scheckhuber et al., 2006). Increased fusion also extended the lifespan

of C. elegans (Chaudhari and Kipreos, 2017).

Mitochondrial morphology is regulated based on cellular resources, ATP levels and ETC
activity. Inhibition of ETC by dissipation of the membrane potential leads to mitochondrial
fragmentation in yeast and mammalian cells (Ishihara et al., 2003; Legros and Lombes,
2002; Meeusen et al., 2004). Uncouplers cause Opal cleavage and calcium mediated
activation of Drp1 to cause mitochondrial fission (Cereghetti et al., 2008; Cribbs and Strack,
2007). Decrease in the ATP concentration activate AMP-Kinase (AMPK) pathway that leads

to increased mitochondrial fragmentation followed by cell death (Toyama et al., 2016).
1.1.3 Microtubules regulate mitochondrial transport

Mitochondrial transport has been extensively analysed in neuronal cells and is essential
acquiring mitochondria from the cell body (Saxton and Hollenbeck, 2012). Mitochondria are
transported bi-directionally on microtubules on Dynein and Kinesin motors (Saxton and
Hollenbeck, 2005) (Fig. 1.5). Kinesin-1 motors primarily carry mitochondria in the
anterograde direction, or to the microtubule plus ends, whereas Dynein carries them in the
opposite direction. The transport is facilitated by binding and activation of microtubule
motor with adapters such as Dynactin and Milton (Koutsopoulos et al., 2010; Martin et al.,

1999; Steffen et al., 1997). Mitochondrial Rho-like GTPases (Mirol and Miro2) facilitate
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mitochondrial binding to microtubule motor adapters and are responsible for carrying
mitochondria to either plus or minus ends of microtubule motors (Lépez-Doménech et al.,
2018; Saotome et al., 2008). Neurotransmitter mediated Ca*? signalling can initiate
mitochondrial transport in axons (Mironov, 2006; Rintoul and Reynolds, 2010; Saotome et
al., 2008). Studies from Drosophila demonstrate that Miro (Fransson et al., 2006a) and
Milton (Glater et al., 2006; Gérska-Andrzejak et al., 2003; Stowers et al., 2002) act as Ca*?
sensors and form a complex with Kinesin-1 which mediates mitochondrial transport (Glater
et al., 2006; Wang and Schwarz, 2009). Milton based mitochondrial transport is essential for

mitochondrial inheritance in Drosophila (Cox and Spradling, 2006).

Figure 1.5. Mitochondrial transport of microtubules. Microtubule (royal blue) motors
Kinesin-1 (yellow) and Dynein (green) carry mitochondria in anterograde and retrograde
direction respectively. They bind to mitochondria by interacting with mitochondrion

specific adapters: Milton (orange) and Miro (blue). Reproduced from (Schwarz, 2013).

Reduction in ATP levels or hypoxia at the axons stimulates mitochondrial transport by AMPK
and HIF-1a signalling respectively (Li et al., 2009; Tao et al., 2014). A selective population of

mitochondria with higher membrane potential are transported in the anterograde direction

(Amiri and Hollenbeck, 2008; Miller and Sheetz, 2004). Mitochondria with lower membrane

potential are carried to the neuronal cell bodies (Miller and Sheetz, 2004). Depolymerization
of mitochondria using ETC inhibitors halts their transport in either direction (Baqri et al.,

2009).
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Defects in mitochondrial fission and fusion render them immobile in neurons (Chen et al.,
2003; Li et al., 2004; Verstreken et al., 2005). Additionally, Miro and Milton over-expression
can induce mitochondria fusion affecting mitochondrial transport (Fransson et al., 2006b;
Koutsopoulos et al., 2010; Saotome et al., 2008). Lack of mitochondrial transport results in
severe consequent neurodegenerative disorders including Parkinson’s, Alzheimer’s, ALS,
Charcot-Marrie-Tooth type 2A and Schizophrenia (Lovas and Wang, 2013). Thus, it is
essential to examine the mitochondrial transport dynamics in a developmental system to

track down the mechanism leading to disorders.
1.1.4 Mitochondria are involved in signalling

Mitochondrial regulation of signalling pathways is an emerging field of research. The
signalling pathways are more or less conserved across species. Role of mitochondrial shape
and metabolism in the regulation of cell death, cell growth and differentiation and cell cycle

has been explored in the field.
1.1.4.1 Mitochondria are key components of apoptosis

The earliest discovered signalling cascade to interact with mitochondria was apoptosis
machinery (Liu et al., 1996). Apoptosis cues lead to Drp1 dependent mitochondrial
fragmentation (Karbowski et al., 2002). Mitochondrial fragmentation is essential for release
of cytochrome C to the cytoplasm and activation of the downstream caspase cascade
(Estaquier and Arnoult, 2007; Frank et al., 2001). Also, inhibition of Drp1 leads to delayed
apoptotic signalling (Frank et al., 2001). Release of Opal and breakdown of cristae structure
by mitochondrial membrane permeability transition is also required from Cytochrome C
release (Zhang et al., 2008a) and downregulation of Opal, leading to mitochondrial
fragmentation leads to spontaneous apoptosis. Bax protein, a regulator of caspase cascade
(Youle and Strasser, 2008), localizes onto mitochondria on apoptotic stimuli (Dewson and
Kluck, 2009) and triggers cytochrome C release (Kluck and Newmeyer, 2013; Walensky and
Gavathiotis, 2011). The apoptotic signals localize more on the ER associated mitochondria
(Csordas et al., 2006). This association increases upon Ca*? exchange between the two
organelles (Weaver et al., 2004). Pro-apoptotic proteins like Bax and Bak increase the Ca*?
dependent mitochondria (Oakes et al., 2005) and ER interaction where as anti-apoptotic Bcl-

2 and Bcl-XL release Ca*?(Chen and Dickman, 2004; Pinton et al., 2000; White et al., 2005).
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1.1.4.2 Mitochondria regulate cellular growth and differentiation

Activation of epidermal growth factor (EGFR) triggers cellular growth and is correlated with
cancer progression (Sharma et al., 2007). EGFR localizes to the mitochondrial outer
membrane (Boerner et al., 2004; Che et al., 2015; Demory et al., 2009; Zhang et al., 2005)
and regulates mitochondrial dynamics (Che et al., 2015; Mitra et al., 2012). EGFR causes
Drpl dependent mitochondrial fragmentation in Drosophila follicle cells and activates Notch
pathway (Mitra et al., 2012) through regulation of mitochondrial membrane potential
(Tomer et al., 2018). Likewise, dominant negative mutation of ERK, a downstream kinase in
EGFR pathway, led to depletion of membrane potential and ATP levels in human alveolar
macrophages (Monick et al., 2008) and ATP synthase depletion in astrocytes (Yung et al.,
2004). Notch pathway increases mitochondrial fusion by prevention of mitochondrial
fragmentation by Akt pathway (Perumalsamy et al., 2010). Mitochondrial fusion increases
with Yorkie activation, leading to cell proliferation in Drosophila pupal eye discs and
mammalian cell (Nagaraj et al., 2012; Ohsawa et al., 2012). On the other hand,
mitochondrial fission increases cell proliferation in hepatocellular carcinomas in p53

dependent manner (Zhan et al., 2016).

Mitochondrial morphology is also regulated temporally during cell cycle. Mitochondrial
hyperfusion during G1-S phase of cell cycle regulates energy output and is required for

maintenance of cyclin E during the S phase (Mitra et al., 2009; Parker et al., 2015). Drp1
mediated mitochondrial fragmentation is essential for mitochondrial segregation in

daughter cells (Mitra et al., 2009).

In summary, mitochondria interact with major cellular growth and differentiation pathways

and the mechanisms of these interactions are yet to be uncovered.
1.1.4.3 Mitochondrial activity and ROS based signalling

Maintaining energy homeostasis is essential for cellular survival. AMP-activated protein

kinase (AMPK) is activated by liver kinase B1 (LKB1) when the AMP:ATP or ADP:ATP ratios
increase in the cells and inhibits cellular activities high energy requirements (Hardie et al.,
2006). Other modes of mitochondrial dysfunction include signalling by mitochondrial ETC

intermediates (Bohovych and Khalimonchuk, 2016). Depletion of mitochondrial activity by

13



reducing ETC Complex | and IV leads to cell cycle arrest followed by cell death (Owusu-Ansah
and Banerjee, 2009). Also, mitochondrial membrane potential is necessary for proliferation
(Martinez-Reyes et al., 2016). Reduction in cellular division potential by inhibition of
mitochondrial ETC components is applied in usage of various anti-cancer drugs (Han et al.,

2008; Wheaton et al., 2014).

Conversely, reduction in ETC components leads to increased lifespan in Drosophila and C.
elegans (Copeland et al., 2009; Feng et al., 2001; Lee et al., 2002; Rea et al., 2007).
Decreased mitochondrial activity converts metabolism of ESCs to glycolysis and activates

pluripotency genes (Mandal et al., 2011).

Mitochondria ROS is generated as a by-product of activity of mainly Complex | and Il of the
ETC and serves as an important signalling molecule. Presence of ROS or oxidative stress is
sensed by p38 kinase (p38K) that activates Mef transcription factor that upregulates
manganese superoxide dismutase (MnSOD or SOD2) (Vrailas-Mortimer et al., 2011) for ROS
guenching. During hypoxic (low oxygen concentration) conditions ROS is essential for
localization of hypoxia induced factor a (HIF-a) (Chandel et al., 1998) to activate
transcription to reduce cellular oxygen usage and energy consumption (Weidemann et al.,
2008). Additionally it also induces endocytosis of sodium-potassium ion pumps to stop
further energy utilization by activating AMPK signalling (Gusarova et al., 2011). Activation of
ROS signals cellular senescence program via Akt pathway (Nogueira et al., 2008) which
inhibits ROS scavenging to further increase ROS levels. ROS scavenging is regulated by
forkhead box O (FOXQ) transcription factors by activating mitochondrial superoxide
dismutase (SOD2) and catalase (Kops et al., 2002; Nemoto and Finkel, 2002). Knockdown of
FOXO leads to terminal differentiation of hematopoietic stem cells (Tothova et al., 2007).
SOD2 is also one of the key interactors in (nuclear factor kappa-light-chain of activated B
cells) NF-kB pathway in immunity. Activation of T cell receptor leads to Drp1 dependent
mitochondrial fragmentation (Roth et al., 2014), decrease in Opal levels (Laforge et al.,
2016) and increase in the ROS levels (Chandel et al., 2001). ROS also inactivates pro-

apoptotic c-Jun N-terminal kinase (JNK) to promote T-cell proliferation (Kamata et al., 2005).

ROS can also chemically alter protein activity by oxidizing disulphide linkages (Yang et al.,

2007). Thus phosphatase enzymes that contain cysteines are a target for ROS induced
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modification (Brandes et al., 2009). Protein tyrosine phosphatase 1B, phosphatase and
tensin homolog (PTEN) and MAPK family proteins have been demonstrated to be regulated
by ROS (Kamata et al., 2005; Kwon et al., 2004; Levinthal and DeFranco, 2005). Modulation
of Myosin Il based contractility by ROS levels was demonstrated in Drosophila embryo
dorsal closure (Muliyil and Narasimha, 2014). Therefore, protein modification by ROS also
appears relevant in the context of other Myosin Il related kinase cascade during embryonic

development.
1.2 Mitochondria in metazoan embryogenesis
1.2.1: Mitochondria are maternally inherited

Mitochondria contain their own DNA (mtDNA) which is responsible for synthesis of most of
the ETC component proteins (Breton et al., 2014). Mitochondria containing the mtDNA are
maternally inherited in most metazoan embryos. Mitochondria along with other organelles
such as Golgi Complex and ER aggregate form a cloud like structure or fusome (Warren and
Wickner, 1996; Wilsch-Brauninger et al., 1997) in oocytes of many species such as mouse,
human, beetle, Xenopus, Zebrafish, chick and Drosophila (Dumollard et al., 2006; Hertig,
2018; Pepling and Spradling, 2001; Ukeshima and Fujimoto, 2018; Wilding et al., 20013;
Zhang et al., 2008b). This specialized structure is called Balbiani body and is inherited in the
embryo. In Drosophila oogenesis mitochondria and other organelles are transported from
the nurse cells to the oocyte through ring canals in the form of Balbiani body (Cox and
Spradling, 2003; Wilsch-Brauninger et al., 1997). Microtubule motor Kinesin along with
adapter Milton are responsible for this anterior to posterior transport (Cox and Spradling,
2006). Formation of Balbiani body aggregates is aided by microtubule Dynein-Dynactin

complex and around centrioles. (Cox and Spradling, 2003).

It appears that only a selective population of mitochondria cluster together to form Balbiani
body. Mitochondria activity, in terms of mitochondrial potential, read using potentiometric
dyes like JC1 and Mitotracker, is clearly higher in the Balbiani body mitochondria in Xenopus
(Wilding et al., 2001a), Zebrafish (Zhang et al., 2008b), Drosophila (Akiyama and Okada,
1992), Mouse (Van Blerkom et al., 2003) and Human(Van Blerkom, 2011) oocytes. The
mitochondria with higher potential are segregated during mouse oocyte division during

polar body extrusion (Dalton et al., 2013). Balbiani body consists of maternal RNAs, mostly
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essential for germ plasm (Hurd et al., 2016; Kloc and Etkin, 1995; Kloc et al., 1996;
Mahowald, 2001). Inheritance of high membrane potential containing mitochondria

(Akiyama and Okada, 1992) in Drosophila germ cells depends on oskar (Hurd et al., 2016).

Additionally there is a significant increase in the mtDNA copy number in Balbiani body
mitochondria in various species like Drosophila (Hurd et al., 2016), human (Reynier et al.,
2001), mouse (Wai et al., 2010) and Xenopus (Callen et al., 1980) during oocyte maturation.
A threshold number of mtDNA is required from embryonic survival (Cotterill et al., 2013;
Reynier et al., 2001; Wai et al., 2010). A strong selection seems also seems to work against
mitochondria containing severe mtDNA mutations (Fan et al., 2008; Hill et al., 2014; Stewart
et al., 2008). mtDNA replication and mitochondrial biogenesis works in the favour of healthy
mitochondria, thereby gradually removing the severe mtDNA in Drosophila ovaries (Hill
2014). Mutations in mtDNA are a cause of many known inherited diseases in humans
(Stewart and Chinnery, 2015). Accumulation of these mutations correlates with aging and

lack of fertility (May-Panloup et al., 2016).

1.2.2: Mitochondrial shape and distribution in embryogenesis

The mitochondrial distribution shown using mitochondrial GFP showed perinuclear
localization of mitochondria in mouse embryos (Nagai et al., 2008). Similar mitochondrial
pattern was also observed using mitochondrial auto-fluorescence, TMRE staining and JC1
staining (Acton et al., 2004; Dumollard et al., 2004, 2007). Mitochondria also distribute in
the perinuclear space in human (Acton et al., 2004; Van Blerkom et al., 2000; Motta et al.,
2000; Sathananthan and Trounson, 2000; Wilding et al., 2001b), hamster (Squirrell et al.,
1999), primate (Squirrell et al., 2003), porcine (Katayama et al., 2006) blastocyst stage
embryos. These mitochondria are small in size and consist of relatively less developed
cristae (Akiyama and Okada, 1992; Romek et al., 2011; Sathananthan and Trounson, 2000).
Thus, mitochondrial localization scheme in mammalian embryos is almost similar to one

another.

Sperm triggered calcium waves at fertilization reorganize cytoplasm and mitochondria of
Xenopus and ascidian oocytes (Dumollard et al., 2006; Roegiers et al., 1995; Savage and
Danilchik, 1993) thereby establishing an animal-vegetal pole asymmetry (Roegiers et al.,

1995). Mitochondrial density is higher at the oral axis in sea urchin embryos and therefore
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has more redox activity compared to the arboral axis (Coffman et al., 2004) (Coffman 2004)
and possibly interacts with nodal signalling pathway (Coffman et al., 2014). Aggregation of
mitochondria at the prospective dorsal marginal zone was seen using mtir-RNA in

embryogenesis of Xenopus (Yost et al., 1995).

Studies in mouse embryogenesis shows maintenance of mitochondrial morphology and
function is essential for embryonic survival. Mice with Drp1, Mfn1, Mfn2 or Opal are
defective in development, and die during gestation (Chen et al., 2000; Ishihara et al., 2009;
Moore et al., 2010; Wakabayashi et al., 2009).

Studies in the mammalian systems so far have limited mitochondrial characterization
presented in the early blastoderm stages. Although mitochondrial functions have been
characterized slightly better in sea urchin embryos, a systematic analysis of the alterations
in mitochondrial distribution has not been studied. Examining interactions of mitochondria

with cytoskeleton will possibly shed light at these questions.
1.2.3: Regulation of mitochondrial metabolism in embryogenesis

A number of studies characterize the mitochondrial activity in oocytes and early embryos
using a variety of ways that include using membrane potential dyes, analysis of cristae
structure and metabolic profiling. Mitochondria are usually nascent and inactive in the
oocytes and contain low amounts of ETC complexes. Mature Drosophila and Xenopus
oocytes depend on glycolysis for their energy demands. This is regulated by decreased
insulin signalling and activation of glycogen synthase kinase 3 (GSK3) signalling (Sieber et al.,
2016) leading to glycogen accumulation. Similarly, mitochondria | activity is low in
amphibian, fish, mouse and human oocytes (Van Blerkom, 2011; Dumollard et al., 2007;
Pepling et al., 2007; Trimarchi et al., 2000; Wallace and Selman, 2018). Mitochondrial
activity is triggered by sperm induced Ca*? waves during fertilization in starfish, ascidian and
mouse eggs (Campbell and Swann, 2006; Dumollard et al., 2003; Schomer and Epel, 1998).
Kreb’s cycle is initiated upon sperm entry into the oocyte (Dumollard et al., 2004; Roegiers
et al., 1995). The ionic flux that occurs during fertilization regulates cortical granule
exocytosis in mice (Blerkom and Davis, 2007). Successful implantation of human embryos
requires a critical amount of ATP present in unfertilized stage. Embryos with dysfunctional

ETC do not survive (Van Blerkom et al., 1995). This is consistent with findings suggesting the
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cause of fertilization competence decrease in oocytes from older females is due to reduced
mitochondrial activity (Wilding et al., 2001b). Mitochondria are inactive in the cultured
embryonic stem cells (ESCs) and oxidative phosphorylation is initiated as a result of
activation and remodelling of mitochondrial structure (Suhr et al., 2010). This is thought to
protect mitochondria from ROS produced during oxidative phosphorylation. Optimum
oxygen consumption is essential for embryonic survival (Ottosen et al., 2007). The oxygen
consumption rate increases to 2 fold in mouse blastocyst stage embryos. At the same time
primitive cristae found in oocytes (Stern et al., 1971) become more elaborate (Van Blerkom,
2004). These embryos have increased pyruvate consumption (Leese and Barton, 1984).
Pyruvate based metabolism was later demonstrated using auto-fluorescence based imaging
of reduced pyridine nucleotides (NADH and NADPH) and oxidized flavoproteins (FAD**) in
mouse embryos (Dumollard et al., 2007). Mitochondrial membrane potential also increases
in the blastocyst stages of mouse and human embryos (Acton et al., 2004). Metabolism of
Drosophila embryos was studied by analysing concentrations of metabolic substrates using
mass spectrometry during development. Glycolysis substrates like Glucose-6-phosphate,
pyruvate and lactate levels do not significantly change during embryogenesis (Tennessen et
al., 2014). 0-4 hrs old, blastoderm staged Drosophila embryos largely use amino acids as
metabolic substrates. Levels of amino acids Glutamate and Aspartate dramatically declined
during this period (Thuy An et al., 2014). Additionally, amino acid Proline was identified as a
metabolic substrate in the early Drosophila embryos (Tennessen et al., 2014). Amino acids
are substrates of metabolism through ETC and thus these studies also indicate that

mitochondrial ETC is active in early Drosophila embryos.

Mitochondrial activity reported using various potential based dyes is not uniform in the
embryos. Highly polarized mitochondria are located in subcortical regions of mouse and
human pre-implantation embryos using mitochondrial potential dye JC1 (Van Blerkom et al.,
2002, 2003; Nagaraj et al., 2016; Wilding et al., 2001a). Other studies using Mitotracker or
TMRE dye do not report such a distinction between mitochondrial activity (Dumollard et al.,
2004; Newhall et al., 2006; Nishi et al., 2003). Differences in mitochondrial activity across
embryonic axes has been described in sea urchin embryos. Experiments involving exposure
of sand dollar embryos to respiratory inhibitor suggested asymmetry in redox activities in

the oral-arboral axis. Asymmetric distribution of mitochondria in sea urchin embryos is
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responsible for redox and ROS differences (Coffman, 2009; Coffman et al., 2004). It has been
shown recently that hypoxia inducing factor a (HIFa) may regulate transcription on the
dorsal side of sea urchin embryos and may aid the functioning of axis determination
pathways (Chang et al., 2017). A dorso-ventral gradient of mitochondrial membrane
potential was observed in Drosophila embryo using a fluorescent dye JC1 (Schiffmann, 1997)
suggesting a possible development coupled regulation. Proteomic analysis of Drosophila
embryos indicated reduced amount of Transferrinl and transferrin 2 light chain homologs
are reduced in ventralized embryos compared to lateralized embryos suggesting metabolic

differences between ventral and lateral cells (Gong et al., 2004).

Mitochondria can most likely regulate morphogenesis via signalling through molecules like
ATP, ROS, TCA cycle intermediates or through calcium buffering. Actomysin assembly and
disassembly that lies at the core of shaping the cells requires high amount of energy,
derived from mitochondrial ATP. Neurons with inactive mitochondria fail to elongate (Chen
and Chan, 2009, Miller and Sheetz, 2004). Mitochondrial biogenesis promotes axonal
growth in an AMPK dependent manner (Varrmann et al., 2016). pAMPK signalling can
regulate actin dynamics to regulate cellular architecture (Cook et al., 2014). ROS at the same
time can activate Myosin |l through the RhoGEF2 kinase cascade and lead to cell contraction
that causes shape change (Brandes et al., 2009, Muliyil and Narasimha, 2014). It is possible
that mitochondrial localization, as discussed in relation with embryonic systems above, can
help in local delivery of necessary signalling molecule. Mitochondrial calcium buffering with
the ER is necessary for regulation of actin dynamics and polarity to help cell migration

(Prudent et al., 2016).

Mitochondrial outer membrane has been predicted to serve as a platform of protein
interactions. PKAs (Harada et al., 1999), innate immunity regulators (West et al., 2011, Zhou
et al., 2011), cyclin E (Parker et al., 2015) have been shown to latch on to mitochondrial
outer membrane. Essential signalling pathways such as EGFR (Mitra et al., 2012), Hippo-
Yorkie (Nagaraj et al., 2012), Notch (Perumalsamy et al., 2010) and Fog (Ratnaparkhi, 2013)
have been demonstrated to impact mitochondrial shape and activity, leading change
mitochondrial metabolic properties and localization, thereby regulating downstream

morphogenesis. TCA intermediates can act as transcription factors (Nagaraj et al., 2016).
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Although different studies indicate mitochondrial involvement in the regulation of
embryonic development, a link between mitochondrial function and signalling during
development is not understood. | decided to address some of the pertaining questions in

the field using Drosophila embryo as model system.

1.3 Model System: Drosophila embryo for studying role of mitochondrial morphology and

function in embryogenesis

The patterning blueprint to define the embryonic axes is maternally laid in the Drosophila
embryo. Apart from patterning cues, organelles like mitochondria, ER and Golgi complex are
maternally inherited. Drosophila embryos are dynamic, develop faster compared to other
embryonic systems and are also amiable to fluorescence imaging based on transgenic tags

(Mavrakis et al., 2008).

In a fertilized Drosophila embryo the first 13 nuclear division cycles (NC) occur
synchronously. After fertilization, the initial 9 nuclear division cycles (NC) occur deep inside
the embryo, where nuclei are embedded in the cytoplasm. This stage is known as
preblastoderm. During the NC 9, nuclei start migrating to the periphery of the embryo and
are present at the cortex as NC 10 starts. Following 4 rapid divisions, NC10 - NC13 occur at
the cortex. At this stage, the nuclei are covered partially with the plasma membrane at their
apical side, which faces the cortex and the cells undergo partial cleavage (Karr and Alberts,
1986a). This stage is known as syncytial blastoderm, since nuclei are not completely
enclosed with a membrane. Despite being a syncytial system, organelles like ER and Golgi
complexes localize within a refined boundary around each nucleus (Frescas et al., 2006).
Plasma membrane proteins thus delivered by the Golgi complexes to the membrane are not
shared between the membranes of adjacent nuclei (Mavrakis et al., 2009). The system is
therefore “compartmentalized” and each nuclear-cytoplasmic region which we call a

I”

“syncytial cell”. The only complete cells present during this stage are germ cells or pole cells
present at the posterior side of the embryo (Akiyama and Okada, 1992a). During NC 14
interphase, the plasma membrane starts to ingress deeper towards the basal side and
encloses the nuclei, eventually forming first true epithelial cells in the embryo forming
cellular blastoderm in process known as cellularization (Lecuit and Wieschaus, 2000;

Mazumdar and Mazumdar, 2002). Cellularization consists of 2 distinct phases of membrane
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ingression, early slow phase and the late fast phase (Figard et al., 2013; He et al., 2016;
Lecuit and Wieschaus, 2000). The membrane invagination during cellularization is assisted
by acto-myosin assembly at the growing furrow tips (He et al., 2016; Schejter and
Wieschaus, 1993; Warn and Robert-Nicoud, 1990; Young et al., 1991). In the early
cellularization, acto-myosin assembly progressively localizes onto hexagonal furrow tips and
membrane constrict to a circular shape in myosin dependent manner. The ring thus formed
constricts with the help of actin cross linkers and eventually myosin falls off (Barmchi et al.,
2005; He et al., 2016; Xue and Sokac, 2016; Young et al., 1991). Gastrulation begins right
after the completion of cellularization and forms cephalic and ventral furrows. During
ventral furrow formation, a set of cells at the ventral mesoderm acquire apical myosin
activity that results in their apical constriction followed by invagination (Martin et al., 2009;
Vasquez et al., 2014). Toll signalling mediates nuclear localization of transcription factor
Dorsal creating a gradient of signalling at the ventral axis of Drosophila embryo (Morisato,
2001). Dorsal further activates twist, snail and fog genes which are required for initiation
and stabilization of Myosin Il activity at the apical regions of the ventral mesoderm cells
(Dawes-Hoang, 2005; Leptin, 1991; Leptin and Grunewald, 1990). NC 14 division later takes

place asynchronously in different regions of the embryo.
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Figure 1.6: Drosophila embryogenesis as a model system to study mitochondria. Post
fertilization, nuclei divide deep inside the embryo from NC1 - 9 (A). Nuclei migrate
cortically at NC10 and undergo synchronous divisions till NC 13 (B). Plasma membrane is
covers the nuclei apically as seen in zoomed in sagittal schematics. Grazing section
through membrane tips (dashed black line) shows hexagonal arrangement of cells (B).
Pole cells (yellow) are the only complete cells at this stage (B). Membranes ingress to
enclose the nuclei completely during cellularization at NC 14 (C). The morphology at the
basal sections (grazing sections from sagittal indicated by black dotted lines) changes
from hexagonal to circular as the membrane constricts (C). Cells at the ventral region

constrict and invaginate during gastrulation (D).

1.4 Objectives of the project

The role of mitochondria during embryogenesis has been largely addressed using complex
mammalian systems that develop in ovo. Hints from literature, as mentioned above suggest
regulation of mitochondrial shape, metabolism and localization during embryonic
development and patterning. However, a systematic and descriptive analysis of whether
mitochondria can regulate signalling in the embryos has not been critically analysed which

motivated me to ask the following question:

Is mitochondrial morphology, dynamics and function regulated in a systematic manner

during organism development and does it influence patterning?

| used Drosophila embryogenesis as the model system to address the above mentioned

question. It is divided in following aims for this thesis

1.4.1 Characterization of mitochondrial morphology, localization and function in the early

Drosophila embryo

1.4.2 Analysis of cytoskeletal regulation of mitochondrial distribution and transport in the

embryo.

1.4.3 Investigation of mitochondrial morphology mutations and their impact on the

Drosophila early development
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1.4.4 Studying interactions of mitochondria with embryonic patterning pathways.

Using the Drosophila embryo as the model system | first characterized mitochondrial
localization and shape using transgenic GFP tag. Based on results obtained, we identified
their interaction with microtubules and proposed a regulation of mitochondrial distribution

and activity based on the axis specification signalling.
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Chapter 2
Methods and Materials

2.1 Drosophila stocks and genetics

All fly stocks were raised on standard cornmeal agar at 25°C. All RNAi lines, transgenic
mutants and transgenic fluorescently tagged lines were expressed using maternally
expressed nanos-Gal4 or mat-Gal4 (Fig 2.1). Genomic deletion mutants of mitochondrial
fission protein Drp1, drp1¥®and drp1™™ were used in combination with RNA polymerase II
140 wimp mutant allele (wimp) and also with each other to generate heteroallelic
combination. Embryos were obtained from F1 flies containing desired genetic combination
to acquire maternally derived phenotype in the early embryos. Gal4 driver, RNAi or
transgene combinations used are described in respective chapters. Following is a list of the

fly stocks used.

Fly stock Source (Reference)
Gal4 lines

nanos-Gal4 BDRC 4937
mat-Gal4 Girish Ratnaparkhi
RNAi stocks

khci BDRC 35770

dhci BDRC 36583

miro' BDRC 43973

cova' BDRC 27548

pdsw! BDRC 29592

25



drp1' (Valium 20) VDRC

drpll BDRC 51483

marf (Valium 1) BDRC 31157

marf (Valium 20) BDRC 55189

marf (MG) Ming Guo Lab

opal (Valium 20) BDRC 32358

opal’ (MG) Ming Guo Lab

rhogef2' BDRC 34643

mbs' BDRC 41625

fog' Anuradha Ratnaparkhi (Ratnaparkhi and

Zinn, 2007)

Genomic mutants

drp1e (Mitra et al., 2012; Rikhy et al., 2007)
drp1n (Mitra et al., 2012; Rikhy et al., 2007)
wimp BDRC 5874

Mutant/ WT overexpression stocks

UASp-drp1°¢

Generated in the lab by Darshika Tomer

UASp-drp1°P

Generated in the lab by Darshika Tomer

UASp-drp1

Generated in the lab by Darshika Tomer

UASp-hSOD1”%Y

BDRC 33607
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UASp_thA20A21

BDRC 64114

dI*,UASp-dMT

Girish Ratnaparkhi

Tagged transgenic lines

UASp-Mito-GFP

Rachel Cox lab (Cox and Spradling, 2003)

UASp-mito-PAGFP

Generated in the lab

UAS-Tub-mCherry

Krishanu Ray lab

UAS-Marf-GFP

Sgh-mCherry

BDRC 59024

Sqh-GFP

BDRC 57145

Recombinant and double balancer stocks

nanos-Gal4::UASp-Mito-GFP

Generated by recombining nanos-Gal4 and

UASp-Mito-GFP

nanos-Gal4::UASp-Mito-GFP::Sqgh-mCherry

Generated by recombining nanos-

Gal4:UASp-Mito-GFP and Sgh-mCherry

UASp-drp1°¢; opali

Generated in the lab

Table 2.1 2. List of Drosophila stocks used
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Figure 2.1: Knockdown of genes in the embryos using maternally expressed Gal4. Gal4
is expressed in the oocytes leading to production of UAS-shRNA that binds to and
depletes maternally expressing target transcripts in the oocyte itself (A). Zygotic
transcripts are depleted by maternally expressed UAS-shRNA dumped in the embryos (B).
Adapted from (Staller et al., 2013)

2.2 Embryonic lethality estimation

3 hr old embryos were collected from cages containing yeast supplemented 3% sucrose agar
plates. The embryos were aligned in 10 x 10 array (or a smaller one based on number of
embryos obtained) on fresh 3% sucrose agar plates and incubated at the same temperature
as the cross they were obtained from. The number of unhatched embryos was counted after

24 and 48 hrs of incubation and represented as a percentage.
2.3 Immunostaining

F1 flies of desired genotype were added to embryo collection cages containing yeast paste
supplemented, 3% sucrose-agar plates. 3 hr old or 3.5 - 4hr old embryos were obtained for
syncytial or cellularization-gastrulation stages respectively. Embryos were then washed,

dechorionated with bleach for 1 min, fixed using 1:1 heptane and 4% paraformaldehyde
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(PFA) in phosphate buffered saline (PBS -, 137 mM NaCl, 2.7 mM KCI, 10 mM NazHPO4 and

1.8 mM KH2POa4) for 20 mins and devitellinized by shaking in 1:1 Heptate: Methanol or hand

devitellinized using insulin needles. Hand-devitellinization was used for staining with F-actin

label, phalloidin. 4% PFA was replaced by 8% PFA for Twist and dpErk immunostaining. The

embryos were then washed thrice with PBS-T (Triton X-100, 0.3%), blocked using 2% bovine

serum albumin (BSA) and incubated with primary antibodies diluted in BSA overnight at 4°C.

Fluorescently labelled secondary antibodies diluted in PBST (1:1000) were added after

washing excess primary antibody and incubated in dark conditions at room temperature for

45 mins, followed by 3 washes with PBST. Nuclear stain Hoechst 33342 (1:1000) was added

in the second wash. The embryos were mounted on slides using Slowfade Gold (Life

Technologies). The samples were imaged using Plan Apochromat 63x/1.4 NA, oil immersion

objective on confocal laser scanning microscope (Zeiss, LSM 710 or 780 or Leica sp8). Z

stacks with an interval of 1 um were imaged. High resolution images of mitochondria were

obtained using Light sheet, Zeiss LSM 800 microscope. The primary antibodies and

fluorescently tagged compound used are listed below.

Antibody/Probe Source Host Species (Ab) | Dilution | Catalogue
Number

pAMPK antibody Cell Signalling Rabbit 1:200 2535L
AMPK-alpha antibody | Abcam Mouse 1:200 ab80039
Drp1 Antibody Leo Pallanck Rabbit 1:500 NA
Dorsal antibody DSHB Mouse 1:500 7A4-C
Twist antibody Siegfried Roth, Rabbit 1:200 NA

Koln University,

Germany
dpErk Antibody Cell Signalling Mouse 1:200 9106S
Fluorescently tagged | Molecular Probes | NA 1:1000 S32354/
streptavidin S$11226
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Fluorescently tagged | Molecular Probes | NA 1:500 A12379/
phalloidin A12380

Hoechst 33342 Molecular Probes | NA 1:1000 H3570

Table 2.2 List of antibodies and fluorescent probes
2.4 Inhibitor treatment and dye staining

Mito-GFP embryos of desired stage (2.5 - 3 hr old) were dechorionated in 100% bleach and
incubated with drugs diluted using D-Limonene (Sigma): Heptane (1:1) (LH) at RT (Schulman
et al., 2013) for the time mentioned below. Embryos were then fixed and stained as
mentioned above (2.3). Drug concentrations and incubation time used were mentioned in
the table below (Table 2.3). 10 mM FCCP stock was prepared in ethanol and 5 mM
Rotenone, 10 mM Oligomycin and 5 mM 2-DG were made in DMSO. Treatment with an
equivalent volume of ethanol or DMSO for the same duration as of the drugs was used as

control.

To analyse changes in the membrane potential caused by the mitochondrial drugs, we used
mitochondria permeable dye Mitotracker CMXRos Red (CMXRos). Embryos were incubated
with 500 nM CMXRos from a stock of 1 mM was added to for 15 mins. CMXRos was
incubated along with FCCP and Rotenone during the treatment. Oligomycin treated
embryos and their controls were incubated with only CMXRos for additional 10 mins after
the 5 mins of drug treatment to maintain the total incubation period. Embryos were then
fixed and mounted on slides. Control and treatment samples were imaged at the same time

using identical imaging settings.

For estimation of ROS, embryos were stained using dihydroethidium (DHE). Embryos were
fixed using Heptane: 4%PFA, washed with PBS and incubated with 30nM DHE for 7 mins in

PBS. The embryos were then washed with PBST and mounted on slides.
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Reagent Source Incubation time Concentration Catalogue
Number

Drugs

FCCP Sigma Aldrich 15 mins 10 uM C2920-10 mg

Rotenone Sigma Aldrich 30 mins 5uM R8875-5g

Oligomycin | Sigma Aldrich 5 mins 10 uM 75351-5MG

2-DG Sigma Aldrich 15 mins 100uM D6134

Fluorescent dyes

Mitotracker | Invitrogen 15 mins 500 nM M7512

CMXRos

Red

DHE Invitrogen 7 mins 30 nM D11347

Table 2.3 List of inhibitors and fluorescent dyes
2.5 Live imaging

1.5 hr old nanosGal4-Mito-GFP embryos were collected from embryo collection cages.
Embryos were dechorionated using 100% bleach for 1 min and washed. Embryos were
mounted in 2 chambered cover glass dishes (LabTek, Germany) in PBS and imaged live at
25degC using 63x/1.4 NA objective on confocal laser scanning microscope (Zeiss LSM
710/780). 40 Z stacks with 1 um interval were recorded. For visualizing the dorso ventral
axis of embryos, they were placed in an end on fashion (Mavrakis et al., 2008; Witzberger et
al., 2008). Two chambered cover-glass dishes (LabTek, Germany) were incubated with 200
ul of Sigmacote (Sigma Aldrich) per well for 5 mins (or till it evaporated) and washed with
distilled water. The hydrophobicity of the cover-glass can be tested by adding a few drops of
water. The embryos were initially mounted in laid down orientation in PBS. Then they were

oriented with the posterior end towards the coverslip side using a small pointed brush.
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Embryos were then imaged using Zeiss LSM 710/780, 63x 1.4 NA objective with temperature

maintained at 25 °C.
2.6 Photobleaching

Photobleaching (Fluorescence recovery after photobleaching: FRAP) on Mito-GFP expressing
embryos was performed using 488 nm laser at 100% and 30 iterations at a selected region
of interest (ROI) of 4 um2 using 63x/1.4 NA oil immersion objective on confocal laser
scanning microscope (Zeiss LSM 780). For continuous photobleaching (Fluorescence loss in
photobleaching: FLIP) the ROl was bleached every 18 sec. The images were acquired using
488 nm laser at 2%. Fluorescent intensities in the ROl and a neighbouring reference region
were monitored and measured using Time Series Analyser Plugin in ImagelJ. Background
fluorescence intensity values were obtained from nuclear region for every photobleaching
experiment. Background subtracted mean fluorescence intensity values were normalized
using the pre-bleaching background subtracted intensity. The data were plotted using

Graphpad Prism 6.0
2.7 Photoactivation

Embryos expressing Mito-PAGFP were photoactivated at selected ROIs using 405 nm laser at
100% power and 30 iterations using 63x/1.4 NA objective on confocal laser scanning
microscope (Zeiss LSM 780). Images were obtained using 488 nm excitation wavelength.
ROIs were drawn covering either entire cell or half the cell in a grazing section through
nucleus in the syncytial embryos. Photoactivation in cellularizing embryos was performed in
a rectangular ROI (10 — 15 um?) at basal regions (below the nuclei) in sagittal sections. Mean
fluorescence intensities in photoactivated ROIs and reference ROls were measured using
Imagel. They were normalized with mean intensity of the photoactivated ROI at the first
time point. The averaged normalized intensity values for multiple embryos were plotted

with standard error of mean (SEM) using Graphpad Prism 6.0.

Photoactivation in gastrulation was performed by aligning embryos in end on orientation
(2.5). An ROl of 5 um was drawn in a ring shape at the basal regions at cellularization end
using 405 nm laser at 80% power, for 2 repeats using 63x/1.4 NA Plan apochromat objective

on Leica sp8 confocal microscope. Fluorescence was measured in apical regions of ventral
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cells and lateral cells using Imagel. A ratio of apical:basal intensity was plotted with time

using Graphpad Prism 6.0.
2.8 Western blotting

WT and mutant embryos aged 2.5 hrs were collected, dechorionated and homogenized
using 150 pl of lysis buffer (1%Triton-X 100, 50 mM Tris HCI; pH 8.0, 150 mM NaCl, Protease
Inhibitor Cocktail; PIC 1:50). The homogenate was sonicated for 50 sec with successive on
and off cycles of 5 seconds each and centrifuged at 14000 g at 4 °C for 10 mins. The
supernatant obtained was stored at -80 °C. Total protein concentration in the supernatent
was estimated using BCA kit (Thermo Fisher Scientific). The supernatant (15 pg protein) with
gel loading buffer was loaded in was loaded in 10% SDS gel wells and resolved at 90V.
Separated proteins were blotted onto activated PVDF membrane at 4 °C at 90V for 3 hrs
followed by 3 washes using TBST (20 mM Tris, 150 mM NacCl, 0.1% Tween 20). The blot was
blocked using 5% milk for 1hr at RT and incubated with primary antibodies overnight. After
3 washes with TBST, the blot was incubated with HRP conjugated secondary antibodies at
RT and developed using ECL prime blot detection reagent in ImageQuant™ LAS 4000. The

protein concentration was estimated based on densitometric analysis in ImageJ.
2.9 ATP estimation assay

ATP estimation was carried out from embryo extracts by using luciferase based ATP
determination Kit (Thermofischer scientific). 3 hr old embryos were collected and rinsed in
heptane twice for permeabilization and subsequently dried completely. Embryos were
manually crushed on ice using 1.5 ml microfuge tube pestle in homogenisation buffer (Tris
(100 mM) and EDTA (100 uM)) till a uniform extract was obtained. The extract was lysed by
boiling for 5 min and the supernatant was collected by spinning at 21000 g at 4 °C.
Supernatant was diluted (1:10) in dilution buffer (25 mM Tris, 100 uM EDTA) and again spun
at 21000 g at 4°C. After diluting appropriately, Luciferin and firefly luciferase in buffer
provided in the kit were added to the samples in 96 well white plates and ATP concentration
dependent luminescence was measured immediately on a Varioskan Spectrometer at 560
nm. In order to ascertain reproducibility, both experimental and control samples were
assayed at three different dilutions. Each dilution was loaded in triplicates and readings for

the entire plate were taken thrice. All measurements were normalized to total protein
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content of the embryos. Protein estimation was done using BCA kit (Thermofischer
scientific) against standard BSA concentrations. Each sample was loaded in three different
wells and emission for each well was measured thrice. All the experiments were repeated 3
times. The graph represents the percentage reduction corresponding to controls estimated
at the same time. Means were compared using one tailed Mann-Whitney test in Graphpad

prism 6.0.
2.10 Image analysis and quantification
2.10.1 Mitochondrial intensity in Z stacks

Mean mitochondrial fluorescence intensity was measured in Z stacks in live imaged Mito-
GFP containing syncytial and cellularizing embryos using Imagel. The mean intensity was
normalized to the highest intensity value in each set. Average of 3 normalized intensities

from 3 embryos was plotted with SEM using Graphpad Prism 6.0
2.10.2 Mitochondrial size and object number

Images obtained from either Mito-GFP containing or streptavidin tagged embryos were
intensity thresholded by subtracting 1.5 times the mean intensity value of single image
plane and mean intensity of projected images for Z stacks. Particles of size greater than 0.05
um?2were marked using particle analyser tool in Image). Mean particle size was obtained for
each embryo. To measure mitochondrial density, total area of threshold selected particles

was divided by image area. The data were plotted and analysed using Graphpad Prism 6.0.
2.10.3 Mean fluorescence intensity quantifications

Difference between the levels of antibody signals and dye concentration between control
and experiment embryos were estimated based on fluorescence intensity. The mean
intensities were measured using Imagel) and represented as a fold change with respect to

the control embryos. The data were plotted using Graphpad Prism 6.0.

To measure intensity of Sqh, total intensity of basal most section showing sharpest mCherry
signal and 2 stacks above and below it (total Z depth - 4 um) was measured using Image)
and background corrected. A section below the nuclei containing uniform cytoplasmic

mCherry signal in the first cellularization time point (membrane length - 3 um) was chosen
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to measure the background intensity (He et al., 2016). Mean for 3 embryos each with length

was plotted using Graphpad Prism 6.0
2.10.4 Membrane length measurements

Lines were drawn in the sagittal section images from apical region to the membrane tips

using the line tool in Imagel. The data were plotted using Graphpad Prism 6.0.
2.10.5 Measurement of actin ring area and circularity

Circularity and area of the contractile rings were measured at the basal most membrane
section from 5 contractile rings per embryo for fixed images or per time point for live
samples. The ring area was marked manually using polygon tool in Imagel. The membrane
length for live samples were obtained from orthogonal projections of the Z stacks and
sagittal section images for fixed samples. Circularity and area were plotted with membrane

length using Graphpad Prism 6.0
2.10.6 Mitochondria and Myosin fluorescence in gastrulation.

The mean fluorescence during gastrulation was measured by drawing ROls covering apical
and basal regions in ventral, ventral flanking and lateral region cells at selected timepoints in
the live end on movies. Ratios of apical:basal mean intensity was plotted with time using

Graphpad Prism 6.0.

The experimental details of the analysis are mentioned in the each chapter wherever

necessary.

35



Chapter 3

Mitochondrial morphology and dynamics in the syncytial Drosophila

embryo

3.1 Introduction

Mitochondria along with almost every other essential organelles like Golgi and Endoplasmic
reticulum (ER) are transferred from the oocyte to the embryo by cytoplasmic inheritance.
Mitochondrial transport towards the oocyte in Drosophila oogenesis occurs with the help of
microtubule motor Kinesin and its adapter Milton (Cox and Spradling, 2003, 2006; Wilsch-
Brauninger et al., 1997). Stem cells have small dispersed mitochondria that form more
filamentous structures as the cells specialize (Chen et al., 2012). Mitochondria have nascent
small globular structure in mammalian early blastoderm embryos and any imbalance in
mitochondrial morphology by knocking down fission or fusion proteins leads to
developmental arrest and embryonic lethality as shown by studies in the mammalian
systems (Chen et al., 2000; Ishihara et al., 2009; Moore et al., 2010; Wakabayashi et al.,
2009).

Reorganization of mitochondria and other cytoplasmic organelles is thought to occur due to
calcium waves at the time of sperm entry at the time of fertilization (Roegiers et al., 1995;
Savage and Danilchik, 1993). Mitochondria are localized around the nuclei in mammalian
embryos and show distinct regions of active and inactive mitochondria. Reorganization of
mitochondria and establishment of polarity occurs by calcium spikes during sperm entry in
ascidian eggs. Site of relocalization of mitochondria also marks the future gastrulation site
(Roegiers et al., 1995). This mitochondrial reorganization is essential for embryonic axis
specification (Coffman et al., 2004). In summary mitochondrial shape, localization and
function are seemingly essential for embryonic development but has not been explored in

great details.
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Drosophila embryogenesis begins with the nuclei dividing deep inside the embryo at
preblastoderm stage (Fig. 3.1 A). Nuclei arrive at the cortex at nuclear division cycle (NC) 10
also leading to global reorganization of cytoskeletal structures in the embryo. Plasma
membrane and actin assemble at NC10 and partially enclose the nuclei from the apical side
giving rise to syncytial blastoderm embryo (Fig. 3.1 B). Microtubules orient apicobasally with
centrioles present towards the apical side of every nucleus forming an inverted basket like
structure with microtubule polymerizing ends towards the basal side. Despite the presence
of free cytoplasm at the basal regions of the nuclei, each nucleo-cytoplasmic territory is
defined and does not share its organelles and plasma membrane components with the
neighbours (Frescas et al., 2006; Mavrakis et al., 2009). We call each such territory a
syncytial cell. Nuclei divide 4 times in the syncytial stage. The cytoskeletal organization
remains more or less similar during this stage. Mitochondria have been observed in
Drosophila embryos using EMs earlier (Akiyama and Okada, 1992). We developed and
standardized live imaging techniques to observe and analyse mitochondrial distribution and
shape dynamics in the Drosophila embryo and found that they are small and dispersed
around the syncytial nuclei and their distribution is regulated by microtubules. Data from

this chapter are published as a part of (Chowdhary et al., 2017).

Preblastoderm

@@-

Fertilized egg

B Syncytial Blastoderm

NC10 NC13

— Vitelline membrane — Plasma membrane Nucleus = Germ cell
Figure 3.1: Schematic representing NCs during syncytial stage of Drosophila
embryogenesis. After fertilization (A, first image), nuclear divisions (NC) 1-9 take place deep

inside the embryo during preblastoderm stage (A). Nuclei migrate to the cortex at NC 10 (B,
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First image) and divide 4 times till NC 13 (B, Second image) during the syncytial blastoderm
stage (B). Adapted from (Chowdhary et al., 2017).

3.2 Materials and methods
3.2.1 Fly Stocks

All Drosophila stocks and crosses were maintained at 25 °C on standard cornmeal agar
medium. UASp-MitoGFP and UASp-MitoPAGFP were expressed using nanos-Gal4. nanos-
Gal4, Mito-GFP recombinant line was made using standard genetic crosses. khc and dhc64C
RNAi lines were obtained from Bloomington and expressed using nanos-Gal4. UASp-Tub-
mCherry was from Krishanu Ray (TIFR, Mumbai). Nanos is present embryonic posterior side
and is a key body axis patterning determinant. It is expressed in the nurse cells, and thus
amount RNAi is dumped maternally, or the amount of protein inherited by the embryo is
reduced. The F2 embryos from F1 flies containing both nanos-Gal4 and the RNAi were
collected as mentioned below (2.2.3, 2.2.4). UASp-MitoGFP stock was obtained from Rachel
Cox(Cox and Spradling, 2003). UASp-MitoPAGFP stock was made by Devashree Sambre as

described below.

Name Source (Reference)

nanos-Gal4 BDRC 4937

UASp-Mito-GFP Rachel Cox lab (Cox and Spradling, 2003)
UASp-mito-PAGFP Generated in the lab

UAS-Tub-mCherry Krishanu Ray lab

khc! BDRC 35770
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dhc BDRC 36583

Table 3.1: List of fly Strains used.
3.2.2 Cloning
pUASp-Mito-PAGFP

The Mito-YFP construct in the pUASP vector was obtained from Rachel Cox. This construct
contains the mitochondrial targeting sequence from human cytochrome oxidase VIII fused
to YFP. The PAGFP-N1 vector was restriction digested with BamH1 and Xbal and the PAGFP
fragment obtained was subcloned into the pUASP-Mito-YFP vector to replace YFP with
PAGFP. The pUASP-Mito-PAGFP vector injection into Drosophila embryos and selection of

transgenic animals was done by the NCBS injection facility, Bangalore, India.
3.2.3 Immunostaining

F1 flies containing nanos-Gal4 and fluorescently tagged transgenes were selected and
transferred to embryo collection cages. 3 hrs old embryos were collected on 3% sucrose
agar plates, supplemented with yeast paste. Embryos were dechorionated with 100% bleach
for 1 min, washed and then fixed using heptane: 4% paraformaldehyde (1:1) followed by
hand devitellinization as mentioned in Chapter 2 (2.). Embryos were stained using
fluorescently tagged streptavidin (1:1000, Molecular Probes, Bangalore, India) and
phalloidin (1:500, Molecular Probes, Bangalore, India) diluted in PBS-T (0.3% Triton-X 100).
Hoechst 33342 (1:1000, Molecular Probes, Bangalore, India) was added during washes.

Embryos were mounted in Slowfade Gold (Life Technologies). Slides were stored at 4 °C.

Antibody/Probe Source Host species Dilution

Fluorescently tagged | Molecular Probes NA 1:1000

streptavidin

Fluorescently tagged | Molecular Probes NA 1:500
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phalloidin

Hoechst 33342 Molecular Probes NA 1:1000

Table 3.2 List of reagents

3.2.4 Live Imaging

1.5 hr old nanos-Gal4::Mito-GFP (Mito-GFP) and nanos-Gal4/UASp-Mito-PAGFP (Mito-
PAGFP) embryos were collected from embryo collection cages. Embryos were
dechorionated using 100% bleach for 1 min and washed. Embryos were mounted in 2
chambered coverglass dishes in PBS and imaged live at 25 °C using Zeiss LSM 710/780, 63x

1.4 NA objective. Z stacks of 1 um were recorded for duration of 2 hrs.
3.2.5 Photobleaching

Photobleaching (Fluorescence recovery after photobleaching: FRAP) on Mito-GFP expressing
embryos was performed using parameters mentioned in chapter 2 (2.6) at selected region
of interest (ROI) of 4 um2 using Zeiss LSM 780, 63x, 1.4 NA objective. For continuous
photobleaching (Fluorescence loss in photobleaching: FLIP) the ROl was bleached every 18
sec. The images were acquired using 488 nm laser at 2%. Fluorescent intensities in the ROI
and a neighbouring reference region were monitored and measured using Time Series

Analyser Plugin in Imagel.
3.2.6 Photoactivation

Embryos expressing Mito-PA-GFP were photoactivated at selected ROIs using 405 nm laser
at 100% power and 30 iterations using Zeiss LSM 780, 63x, 1.4 NA objective. Fluorescence

intensities in photoactivated ROl and reference ROl were measured using Imagel.
3.2.7 Analysis
3.2.7.1 Mitochondrial fluorescence across syncytial cycle

Mean mitochondrial fluorescence intensities were measured in optical sections from NC10

to 13 interphase, corrected using minimum intensity value and normalized to maximum
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intensity for individual NCs. Average of 3 embryos was plotted against depth with standard

error. Position of nuclei is shown with dotted lines.
3.2.7.2 Mitochondrial object number and density measurement

Bright mitochondrial punctae in apical sections of Mito-GFP live embryos were intensity
thresholded and total numbers of optically separable objects in a fixed apical optical plane
were measured using particle analyser tool with a threshold cut-off of 0.05 um2 in Image)
for every cell cycle stage of NC12. Particle size cut off was decided visually. The number of
caps was counted based on the number of H2A-RFP tagged nuclei in any given field.
Mitochondrial punctae per syncytial cell in NC12 were compared using one-way Kruskal
Wallis test. Total number of punctae in NC12 and NC13 interphase were compared using

two-tailed Mann-Whitney test using Graphpad prism 6.0.

Mitochondrial density was measured by obtaining total mitochondrial area post
thresholding and normalization with total imaging field area in nocodazole treated embryos
and khc' embryos and compared with corresponding controls using two tailed Mann-

Whitney test using Graphpad prism 6.0 software.
3.2.7.3 Photobleaching and Photoactivation

Mean fluorescence intensities of ROls in the time series were measured using Time Series
Analyser plugin in Imagel. The minimum intensity value from the entire imaging field was
subtracted from each image. The background subtracted mean intensity values were
normalized using pre-bleach intensity and post activation intensity values for FRAP, FLIP and
photoactivation (PA) respectively in each embryo. Mean of 3 embryos was plotted with

standard error using Graphpad Prism 6.0.

To calculate relative intensities in daughter cells after PA, ROIs were drawn around
photoactivated cells and their daughter cells and mean fluorescence intensities of ROls were
measured using Imagel and corrected using average background intensity for each in
interphase of NC11, 12 and 13 respectively. Average fluorescent intensities of all NC12 and
13 daughter cells of photoactivated NC11 mother cell in each embryo were calculated and

normalized to mean fluorescence intensity of NC11 mother cells in individual embryos.
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Histogram represents average of normalized intensities across 5 embryos. Means were

compared using Student’s t-test using Graphpad prism 6.0 software.
3.3 Results:

3.3.1: Mitochondria are fragmented and enriched basally in the syncytial Drosophila

embryo

We visualized mitochondria using mitochondrial localized GFP (Mito-GFP) driven maternally
using nanos-Gal4. Mito-GFP contains mitochondrial localization sequence from cytochrome
C oxidase subunit VIII (COX 8A), targeting GFP to the mitochondrial matrix (Cox and
Spradling, 2003). Biotinylated proteins are enriched in mitochondrial matrix of certain
tissues(Hollinshead et al., 1997). We stained mitochondria in the syncytial embryo using

fluorescently tagged streptavidin which colocalized with Mito-GFP (Fig. 3.2).

Figure 3.2 Mito-GFP colocalizes with streptavidin. Mito-GFP (green) embryos stained with
fluorescently labelled streptavidin (red) (A) and zoom in (B). Scale Bar 5 um. Adapted from
(Chowdhary et al., 2017).

Mitochondria Major population of mitochondria was present at the cortex, around 5 - 10
um deep from the plasma membrane (Fig 3.3 A, B; 3.4 A, B). We observed that mitochondria

were small and dispersed around the nuclei in preblastoderm and syncytial blastoderm
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embryos. Despite absence of any cytoskeletal boundaries we found that mitochondria

surround preblastoderm nuclei located deep within the embryo at NC9 (Fig. 3.3).

Streptavidin

Mito-GFP Gl ' d
Depth 1um 5um 10 pm 18 um 23 um Sagittal
C
N
et Nucleus
Actin

® Mitochondria
— Plasma membrane

Figure 3.3 Mitochondrial distribution in preblastoderm embryos. Mitochondria
(streptavidin, green) are seen around nuclei (Hoechst, blue) deep inside the embryo with
f-actin staining (phalloidin, red) (A). Mitochondria visualized with Mito-GFP (rainbow
scale) are present cortically and around nuclei (white dashed lines) at 23 um depth from
the cortex at NC9 and as seen in the sagittal section (B). Schematic depicting
mitochondrial localization (green) around the preblastoderm nuclei (blue). Scale bar A:

100 um, B: 10 um. Adapted from (Chowdhary et al., 2017).

We then went on to characterize mitochondria in the syncytial blastoderm stage.
Mitochondria majorly localized near the nuclei close to the cortex (Fig. 3.4 A). Using live
imaging of Mito-GFP embryos, we quantified mean intensity of GFP signal from across depth
apical to basal side in Z sections in the interphase of NC 10 to 13 and found that the
intensity increased towards the basal side (Fig. 3.4 B-D). The basal localization of
mitochondria became more pronounced with each NC (Fig. 3.4 D). The highest mean

mitochondrial intensity was at 7 um, 11 um, 13 um and 14 um depths for NC10, 11, 12 and
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13 respectively (Fig. 3.4 D). The mitochondria looked round punctate structures and the
mean mitochondrial size was 0.2 um? in the syncytial blastoderm embryo. The mean
mitochondrial area per embryo was calculated around nuclei remained constant across NCs
(Fig. 3.4 F) and during one syncytial NC (Fig. 3.4 G). We could also see using high resolution
imaging that mitochondria were indeed small around the nuclei (Fig 3.4 H, 5 um) and also in
the crowded basal regions (Fig. 3.4 H 15 um). The characteristic spatial distribution of
mitochondria during the syncytial NCs hinted that regulation of their distribution in a
polarized manner could be via microtubule based transport machinery or binding to another
organelle such as the ER. We further characterized the mitochondrial dynamics using photo

manipulation techniques.
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Figure 3.4: A-E: Mitochondrial distribution in syncytial blastoderm embryo. NC12
Drosophila embryos show cortical localization of mitochondria (streptavidin, green) (A).
Mitochondria (Rainbow scale, Mito-GFP) distribute around nuclei as they arrive at the
cortex (5 um) in NC10 (B) and localize below the nuclei (B, sagittal). Mitochondrial
intensity in NC 13 as well is higher below the nuclei at 10-15 um depth (C) and also seen
in sagittal section (C). Rainbow scale represents pseudocoloured intensity values (B, C).
Quantification of mean Mito-GFP intensity is plotted with SEM for n = 3 embryos/NC and
15, 30, 60 and 120 syncytial cells for NC10 (Purple), 11 (Red), 12 (Blue) and 13 (Green)
respectively shows peak values deeper than nuclear location (Grey box) (D). Schematic of
mitochondrial localization during syncytial blastoderm stage (E). F-H: Mitochondria are
small and dispersed in syncytial blastoderm. Quantification of mean mitochondrial area
guantified from Mito-GFP embryos in NC10I (Purple), 111 (Red), 121 (Blue) and 131 (Green)
shows no difference in mitochondrial morphology (F). Mitochondrial morphology does
not change during NCs as shown by quantification of mean mitochondrial area per
embryo in NC12I, 12P, 12M, 12A, 12T and 131 (121: interphase NC12, 12 P: prophase,

12 M: metaphase 12 A: anaphase 12 T: telophase 13I: interphase NC13) (G). Numbers
represent the number of embryos quantified (F, G). (ns, P>0.05, one way Kruskal — Wallis
test). High resolution imaging of dispersed mitochondria in NC11, Streptavidin (green);
Nucleus (blue) at section through nucleus (5 um) and basal section (15 um) (H). Scale bar

A: 100 um, B-C: 10 um, H: 2 um. Adapted from (Chowdhary et al., 2017).
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3.3.2: Mitochondria show restricted lateral movements in syncytial blastoderm embryo

Single layer of Drosophila blastoderm nuclei is organized at embryonic cortex with partial
enclosure of plasma membrane at the apical side. Despite the presence of “free” cytoplasm
at the basal region of the nuclei, organelles like the endoplasmic reticulum (ER) and Golgi
Complexes are compartmentalized to one nucleo-cytoplasmic region. Protein cargo delivery
from ER, Golgi to the plasma membrane is seemingly regulated locally (Frescas et al., 2006).
Plasma membrane bound protein also display very slow diffusion across neighbouring
syncytial cells (Mavrakis et al., 2009). Compared to these organelles and the plasma
membrane, mitochondria are more distinct and smaller units, spread throughout the
syncytial cells. Therefore we decided to test whether like Golgi complexes and ER,
mitochondria also displayed compartmentalization. This was done using photobleaching and

photoactivation techniques as described in section 3.2.5 and 3.2.6.

We tracked mitochondrial dynamics using photobleaching. We bleached a region of interest
(ROI, red) close to the nucleus in the syncytial cells using high intensity 488 nm laser as
mentioned in materials and methods (3.2.5) (Fig 3.5 A) and looked for recovery in the
fluorescence after photobleaching (FRAP) (Fig 3.5 B). Drop in the intensity post
photobleaching did not recover significantly within 2 mins (Fig. 3.5 C). This indicates that

mitochondria either do not move or move very slowly.

To analyse the extent of the mitochondrial movements and also if they can be transported
to the neighbouring cell due to the presence of shared basal cytoplasmic pool we performed
fluorescence loss after photobleaching (FLIP) experiment. We used FLIP of Mito-GFP, and
monitored fluorescence loss in neighbouring syncytial cells to assess if mitochondria were
moving between them in interphase of the syncytial cycle (Fig. 3.5 D). We continuously
photobleached an ROl in one cell (red), analysed and observed no reduction in Mito-GFP
fluorescence on monitoring an ROl in neighbouring syncytial cells (green) (Fig. 3.5 D, E)
showing that mitochondrial movement is restricted to individual syncytial cells in the
embryo over the time scale of 100 s within interphase of the same syncytial cycle when the
plasma membrane length is known to be the shortest. No depletion of signal from the

neighbouring syncytial cell was observed in photobleaching experiments in previous studies

47



over a similar time scale for the Golgi Complex, ER and plasma membrane (Frescas et al.,

2006).

We used photoactivation to highlight a specific mitochondrial population more precisely in
syncytial cells and monitored their distribution within and across adjacent syncytial cells
over time. This allowed us to monitor mitochondrial movements for a longer duration in the
syncytial cells. We used nanos-Gal4 to drive the expression of UAS-Mito-PAGFP in the
embryos. The Mito-PAGFP localization specificity was tested using fluorescent streptavidin.
Both fluorescence signals completely colocalized showing that it targets appropriately to
mitochondria (Fig. 3.5 F). We photoactivated Mito-PAGFP fluorescence (3.2.6) in an entire
syncytial cell in interphase and monitored neighbouring cells for appearance of fluorescent
mitochondria (Fig. 3.5 G, H). The fluorescence of photoactivated mitochondria did not
change significantly in the photoactivated cell and did not increase in the neighbouring
syncytial cells confirming that there was no exchange of mitochondria between them over

the time scale of more than 270 s within the same syncytial cycle (Fig. 3.5 1).

Moreover, we activated a syncytial cell partially, with the ROl covering approximately half
the area around nucleus, and followed the remaining non- activated area of the same cell
(Fig. 3.5 J). Interestingly no fluorescence gain was observed in the control area (Fig, 3.5 K).
This strongly suggests that mitochondria are considerably stationary in the given imaging
plane of analysis i.e. the lateral region. This is different in comparison with ER and Golgi
complexes that exchange fluorescence within one syncytial cells as shown by using FLIP
previously (Frescas et al., 2006). This hints towards binding of mitochondria to a structurally

rigid moiety such as microtubules.
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Figure 3.5 Mitochondria show restricted movements in the lateral plane of syncytial
cell. (A-E) Photobleaching of Mito-GFP embryos as shown in schematic with
photobleached ROI (red) and reference ROI (green) (A). FRAP in the ROI of 5 pm? (red)
done with Mito-GFP NC 12 interphase embryos does not show significant recovery (B).
Normalized mean intensity is plotted (C). FLIP experiment in Mito-GFP is done in an ROI
of 4 um? (red) in interphase of the NC13 (D). Fluorescence in the neighbouring syncytial
cell ROI (green) does not deplete. Normalized mean intensity of bleached (red) and non-
bleached (green) ROl with SEM is plotted with respect to time (E). (F-K): Restricted
localization of mitochondria is observed in photoactivation, Mito-PAGFP colocalizes with
streptavidin (F, zoomed in images, bottom panel). Schematic representation of
photoactivation experiment with photoactivated (red) and non-photoactivated (green)
cells. Photoactivated and non-photoactivated mitochondria are shown as filled and open
green circles respectively (G). Mito-PAGFP is activated in one syncytial cell (red) and
fluorescence is monitored in neighbouring cell (green) that does not gain fluorescence in
the given time (H) in NC12 interphase. Normalized mean fluorescence intensity of
activated (red) and neighbouring (green) cell is plotted (). Mito-PAGFP is activated in half
the syncytial cell (red) and remaining region (green) from the same cell is monitored (J).
Non-activated part of the cell (green) does not have an increase in fluorescence with
time. Normalized mean fluorescence intensity of activated (red) and non-activated
(green) region is plotted against time (K). n =5 for C and 3 for E, | and K each. Rainbow
scale represents pseudo-coloured intensities. Scale Bar = 5 um. Adapted from

(Chowdhary et al., 2017).
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3.3.3 Mitochondria are symmetrically distributed in daughter cells

We could follow the photoactivated mitochondria across cell division cycles in the

Drosophila syncytial embryo. We photoactivated mitochondrial signal in the whole syncytial

cell and followed it across NCs and measured the mitochondrial fluorescence in the

daughter cells in each division with respect to the photoactivated mother cell (Fig 3.6 A,B).

We found that the mitochondrial pool was halved with successive NCs (Fig. 3.6 C). When we

activated a cell partially, only on one side of the spindle, the mitochondrial fluorescence was

seen only in the daughter cell formed on that side (Fig. 3.6 D). This shows that mitochondria

are symmetrically distributed in the daughter cells, reiterating that they are immobile in the

lateral plane. Also, the static localization of mitochondria may in fact be necessary for

symmetric distribution and specialized function in the given set of cells.
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Figure 3.6 Mitochondria are symmetrically distributed to syncytial daughter cells.
Schematic of photoactivation experiment that shows mitochondrial distribution from
mother to daughter syncytial cells (A). Mother cell and respective daughter cells in the
next NC are represented by the same colour. Mitochondrial fluorescence is activated in a
complete cell (yellow) and partial cell (green). Non-photoactivated cell is shown (orange).
Photoactivated and non photoactivated mitochondria are shown by filled and open
circles (green) (A). Mito-PAGFP is activated in the ROl comprising an entire syncytial cell in
111 (red) and partially in the neighbours (white arrows) and daughter syncytial cells in 121
(yellow, solid line) and 131 (cyan, solid line) are followed. (B): Mean intensity in measured
NC11-13 is normalized to corresponding NC11 intensities and plotted with SEM (C).
Photoactivated mitochondria on one side of mother syncytial cell (light red) are
distributed to the daughter cell formed on the same side (red, 2) and not to the other cell
(green, 1) (D). Normalized fluorescence intensity is shown in the two daughter cells (E).
(***P <0.001, Student’s t-test, n = 4 embryos for C and E) The intensity is shown as a

pseudocolored rainbow scaled image. Adapted from (Chowdhary et al., 2017).

3.3.4 Mitochondria move apico-basally during cell divisions

The mitochondria are distributed asymmetrically in the apico-basal axis of the syncytial cells,
with a high density towards the basal regions. The apical regions are sparse and discrete
mitochondria can be seen just below the apical plasma membrane and actin meshwork at
the caps. On inspecting carefully, we observed that the mitochondrial number at these
sections changed in a stage specific manner. We counted the number of mitochondria
present at these apical regions using an intensity based threshold across different stages of
NCs (Fig. 3.7 A). Firstly we counted the number of mitochondria in each apical cap in
interphase (121), prophase (12 P), metaphase (12 M), anaphase (12 A) and telophase (12 T)
of NC12 and interphase of NC13 (13l), and noticed an increase in during 12 M and 12 A and
12 T. The number of mitochondria per cap in the interphase of different NCs were similar
(Fig 3.7 B). We then calculated the total number of mitochondria in a fixed area in the
interphase of the division cycles and found that the mitochondrial number almost doubled

in the successive NCs (Fig 3.7 C). The increase in the mitochondria accounts for the
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maintenance of the distribution in each NC where the number of nuclei double with every
NC. Also since mitochondria are compartmentalized to one nucleo-cytoplasmic region and
do not travel between neighbouring syncytial cells, the increase in mitochondrial number is

most likely due to transport of mitochondria from the basal side to the apical side.
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Figure 3.7 (A) Apical mitochondrial number increases during metaphase of the syncytial
cycle. Mito-GFP (green) and Histone2A-RFP (red) embryo is shown across the NC12 at

5 um (1%t panel) and 1 um (2" panel) depths from the apical side. Distinct mitochondrial
punctae seen at 1 um depth (2" panel) are marked after thresholding (3™ panel) (A). (B,
C) Quantification of mitochondria across syncytial cycles. Number of mitochondrial
puncta per syncytial cell significantly increases in metaphase (12M) and the number is
conserved between 12l and 131 (B) (n =4 embryos, 13, 13, 11, 10, 9, 22 syncytial cells for
121,12 P, 12 M, 12 A, 12 T and 13l respectively. ns—not significant; ***P <0.001, one way
Kruskal Wallis test). Total number of mitochondria in 900 um? area are compared
between 121 and 131 (C) (n = 6 and 7 embryos; each point is an average from 20 and 50
syncytial cells for 121 and 13 | respectively, **P <0.01, two tailed Mann-Whitney test).
Scale bar A: 5 um. Adapted from (Chowdhary et al., 2017).

3.3.5 Mitochondrial distribution is regulated by microtubules

Syncytial cells are apico basally polarized with microtubules present in an inverted basket
manner around the nuclei with centrioles present apically and the polymerizing positive
ends towards the basal side. Such organization of microtubules has been reported and
studied in polarized epithelial cells (Misch, 2004) and is essential for polarized sorting of
proteins and vesicles (Mostov et al., 2000; Nelson and Yeaman, 2001) with the help of Golgi
Complexes (Kreitzer et al., 2000; Toomre et al., 1999). In the Drosophila embryo lipid

droplets redistribute based on microtubules at different stages in development (Edgar et al.,
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1987; Welte et al., 1998). The compartmentalization of ER in the syncytial embryos is
dependent on intact microtubules (Frescas et al., 2006). Mitochondria have been shown to
travel long distances in cells with the help of microtubule motors and adapter proteins
(Fransson et al., 2006a; Glater et al., 2006; Morris and Hollenbeck, 1995; Saotome et al.,
2008; Schwarz, 2013; Varadi et al., 2004).

Since we had observed that mitochondria are asymmetrically distributed correlating with
the microtubular arrangement, we decide to test if mitochondria too, like other organelles

in the syncytium and also as observed in other cell systems localize onto microtubules.

3.3.5.1 Mitochondria are juxtaposed with microtubules

Actin is closely present next to the apical plasma membrane in the syncytial embryos. We
used phalloidin to label actin and streptavidin to label the mitochondria. We did not see an

appreciable colocalization between the two (Fig 3.8 A).

To study how mitochondria distribute with respect to microtubules, we imaged embryos for
mitochondria and microtubules together using Mito-GFP and Tub-mCherry tags
respectively. We found that mitochondria were present proximal to perinuclear
microtubules during interphase and prophase and the spindle and astral microtubules
during metaphase (Fig 3.8 B, D). Line profiles of mitochondria and microtubules were
plotted using Imagel and these showed a significant overlap (Fig. 3.8 C, E). This led us to test

microtubule perturbations and their effect on mitochondrial distribution in the embryo.

3.3.5.2 Intact microtubules are needed to maintain mitochondrial distribution

To test whether intact microtubules regulate mitochondrial distribution, we depolymerized
microtubules using nocodazole. Compared to DMSO control embryos, nocodazole
treatment disrupts microtubules partially (34%) or completely (64%) (Fig. 3.8 F). We
visualized mitochondria using streptavidin staining and found a significant reduction in the
density of sub apical mitochondria (materials and methods) (Fig. 3.8 G, H). This shows that
mitochondria are likely bound to the microtubules. We then knocked down microtubule
motors kinesin and dynein motors to look at how the mitochondrial distribution is

regulated.
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3.3.5.3 Basal localization of mitochondria is Kinesin dependent

Kinesin heavy chain (Khc) is highly expressed in the early embryo from 0 - 2 hrs
(modENCODE). It is the functional subunit of the microtubule motor Kinesin 1 and is
responsible for mitochondrial trafficking in neurons (Glater et al., 2006; Martin et al., 1999).
It is also responsible for acquisition of mitochondria during oogenesis with the help of
adapter Milton (Cox and Spradling, 2006). We performed RNAi mediated knockdown of khc
using nanos-Gal4 (khci) and measured mitochondrial density in the sub apical regions of the
syncytial cells. The mitochondrial density was significantly increased around the nuclei in the

khc' embryos compared to the control Mito-GFP embryos (Fig. 3.8 1, J).

Mitochondria are transported on dynein motors with the help of adapters (Haghnia et al.,
2007; Martin et al., 1999). Microtubule minus ends are towards the apical side in the
syncytial cells and dynein therefore is likely to be important for apical transport. We
checked whether knocking down dynein makes mitochondrial orientation more basal as
compared to the WT embryos and in a way opposite to the khc' phenotype. We used dynein
heavy chain RNAi (dhc') to deplete dynein activity and assessed mitochondrial distribution in
syncytial cells. Although we observed slightly larger mitochondria in dhc' (Fig. 3.8 |, white
arrows), we did not find any difference between mitochondrial densities at subapical

regions in dhc' compared to control Mito-GFP (Fig. 3.8 1, J).

Mitochondria possibly move only in the apico basal direction and khc' but not dhc' showed
an imbalance in their distribution. These data together indicate that mitochondrial
distribution along microtubules is regulated by their transport towards the basal regions on

Kinesin motors during syncytial blastoderm stage.
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Figure 3.8: Microtubules regulate mitochondrial distribution in syncytial embryos. (A)
Mitochondria (Mito-GFP, green) do not colocalize with cortical actin (phalloidin, red). (B-E):
Mitochondria are juxtaposed with microtubules. Mitochondria (Mito-GFP, green) are
present along perinuclear microtubules (Tub-mCherry, red) during prophase (B, zoomed in
selections to the right) and as seen in the intensity profile (C). Mitochondria (Mito-GFP,
green) are aligned at astral microtubules (Tub-mCherry, red) during metaphase (D, zoomed
in selections to the right) and intensity profile (E). (F-H): Mitochondrial distribution is
altered on depolarization of microtubules. Nocodazole treatment leads to partial (34%) or
complete loss (63%) of spindle microtubules (grey) compared to DMSO control (F).
Mitochondria (streptavidin, grey) in 13M are marked thresholded and quantified compared
to DMSO control. DNA is marked with Hoechst (blue) (G) Mitochondrial density in subapical
regions is reduced on nocodazole treatment in syncytial embryos (H). (I-J): Mitochondrial
distribution in khc'and dhc'. Subapical mitochondrial density (green and thresholded)
increases in khc' and does not change in dhc' (1) and is quantified (J). Long mitochondria in

are marked with white arrows (l). Adapted from (Chowdhary et al., 2017).

3.3.6 Mitochondria distribute asymmetrically in pole cells

Pole cells or the germ cells present at the posterior of the embryo are the very first
complete cells formed during the embryogenesis at NC9. Germ plasm is segregated from
rest of the embryo during oogenesis itself to the posterior under the influence of nanos, pgc
and germ cell less and is abundant in mitochondria, P granules, ribosomes and RNAs

(Ilmensee et al., 1976; Mahowald, 2001; Thomson and Lasko, 2005; Thomson et al., 2008).
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P granules are evidently associated with ER exit sites, suggesting post translational
regulation of germplasm components (Thomson et al., 2008). Mitochondrial inheritance in
the pole cells is regulated by the long variant of Oskar and Tudor in an actin dependent
manner (Hurd et al., 2016; Thomson and Lasko, 2005). Mitochondrial DNA (mtDNA) is
inherited maternally and mutations can lead to a large variety of diseases and therefore it is
probably essential to segregate the mitochondria in the germ plasm during the oocyte

development itself.

Accumulation of mitochondria at the posterior side of preblastoderm embryo was observed
using ATP synthase antibody (Hurd et al., 2016). We imaged mitochondria in the PGCs using
Mito-GFP. When PGC nuclei arrive to the embryonic cortex, the posterior mitochondria
associate with them and are localized in the PGCs as show using photoactivation
experiments previously (Hurd et al., 2016). PGCs divide almost synchronously with syncytial
somatic cells. Mitochondria were arranged in a crescent like manner on one side of the
PGCs, mostly close to the somatic cells during interphase. During the cell division of PGCs,
they accumulate at the cytokinetic furrow. Daughter cells rearrange the mitochondria back
to the asymmetric localization as the next interphase begins (Fig. 3.9). Mitochondria have
been shown to localize to cytokinetic furrow in the mammalian cells with the help of
Kinesinl and Miro at astral microtubules (Lawrence and Mandato, 2013; Lawrence et al.,
2016). Distribution of mitochondria during Drosophila PGC division is more clustered
compared to mammalian cells and this may indicate change of mitochondrial morphology
and/or functional status during the cell division. This distribution is also different from
somatic syncytial cells where although mitochondria populated towards the basal regions,

no change in morphology or clustering was observed during the syncytial NCs (Fig. 3.4 G).
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Figure 3.9: Mitochondrial localization in pole cells. Mitochondria (Mito-GFP, grey, red
arrow) are asymmetrically localized in interphase pole cells and at cytokinetic furrow

during cell division (yellow arrows).

3.4 Discussion

A large pool of mitochondria is inherited by the oocyte from its sister nurse cells. Special
transport machinery inclusive of Kinesinl and adapter protein Milton is important for this
transport. These maternally inherited mitochondria are small spherical structures spread
symmetrically throughout the oocyte (Cox and Spradling, 2003). Similar mitochondrial
morphology is present in the early embryogenesis. We found that small round mitochondria
are mostly present cortically, but also around deep located preblastoderm nuclei, despite
the absence of any cellular boundaries. This has not been noted for other organelles like ER
and the Golgi complexes previously (Frescas et al., 2006). Microtubules that regulate the
preblastoderm NC may be responsible for mitochondrial entrapment. They are likely to be

important for giving energy for rapid nuclear divisions.

Cortical mitochondria get entrapped around the nuclei as the move to the embryonic cortex
at NC10. They have basal localization in all the 4 syncytial NCs. Microtubules are present in
an apico-basally polarized manner around the interphase syncytial nuclei with centrioles
apical to the nuclei and long polymerizing plus ends to the basal side. Compartmentalization
and distribution of the ER and the Golgi complexes has been shown to be microtubule
dependent (Frescas et al., 2006). Mitochondria are distributed asymmetrically, populating
densely towards the basal side. The show negligible lateral movements and very little
apically directed movements during syncytial NCs. The mitochondria were juxtaposed with
microtubules, and depolymerization of microtubules depleted mitochondria from the
subapical regions. This indicates that the preferred direction of mitochondrial transport is
likely to be towards the apical side. We used metaphase staged embryos for our
guantification. During the metaphase, mitochondrial numbers increase at the apical caps. It
is possible that we saw the reduced numbers in the nocodazole treated embryos by
stopping the apical transport by depolymerization of microtubules. We showed that

mitochondrial distribution is regulated by microtubules and that plus ended motor Kinesin-1
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is responsible for their basal trafficking. Kinesin may be inhibiting the apical transport of
mitochondria and that is possibly why we see the mitochondrial intensity increase in the
khc' embryos. Subapical mitochondria density is unaffected in dhc' embryos, since kinesin is
probably functional is these mutants and manages to maintain mitochondrial distribution.
But dhc' embryos do contain clustered mitochondria. We have not analysed whether this
could be due to changes in the microtubular architecture (Mehta et al., 2017). Dynein is also
known to carry the fission protein Drp1 which could be mislocalized in dhc' embryos

resulting in mitochondrial clustering (Varadi et al., 2004).

During mammalian cell divisions, mitochondria attain a fused structure during G1-S phase
and dispersed smaller structure during M phase. Fragmentation of mitochondria during cell
division ensures proper distribution of mitochondria to the daughter cells (Kanfer and
Kornmann, 2016; Mitra et al., 2009). Mitochondrial hyperfusion and metabolic flux has been
show to regulate the cyclin E activity during mammalian call divisions (Mandal et al., 2005,
2010; Parker et al., 2015). We did not observe significant changes in mitochondrial structure
during syncytial NCs of the Drosophila embryo. This is possibly to keep up with the rapid

duration of the NCs.

The compartmentalization of mitochondria observed using photoactivation and
photobleaching is likely due to their binding to microtubules. Confinement of organelles is
important for specific localized functions between different cells and within a cell. Restricted
localization of mitochondria may be essential for maintaining protein compartments in the
cells. Cyclin E, responsible for maintenance of cell cycles has been shown to localize on the
mitochondria (Parker et al., 2015). Additionally, as a consequence of being spatially
restricted, photoactivated mitochondria in a single syncytial cell were divided equally
between the progeny of that particular cells. Symmetric inheritance of mitochondria to the
daughter cells in fission yeast is required for cell cycle progression (Yaffe et al., 1996, 2003).
Mammalian cell culture studies have also represented symmetric mitochondrial distribution
(Lépez-Doménech et al., 2018; Rohn et al., 2014). This suggests lineage specific inheritance
of mitochondria in the somatic cells of embryonic blastoderm. This may also be essential for

inheritance of mitochondrially localized proteins differently in different cell populations.
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Inheritance of germplasm associated mitochondria occurs with other organelles, clustered
together in the form of Balbiani body (Cox and Spradling, 2003; Wilsch-Brduninger et al.,
1997) and are segregated towards the posterior of the oocyte and the embryo and later
enclosed in the pole cells. Pole plasm is rich in P granules, ribosomes and mitochondria that
are associated with one another (llimensee et al., 1976) and is sufficient for germ cell
induction (Okada et al., 1974). Pole cells later migrate in the dorsal midgut and their
contents, including the mtDNA, are later inherited by the next generation. Therefore it may
be essential to segregate pole cells earlier than the blastoderm stage to maintain the
integrity of mtDNA. Mitochondrially encoded large ribosomal RNA (mtIrRNA), is an essential
component of the pole plasm in Drosophila (lida and Kobayashi, 1998), Xenopus (Kobayashi
et al., 1998) and is necessary for pole cell formation and their localization is mediated by
Tudor (Amikura et al., 2001a). mtlrRNAs are proposed to translate proteins required for pole

cell formation (Amikura et al., 2001b).

To summarize, mitochondria localize asymmetrically in the syncytial cells due to
microtubule binding and transport. They are compartmentalized and get equally shared
between daughter syncytial cells. We further looked at functional relevance of these strictly

localized mitochondria in the syncytial cells, as described in the next chapter.
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Chapter 4

Mitochondria dependent ATP generation is important for syncytial

furrow formation

4.1 Introduction

Mitochondria are abundantly deposited in the embryo by the mother in metazoan embryos.
Oocytes with dysfunctional mitochondria have a lack of fertilization competence and can

cause embryonic developmental arrest.

Although mitochondria in mammalian oocytes do not have well defined cristae (Stern et al.,
1971), they are metabolically active (Dumollard et al., 2004). Mitochondrial ETC is activity
increases post fertilization in response to calcium waves (Van Blerkom, 2004; Dumollard et
al., 2003) and cristae gradually become elaborate (Van Blerkom, 2004) along with increased
pyruvate uptake (Leese and Barton, 1984) and oxygen consumption (Trimarchi et al., 2000).
Mitochondrial activity can be assessed using potential based dyes or by direct ATP
measurements. Mitochondria with higher membrane potential display subcortical
localization in mouse and human embryos and persists during division of blastomeres such
that mitochondrial activity is differentially distributed in the daughter cells (Acton et al.,

2004; Van Blerkom et al., 2000, 2003; Wilding et al., 2001b).

Mitochondrial activity can be ascertained by the characterization of metabolites in the
electron transport chain. Early embryos utilize maternally deposited energy reserves such as
glycogen, lipids and triglycerides (TAG) which indicates a possible activity glycolysis and
aerobic respiration mode of ATP generation (Tennessen et al., 2014). In Drosophila embryos,
using of dye Rhodamine 123, that only labels the active mitochondria, it was observed that
mitochondrial activity is uniform across the syncytial cells from anterior to posterior during
early and late blastoderm stages. Posterior pole plasm, especially after germ cell formation,
had stronger accumulation of Rhodamine 123 indicating higher activity of mitochondria
(Akiyama and Okada, 1992). A detailed analysis of metabolite levels during embryogenesis
done using mass spectrometry showed that glycolysis pathway intermediates, glucose-6-
phosphate, pyruvate and lactate remained more or less constant throughout

embryogenesis. Whereas, TCA cycle intermediates gradually increase with time (Tennessen
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et al., 2014). 0-4 hr embryos largely seem to utilize amino acids for their metabolic needs.
Glutamate and Aspartate depleted largely during this period (Thuy An et al., 2014).
Tennessen et al observed an increase in glutamate levels till 10 hours after egg laying,
followed by depletion. In addition to Aspartate, Proline metabolism was also represented

(Tennessen et al., 2014) which are substrates for activity through ETC.

Early Drosophila embryo contains small and dispersed mitochondria around the nuclei
during the syncytial NCs. In literature smaller mitochondria are correlated with poorly
formed cristae structure and low ATP production (Chen and Chan, 2005; Westermann,
2012). We decided to analyse the mode of ATP production in the syncytial embryos that
consist of small mitochondria by acute and prolonged perturbation of ETC components
using small permeable drug molecules and genetic knockdown approach. We also tested the
glycolysis activity by using glucose analog 2-deoxy-D-glucose (2DG). We found that
mitochondrial ETC in indeed active in syncytial Drosophila embryos and its functioning is
necessary for rapidly ingressing membrane furrows during metaphase of the syncytial NCs.

The data from this chapter are a part of (Chowdhary et al., 2017).
4.2 Methods and Materials
4.2.1 Fly Stocks

Embryos obtained from Mito-GFP (3.2.1) expressing flies were used to conduct all drug
treatment experiments. Nanos-Gal4 was used induce expression of RNAi against cova and
pdsw. cova' and pdsw' stocks were obtained from Bloomington fly stock centre. All fly stocks

and crosses were maintained at 25 °C in standard cornmeal agar.

Fly Stock Source
cova' BDRC 27548
pdsw! BDRC 29592

Table 4.1: List of fly stocks
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4.2.2 Treatment with mitochondrial potential dye and inhibitors

Mito-GFP embryos of desired stage (2.5 - 3 hr old) were dechorionated in 100% bleach and
incubated with drugs diluted using D-Limonene (Sigma): Heptane (1:1) (LH) at RT (Schulman
et al., 2013) for the time mentioned below. Embryos were then fixed and stained as
mentioned below (3.2.3). Drug concentrations and incubation times used were, FCCP: 10
UM (Sigma Aldrich, Bangalore, India); 15 mins, Rotenone: 5 uM; 30 mins (Sigma Aldrich,
Bangalore, India), Oligomycin: 10 uM; 5 mins (Sigma Aldrich, Bangalore, India), 2-Deoxy-D-
glucose (2-DG): 100uM; 15mins (Sigma Aldrich, Bangalore, India). 10 mM FCCP stock was
prepared in ethanol and 5 mM Rotenone, 10 mM Oligomycin and 5 mM 2-DG were made in
DMSO. Treatment with an equivalent volume of ethanol or DMSO for the same duration as

of the drugs was used as control.

To analyse changes in the membrane potential caused by the mitochondrial drugs, we used
mitochondria permeable dye mitotracker CMXRos Red (CMXRos). 500 nM CMXRos from a
stock of 1 mM was added in the pdsw',cova’, drug treatment samples and respective
controls and incubated for 15 mins. CMXRos was incubated along with FCCP and Rotenone
during the treatment. Oligomycin treated embryos and their controls were incubated with
only CMXRos for additional 10 mins after the 5 mins of drug treatment to maintain the total
incubation period. Embryos were then fixed and imaged at the same time using identical

imaging settings.
4.2.3 Immunostaining

Embryos were collected and fixed using 4% PFA as mentioned in Chapter 2 (2.3). Embryos
were either methanol or hand devitellinized for primary antibody and Phalloidin staining
respectively. Primary antibodies were diluted in BSA at following concentrations: pAMPK
1:200 (Cell Signaling, MA, USA), AMPK-a 1:200 (Abcam, MA, USA). Fluorescently coupled
secondary antibodies (Alexa Fluor, Molecular Probes Bangalore India) were diluted in PBST
at 1:1000. Fluorescently tagged streptavidin (1:1000) and Phalloidin (1:500) (Molecular
Probes, Bangalore, India) were added with secondary. Embryos were then washed thrice
with PBST for 5 mins each. DNA stain Hoechst 33342 (1:1000, Molecular Probes, Bangalore,
India) was added in the second wash. All steps from secondary antibody onwards were done

in dark condition by covering the tubes with aluminium foil. Embryos were mounted on
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slides using Slowfade Gold (Life Technologies) and stored at 4 "C. Embryos were imaged

using Plan apochromat 40X/63X/1.4 objectives on the Zeiss LSM 710/ 780.

Reagent Source Host Species (Ab) Dilution/
Concentration
FCCP Sigma aldrich NA 10 uM
Rotenone Sigma aldrich NA 5uM
Oligomycin Sigma aldrich NA 10 uM
2-DG Sigma aldrich NA 100uMm
Mitotracker CMXRos | Invitrogen NA 500 nM
Red
pAMPK antibody Cell Signaling Rabbit 1:200
AMPK-alpha Abcam Mouse 1:200
antibody

Table 4.2: list of reagents
4.2.4 Western blotting

Western blotting was done in collaboration with Dnyanesh Dubal. WT and mutant embryos
aged 2.5 hrs were collected from cages, dechorionated and processed for protein extraction
as mentioned in Chapter 2 (2.8). The proteins were separated using 10% SDS gels, and
blotted onto PVDF membranes. The blots were blocked using 5% milk for 1hr at RT and
incubated with pAMPK antibody (Rabbit, 1:1000, Cell Signaling), AMPK antibody (Mouse,
1:1000, Abcam) and mouse anti beta-tubulin (Mouse, 1:10,000, Sigma Aldrich) overnight at
4°C. Blot was incubated with respective HRP conjugated secondary antibodies for 1hr at
room temperature and developed using ECL prime blot detection reagent in ImageQuant™
LAS 4000. Tubulin was used as protein concentration control. Concentration of pAMPK and
AMPK was estimated by intensity based densitometric analysis in each protein band using
Imagel. pAMPK intensity was normalized using AMPK intensity in each sample and

represented as fold change between every control and treatment or RNAi set. Mean fold
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change from 3 experiments was plotted with SEM and compared using Student’s t-test using

Graphpad Prism 6.0

4.2.5 ATP assay

ATP estimation was carried out from embryo extracts by using luciferase based ATP
determination Kit (Thermofischer scientific) as mentioned in Chapter 2 (2.9) in collaboration
with Darshika Tomer. Briefly, 3 hr old embryos dried using heptane were crushed on ice in
homogenisation buffer (Tris (100 mM) and EDTA (100 uM)) and a uniform extract was
obtained and samples were prepared as mentioned in Chapter 2 (2.9). Luciferin and firefly
luciferase in buffer provided in the ATP estimation kit (Thermofischer scientific) were added
and luminescence was measured on a Varioskan Spectrometer at 560 nm to estimate ATP
concentration in the samples. All measurements were normalized to total protein content of
the embryos. All the experiments were repeated 3 times. The graph represents the
percentage reduction corresponding to controls estimated at the same time. Means were

compared using one tailed Mann-Whitney test in Graphpad prism 6.0.

4.2.6 Analysis

4.2.6.1 Mitochondrial object number and density measurement

This was done as mentioned in section 3.2.7.2.

4.2.6.2 CMXRos and pAMPK intensity

All treatments and their respective controls were incubated with the same aliquot of
reagents divided into different tubes. The imaging was performed using the same laser
power and gain settings at the microscope, adjusted using the brightest stained sample.
Mean fluorescence intensities of Mitotracker CMXRos red and pAMPK were measured and
corrected with the background. The values are normalized using mean fluorescence
intensities of the control embryos in each control and treatment set to obtain fold change.
The analysis was performed using imagel. The values are compared using two tailed Mann-

Whitney test on Graphpad Prism 6.0.
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4.2.6.3 Metaphase furrow length measurement

The furrow length was measured from sagittal images of the embryos using length
measurement tool in Imagel. The mean and variation was compared using two tailed Mann-

Whitney test on Graphpad Prism 6.0
4.3 Results
4.3.1 Mitochondria are metabolically active in the syncytial Drosophila embryo

To find out if mitochondrial ETC is active, we performed acute as well as prolonged
inhibition of ETC. In the acute treatment, we treated the embryos with inhibitors of ETC:
FCCP, Rotenone and Oligomycin. FCCP (Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone) is an ionophore decouples the ETC and depletes the proton gradient
across the inner mitochondrial membrane (Park et al., 2002). Rotenone inhibits complex |
activity by blocking electron transfer to the next complex, coenzyme Q (Gielisch and
Meierhofer, 2015). Oligomycin inhibits the Fo subunit ATPase complex; and therefore does
not allow the membrane potential to be used for phosphorylation of ADP (Penefsky, 1985).
We used heptane-limonene combination (Schulman et al 2013) for drug treatments as
mentioned in methods and materials section (4.2.2). We also used nanos-Gal4 to maternally
deplete PDSW subunit of NADH dehydrogenase (Complex |, Pdsw) and Cytochrome oxidase

subunit Va (Complex IV, Cova) using RNAi mediated knockdown.

Inhibition of ETC using FCCP and Rotenone causes depolarization of the mitochondrial inner
membrane by reducing proton generation. On the other hand, inhibition of ATPase complex
by oligomycin retains hyperpolarized inner membrane. In pdsw' and cova' the membrane
potential is expected to drop due to the knockdown of the ETC components themselves
directly. We checked the mitochondrial activity using a cell permeable dye Mitotracker
CMXRos Red which accumulates in the mitochondria in a potential dependent manner and
can be retained post fixation (Fig 4.1). Although we could not get perfect mitochondrial
localization of the dye due to problems with permeability of the embryo, we did observe the
intensity of the same change in the expected manner. FCCP and Rotenone block the activity
of ETC complexes and thus inhibit the proton flux, reducing the membrane potential. The

normalized mean fluorescence intensity of CMXRos in the embryos treated with FCCP and

70



Rotenone reduced to 0.64 and 0.48 respectively compared to their controls with normalized
mean intensity at 1 (Fig 4.1 A, C). Oligomycin inhibits the ATP synthase complex and thus the
membrane potential is retained. Oligomycin treated embryos showed an increase of 1.5 fold

(Fig4.1 A, C). Similar to FCCP and Rotenone treated embryos, pdsw' and cova' embryos had
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Figure 4.1 CMXRos staining after ETC inhibition in Drosophila embryos. Mitochondrial
membrane potential visualized by Mitotracker CMXRos red (grey) reduces with FCCP (A, E,
red) and Rotenone (B, E, green) treatment and increases with Oligomycin (C, E, blue)
treatment compared to their controls represented in lighter shades of the respective
colour (E). CMXRos intensity is also reduced in pdsw' (D, E purple) and cova' (D, E
magenta) embryos compared to the WT control (D, E, pink). Numbers and data points
represent embryos analysed. Mean fluorescent intensities for every treatment are
normalized with the respective control (E). (**, P <0.01, ***, P <0.001, two tailed Mann -
Whitney test) N = 3, n = 21, 22 embryos for control and FCCP; 20, 22 embryos for control
and Rotenone; 27, 30 embryos for control and Oligomycin; 29, 31 and 35 embryos for

control, pdsw' and cova' respectively (E). Scale bar: 5 pm

lowered signal (0.72 and 0.5 respectively) compared to control Mito-GFP embryos (Fig 4.1B,
C). Because mitotracker did not localize to the mitochondria, we decided to check the

effectiveness of our treatments by directly measuring ATP using a luciferase based assay.

To measure ATP content in the treated embryos, we used ATP estimation assay. This was
standardised and done by Darshika Tomer. We found that ATP content in FCCP (colours in
the plot), Rotenone and Oligomycin embryos was significantly reduced compared to their

respective controls. A significant reduction in ATP levels was also seen in pdsw' and cova’

(Fig 4.2).
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Figure 4.2: Inhibition of ETC depletes ATP in the syncytial Drosophila embryo.
Luciferase based assay shows significantly reduced levels of ATP in FCCP (red), Rotenone
(green) and Oligomycin (blue) treatments and pdsw' (purple) and cova' (pink) embryos
compared to their respective control represented in lighter shades. Normalized values
are represented as percentage. (*, P <0.05, n =9, N = 3, one tailed Mann - Whitney test).

Adapted from (Chowdhary et al., 2017).

Another way to analyse ATP stress between different embryos is comparing the levels of
phosphorylated AMP kinase (pAMPK). AMPK is a very well-known metabolic biosensor for
cellular energy levels and has been previously used. AMPK is phosphorylated by an
upstream kinase Lkb1 when more ATP is consumed or AMP is accumulated (Lee et al., 2007;
Sakamoto et al., 2004). Immunostaining pAMPK antibody showed cytoplasmic as well as
nuclear signal. Interphase syncytial cells largely had uniform cytoplasmic localization (Fig
4.3A). The intensity of pAMPK was higher at kinetochore, especially in prophase (Fig 4.3B)

and metaphase stages (Fig 4.3C).

Interphase

Prophase

Metaphase
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Figure 4.3: pAMPK localization in syncytial NCs. (A-C): pAMPK (red) is localized to
cytoplasm and nuclei (green) of WT syncytial embryos. pAMPK is cytoplasmic in
interphase (A). Enhanced nuclear signal of pAMPK is seen in prophase (B) and is on
kinetochore in metaphase embryos (C). Scale bar: 5 um Adapted from (Chowdhary et al.,

2017).

Since AMPK phosphorylation occurs due to ATP depletion, we immunostained embryos
treated with ETC and glycolysis inhibitors. FCCP, Rotenone and Oligomycin treated embryos
showed a mean increase of 1.3, 1.4 and 1.8 fold in pAMPK staining compared to their
respective controls (Fig: 4.4 A-C, E). A similar increase of pAMPK staining was present in
pdsw' and cova' embryos. They showed a mean fold change of 1.9 and 1.8 respectively
compared to the control Mito-GFP embryos (Fig. 4.4 D, E). An increase of 3.2 fold and 2.5 in
the pAMPK normalized with total AMPK was also seen in the western blotting experiments
in pdsw' and cova' embryos respectively (Fig 4.6). Total AMPK levels remained constant as
seen in the western blotting as well as immunostaining experiments in WT, pdsw' and cova’
(Fig 4.6A, Fig 4.5). We also tested if inhibition of glycolysis affects ATP production by using 2-
deoxy glucose (2-DG) and we did not observe any changes in the levels of pAMPK (Fig 4.9 A,
B). These experiments suggest that embryo is highly dependent on ATP produced via ETC
and does not rely on glucose for its energy needs. It has been previously shown that glucose
metabolising enzymes are active only in the pre-larval stages of embryonic development
and in the larvae (Tennessen et al., 2011, 2014). The data is also consistent with utilization
of amino acids as the primary metabolites in the early Drosophila embryogenesis

(Tennessen et al., 2014; Thuy An et al., 2014).
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Figure 4.4 ETC inhibition elevates pAMPK signal in syncytial embryos. pAMPK (red)
signal is increased in FCCP (A), Rotenone (B) and Oligomycin (C) treatments compared to
their respective controls. pdsw' and cova' (D) show increased pAMPK signal compared to
control embryos. Normalized fluorescence intensity of pAMPK in embryos treated with
FCCP (red), Rotenone (green) and Oligomycin (blue) and pdsw' (purple) and cova' (pink)
compared to their respective controls represented by lighter shades (E). Numbers and
data points represent embryos analysed (**; P <0.01, ***; P <0.001, two tailed Mann-
Whitney test.). n =22, 26 embryos for control and FCCP; 16, 16 embryos for control and
Rotenone; 16, 15 embryos for control and Oligomycin; 29, 28 and 20 embryos for
control, pdsw' and cova' respectively (E). On an average 21 syncytial cells per embryo
were measured. N: FCCP-3, Rotenone and Oligomycin - 4, pdsw' and cova' - 3. Scale bar:

5 um. Adapted from (Chowdhary et al., 2017).
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Figure 4.5: Total AMPK levels do not change on genetic depletion of ETC. (A-B): Total
AMPK-a (red) is seen more uniformly distributed in the cytoplasm of syncytial embryos,
pPAMPK (green) is increased significantly in pdsw' and cova' expressing embryos and seen
in the nucleus and at the centromere, however total AMPK-a (red) intensity is not
changed. Normalized intensity of AMPK-a is plotted with SEM (B). Data points and
numbers represent embryos analysed. (ns; P > 0.05, two tailed Mann-Whitney test.). N

=3. Scale bar: 5 um. Adapted from (Chowdhary et al., 2017).
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Figure 4.6: Western blotting of pAMPK and total AMPK in WT, pdsw' and cova’' embryos

Band intensity of pAMPK is normalized with total AMPK (A) for each genotype and

represented as fold change with respect to WT (B). Error bars represent SEM, N = 3, (**; P

<0.01, *; P <£0.05, Student’s t test). Adapted from (Chowdhary et al., 2017).

4.3.2 Inhibition of ATP generation does not affect mitochondrial morphology

Mitochondrial morphology is known to be altered in eukaryotic cells when mitochondrial

ETC is inhibited. We measured mitochondrial density in the apical sections of pdsw' and

cova embryos compared to the wild type; we did not find any significant difference (Fig 4.7).

This suggests that after blocking ETC the fission machinery of mitochondria is intact and

they are already at their threshold smallest size.
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Figure 4.7 Mitochondrial distribution in genetic inhibition of ETC. (A-B):Mitochondrial

density at apico-lateral regions in not affected in NC13 metaphase pdsw' and cova’

embryos compared to control and quantified in the graph (ns; P 2 0.05, two tailed Mann-

Whitney test.), n = control - 6, pdsw' - 6, cova' - 5, N=3. Scale: 5 um. Adapted from

(Chowdhary et al., 2017).
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4.3.3 Inhibition of ATP generation decreases metaphase furrow ingression

Syncytial nuclei undergo rapid cycles of cell division. These cell divisions involve dynamic
membrane ingression to the basal side till metaphase and regression by the next interphase.
The highest membrane length is achieved at metaphase and keeps getting longer with
successive division cycles from NC 10-13. The ingression and regression is coupled with
rapid actin assembly and disassembly that might need abundant energy supply locally. To
understand if mitochondrial ETC is important for this process we decided to measure the
highest length achieved at the metaphase in the embryos where ETC was inhibited. We used
phalloidin to visualise f-actin associated with the membrane and imaged the embryos in XY
as well as sagittal sections. Compared to the respective controls, the membrane was floppy
and loose or absent at some places in FCCP (Fig 4.8 A), Rotenone (Fig 4.8 C) and Oligomycin
(Fig 4.8 E) treated embryos (marked by arrows). We found, as expected, the metaphase
membrane length was significantly reduced to an average of 3.86, 3.57 and 3.68 um
compared to the controls that had 7.23, 4.97 and 5.56 um lengths respectively in NC 12.
Similarly in NC 13 the average membrane lengths in FCCP, Rotenone and Oligomycin were
4.77, 4.55 and 3.75 um compared to the controls with 7.27, 6.48 and 6.42 um respectively
(Fig 4.8 B, D and F). The membrane loosening phenotype also was observed in pdsw' and
cova embryos (Fig 4.8 G). In some percentage of pdsw' (26 %) and cova' (33 %) membrane
ingression was absent (Fig 4.8 G). Similar to the drug treatments, the metaphase furrow
lengths in the embryos with membrane ingressions were significantly reduced in NC12 and
NC13 embryos. The mean length was found to be 5.22 um and 5.38 um in NC12 and 6.29
um and 6.8 um in NC 13 in pdsw' and cova' embryos respectively compared to Mito-GFP
embryos that reached an average length of 8.08 um in NC 12 and 9.12 um in NC 13 (Fig 4.8
H). These data suggest that ingression of metaphase furrow requires energy from ETC. We
did not find any difference in the metaphase lengths of embryos treated with 2-DG,
compared to the controls (Fig, 4.9 C, D), suggesting that inhibiting glycolysis does not affect

the metaphase furrows.
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Figure 4.8: Inhibition of ETC decreases metaphase furrow extension in syncytial
Drosophila embryos.
A-F: Pharmacological inhibition of ETC decreases metaphase furrow length in NC12 and

13. Shorter metaphase furrows (Phalloidin; grey) are observed in FCCP treated embryos

compared to control in sagittal views through metaphase furrows and surface views show

loose actin organisation (A). Furrow length similarly decreased in Rotenone (C) and

Oligomycin (E) compared to respective controls. Quantification shows a significant

decrease in metaphase furrow length (B, D, F) in NC12 and 13. Each data point represents

individual metaphase furrows, NC12 Control n = 18 (4 embryos), FCCP: 29 furrows (6);
NC13 control n=25 (6) and FCCP: 50 (11), (B); NC12 control n=18 (5), Rotenone n=22 (4) ;
NC13 control n=32 (5), Rotenone n=39 (6) and (D); NC12 control n=18 (4) and
Oligomycin n= 28 (7) and NC13 control 52 (10) and Oligomycin 37 (7) (F) (***; P <0.001,
two tailed Mann Whitney test). Yellow arrows (A, C, E) mark loose membrane/actin on
drug treatment. N: FCCP, Rotenone and Oligomycin-3.

G-H: Genetic inhibition of ETC decreases metaphase furrow length in NC12 and 13.
Metaphase furrows are shortened (74%) or completely absent (26%) in pdsw' compared
to control WT embryos (G). Metaphase furrows in cova' embryos are also short (66.6%)
or absent (33.3%). Yellow arrows mark loosening or loss of the membrane/actin (G).
Quantification of metaphase furrow lengths in pdsw' and cova' mutant as compared to
control embryos (H) in NC12 and 13. NC12 control 19 (4 embryos) pdsw' n = 45
metaphase furrows (8) and cova' 47 (8), and; NC13 control 53 (8), pdsw' 21 (4) and cova'
47 (7) and (H) (***; P<0.001, two tailed Mann Whitney test). N: pdsw' - 4, cova'- 3.

Scale bar: 5 um.
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Figure 4.9: Inhibition of glycolysis does not affect pAMPK levels and metaphase furrow
length.

A-B: Treatment of syncytial Drosophila embryos with 2-DG does not show increase in the
levels of pAMPK (green). n = 13, 13 embryos and 310 and 300 cells, N = 2; for treated and
control embryos respectively. (ns, P>0.05, two tailed Mann Whitney test).

C-D: Metaphase furrow length is not reduced in 2-DG treated embryos compared to
control embryos. NC 12 control metaphase furrows n = 30 furrows (8 embryos), 2DG n =
17 (5); NC13 control n=32 (7), 2-DG n =17 (5), N = 3. (ns, P>0.05, two tailed Mann
Whitney test). Scale bar: 5 um. Adapted from (Chowdhary et al., 2017).

4.4 Discussion

In the literature, smaller and dispersed mitochondria are thought to be poor ATP producers
(Chen and Chan, 2005; Westermann, 2012). Our data show that despite the smaller
structure, mitochondria produce ATP with the help of the ETC and syncytial cells do not rely
on glycolysis for their energy requirements. Early embryos mainly utilize amino acids,
especially aspartate and glutamate for energy production (Sieber et al., 2016; Tennessen et
al., 2011; Thuy An et al., 2014) that enter the ETC via beta-oxidation pathways. Depletion of
ATP via genetic and acute manipulation of the ETC components; and not inhibition of
glycolysis; showed increased pAMPK staining in the embryos, clearly indicating that the
metabolites of glycolysis pathway are not involved in the ETC production. This in accordance
with previously known literature with ascidian and mammalian embryos where ETC is
activated post fertilization under the influence of calcium signalling (Van Blerkom et al.,

2002; Dumollard et al., 2007).

Mitochondrial hyperfusion during G1-S phase of cell division is necessary for cyclin E activity
(Mitra et al., 2009). This also corresponds with mitochondrial activity cycling with
depolarization of mitochondria occurring at M phase (Hirusaki et al., 2017). These studies
were performed in mammalian cells using TMRE to monitor mitochondrial activity. AMPK
phosphorylation is considered as a biomarker for analysing ATP levels in the cells. AMPK is
phosphorylated by kinase Lkb1 (Hardie et al., 2006; Koh et al., 2008; Sakamoto, 2006;
Sakamoto et al., 2004) under stressed conditions which leads to its localization in the

nucleus, where it regulates transcription with the help of downstream transcription factors
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such as FOXO-1 to maintain ATP levels (Greer et al., 2007). Even though mitochondrial
architecture does not significantly change during syncytial NCs in the Drosophila embryo
(Chapter 3), pAMPK localized in the nuclei or on the kinetochore, particularly during
prophase and metaphase. These data may suggest changes in the energy profile of the
syncytial cells during NCs, in accordance with the observations in the mammalian cells.
PAMPK present in WT syncytial nuclei may be regulating transcriptional activity (Leff, 2003)
in the cell division phase specific manner. pAMPK levels in the nuclei are further elevated in
acute as well as genetic abrogation of ETC activity. Inhibition of ETC activity can lead to
mitochondrial fission (Leonard et al., 2015). In our experiments, no change in the

mitochondrial morphology or distribution was observed.

We show that ATP production from ETC is essential for rapid ingression of the membrane
during the syncytial NCs. Inhibition of ETC, and not glycolysis, led to shortening of
metaphase membrane furrows. pAMPK can modulate cells shape by phosphorylating
Myosin regulatory light chain (MRLC) and affecting cell polarity (Lee et al., 2007). However,
myosin 2 is not required for metaphase furrow invagination in syncytial cells (Royou et al.,
2004). AMPK mutants have increased filamentous actin ratio in adult Drosophila brains
(Cook et al., 2014). Increase pAMPK in the syncytial embryos after ETC inhibition can
possibly lead to decrease in the f-actin and increase in the g-actin levels ratio which may
result in shorter metaphase furrows. Actin regulator RhoGEF2 (Barmchi et al., 2005) and
Dynamin (Rikhy et al., 2015) are also involved in metaphase furrow formation and
elongation in syncytial Drosophila embryos. Both these proteins are GTPases and therefore
require energy in the form of ATP. Inhibition of ETC and lowering of ATP could influence
activity of these proteins, resulting in shorter metaphase furrows. Oxygen is essential for
metabolism of ETC substrate. Hypoxia, that may lead to depletion of ATP in cells, impairs
microtubule motor assembly on mitotic spindles (Pandey et al., 2007) and results in cell
cycle arrest (DiGregorio et al., 2001; Fischer et al., 2004) in Drosophila embryogenesis.
Mutations in the € subunit of ATP synthase result in disorientation of syncytial blastoderm
nuclei (Kidd et al., 2005). We have not analysed whether shorter metaphase furrows
observed due to ETC inhibition are an outcome of impairment of spindle assembly during
the syncytial NCs. Keeping mitochondria localized closely to the furrows in a

compartmentalized manner (chapter3) probably helps in local delivery of energy in
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abundance to the very dynamic actin remodelling. Future experiments involving significant
reorganization of mitochondrial distribution and local assessment of ATP levels in the apico-

basal axis may provide a link between mitochondrial distribution and local requirement of

energy.
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Chapter 5

Mitochondrial morphology and dynamics in cellularization and

gastrulation

5.1 Introduction

After rapid 13 syncytial divisions, the embryo enters the stage of cellularization to form
complete somatic epithelial cells for the first time. Cellularization is a prolonged interphase
of NC14 wherein the small cell membranes of height around 3-5 um extend deep towards
the basal regions of almost 6000 nuclei, eventually enclosing them and forming a sheet of
40-45 um tall cuboid shaped epithelial cells in about 45-50 mins (Lecuit and Wieschaus,
2000; Mazumdar and Mazumdar, 2002; Schejter and Wieschaus, 1993) (Fig. 5.1 A).

The membrane extension is driven by assembly of acto-myosin contractile structures (He et
al., 2016; Schejter and Wieschaus, 1993; Warn and Robert-Nicoud, 1990; Young et al.,
1991), membrane remodelling proteins such as septins (Grosshans, 2005; Mavrakis et al.,
2014) and Anillin (Field, 2005) as well as cytoskeleton remodelling proteins such as Rhol
GTPase (Grosshans, 2005) and Diaphanous (Afshar et al., 2000) at the extension front which
helps the membrane constriction as it progresses towards the basal side. The membrane
extension during cellularization takes place in distinct initial slow phase followed by a rapid
ingression phase. The slow phase is further distinguished into 2 phases as flow phase and
recruitment phase based on the myosin dynamics (Figard et al., 2013; He et al., 2016; Lecuit
and Wieschaus, 2000; Xue and Sokac, 2016). The addition of lipids to the basal regions is
facilitated by endocytosis of membrane reservoirs from the apical villi which flatten
completely by the cellularization end (Figard et al., 2016; Frescas et al., 2006; Pelissier et al.,

2003; Sokac and Wieschaus, 2008).

Microtubules are oriented as an inverted basket structure around the nuclei with centrioles
at the apical side and growing microtubule ends extending towards the basal sides during
cellularization (Foe and Alberts, 1983; Foe et al., 2000; Karr and Alberts, 1986b). This entails

an inherent polarity for transport of various molecules and organelles towards the apical or
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the basal sides of the cells. Additionally disruption of microtubules in early cellularization

halts membrane furrow extension (Foe and Alberts, 1983).

Golgi Complex function is associated with the membrane dynamics and small punctate Golgi
complexes are trafficked on the microtubules. During late cellularization stages Golgi
Complexes reorganize and are transported to the apical regions (Papoulas et al., 2005;
Sisson et al., 2000). We wondered whether mitochondria could also be regulated in a similar

manner during cellularization.

Gastrulation initiates immediately after cellularization. It consists of drastic morphogenetic
movements which shape the embryo in the three germ layers. Fate of the cells in the
embryo is already decided by axis determination cues during oogenesis and are therefore
laid down maternally. Gastrulation begins by apical constriction of cells at the ventral side of
the embryo, leading to invagination of the mesoderm under the influence of toll-dorsal
pathway (Leptin, 1995, 1999; Solnica-Krezel and Sepich, 2012) (Fig. 5,1 B). The mechanism
that regulates mesoderm invagination, or ventral furrow formation are clearly described.
Under the influence of downstream transcription factors snail and twist (Hemavathy et al.,
1997, 2004; Ip et al., 1994; Martin et al., 2010), Myosin Il activity is initiated and maintained
respectively at the ventral cells that constrict apically and eventually invaginate (Fuse et al.,
2013; Lecuit and Lenne, 2007; Martin et al., 2010). Shape and junctional molecules such as
RhoGEF2 (Grosshans, 2005; Kolsch et al., 2007), RhoA GTPase (Mason et al., 2016), Myosin ||
(Martin et al., 2009), E-Cadherin (Schafer et al., 2014) and Armadillo (B-catenin) (Weng and
Wieschaus, 2016) have been shown to relocalize to apical regions of constricting cells at the

ventral mesoderm.

Hints form literature suggest possible regulation of localization and activity of mitochondria
at the prospective morphogenetic regions of embryos. Characterization of mitochondrially
derived long ribosomal RNA (mtIr-RNA) showed an upregulation of signal at dorsal lip pore
of the Xenopus embryos, which marks the future gastrulation site (Yost et al., 1995). It not
clear whether mitochondrial localization or transcriptional activity is different in the dorsal
regions compared to rest of the embryo. A study in Drosophila early embryos showed

presence of dorso-ventral gradient of mitochondrial membrane potential. Interestingly
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ventral side that has higher membrane potential is the future gastrulation site of the

Drosophila embryo (Schiffmann, 1997).

We have demonstrated regulation of mitochondrial distribution and dynamics by
microtubules during syncytial Drosophila embryogenesis. We then attempted to
characterize mitochondria in cellularization and ventral furrow formation using Mito-GFP.
The resultant observations are described in this chapter. We found that mitochondria,
which are basally present in the syncytial cells, are actively transported on microtubule

motors to the apical side during cellularization and in the ventral furrow during gastrulation.

Cellularization Gastrulation

— Vitelline membrane ——Plasma membrane Nucleus Germ cell

Figure 5.1: Schematic representing cellularization and gastrulation stage of Drosophila
embryogenesis. Tall epithelial cells arranged in a single layer are formed during
cellularization (A). Cells at the ventral mesoderm region apically constrict and invaginate

during gastrulation (B).

5.2 Materials and methods
5.2.1 Fly stocks

All stocks were maintained at 25 °C in standard cornmeal agar. Mito-GFP and Mito-PAGFP
and Tub-mCherry stocks described in 3.2.1 were used for live imaging and photoactivation
respectively. Microtubule motor knockdown was done using khci and dhci as described in
3.2.1 miro'was expressed using nanos-Gal4 and crosses were maintained at 28 °C. rhogef2'

and mbs' were crossed to mat-Gal4.
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Stock Source (ref)

rhogef2' BDRC 34643

mbs' BDRC 41625

Table 5.1 List of fly stocks
5.2.2 Live Imaging

2 hr old embryos were collected from cages at 28 °C and processed for imaging as
mentioned in materials and methods section of chapter 2 (2.5). For imaging dorso ventral
axis, embryos were placed in an end on fashion (Mavrakis et al., 2008; Witzberger et al.,
2008) as mentioned in Chapter 2 (2.5). Embryos were then imaged using Zeiss LSM 710/780,

63x 1.4 NA objective with temperature maintained at 25 °C.
5.2.3 Photoactivation

Imaging parameters used for photoactivation are mentioned in Chapter 2 (2.7). For
photoactivation during cellularization, a rectangular ROI of 10-15 um? was drawn at basal
regions, chosen based on nuclear position as seen in white field imaging (Fig. 5.2 E). Images
were taken every 2 mins. Fluorescence intensity at apical and basal regions was measured
using Imagel. Mean fluorescence intensity in the photoactivated ROl and an apical ROl in
the same cells was measured, background corrected using mean cytoplasmic intensity and
normalized to the first post activation value of the photoactivated ROI. The normalized
intensities of these two regions for 3 embryos were plotted with SEM using Graphpad Prism

6.0

Photoactivation during gastrulation was performed in embryos oriented end on (4.2.5.2). A
ring like ROl of 5 um thickness, as shown in the schematic (Fig 5.3 G), was drawn at the basal
region of all cells in the whole embryo. Photoactivation was performed using parameters
mentioned in Chapter 2 (2.7). Post activation images were taken every 2 mins. Fluorescence
was followed in apical and basal regions of the ventral furrow central cells and lateral cells.
Ratios of mean apical to basal intensities for these three regions were measured and plotted

across time in gastrulation.
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5.2.4 Immunostaining

Embryos were stained for mitochondria and cell boundary using streptavidin and actin label
phalloidin respectively as mentioned in 2.3 and 3.2.3. Fixation with heptane: 4% PFA (1:1)

followed by hand de-vitellinization method was used.

5.2.5 Analysis

5.2.5.1: Mitochondrial fluorescence distribution during cellularization

Mean fluorescence in the apical most section of 3 embryos at 1 min time intervals during
cellularization was measured using ImagelJ, normalized using the highest intensity value and

plotted against time with SEM using Graphpad prism 6.0.

To quantify mitochondrial intensity in the apico basal axis, mean Mito-GFP fluorescence
intensity was measured across z stacks at 3 different time points: early (0 mins), mid (20
mins) and end (45 mins). The intensity was corrected using minimum intensity of the field
and normalized to the highest intensity value at each time point for each embryo.
Normalized intensity of 3 embryos was plotted with standard error. The quantification was

done using Imagel) and plotted using Graphpad prism 6.0.

5.2.5.2: Mitochondrial fluorescence distribution during gastrulation

Mean mitochondrial fluorescence was measured at the apical regions (above nuclei) and
basal region (below nuclei) in 3 regions: Ventral region (red), on the sides next to the ventral
region (green) and lateral region (blue) (Fig. 5.3 D) and 7 different timepoints beginning
from cellularization end and followed by successive time points in mesoderm invagination.
The background intensity was measured from an area which did not contain visible
fluorescent signal in the middle of the embryo. Time points across 3 movies were chosen
based on the extent of furrow invagination and shape. Ratios of background subtracted
apical to basal intensities across the timepoints were normalized with the ratio at
cellularization end and plotted with SEM. The image analysis was done using ImageJ and

plotted using Prism Graphpad 6.0.
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5.2.5.3: Mitochondrial density across apico-basal axis

Mitochondrial density was measured as mentioned in 3.2.7.2. Briefly, mitochondrial
punctae were intensity thresholded and total area of particles with sizes greater than 0.05

um? was divided by area of the imaging field to get the mitochondrial density.
5.3 Results
5.3.1 Mitochondria are fragmented and migrate apically during cellularization

We imaged apical-basal sections of cellularizing Mito-GFP embryos and observed a gradual
increase in apical mitochondrial density during cellularization (Fig 5.2A). We measured
fluorescence intensity at this optical section and observed two phases of intensity change.
Initially, mitochondrial intensity showed a non-linear increase till 30 mins and increased
linearly till the end of cellularization (50 mins) (Fig 5.2 B). Membrane ingression and furrow
canal ring closure during cellularization consist of similar slow and rapid phase (Lecuit and
Wieschaus, 2000; Xue and Sokac, 2016) and the timing of switch between mitochondrial
non-linear and linear transport phase is similar to the switching time point of membrane

ingression from slow to fast (Fig. 5.2 B).

To analyse mitochondrial distribution in the entire cell along the apico basal axis in
cellularization, we imaged 30 sections of 1 um each from apical to basal side and quantified
mitochondrial mean fluorescence intensity from apical to basal sections at 3 different time
points during cellularization: early (0 min), mid (22 min) and end (45 min) (Fig. 5.2 C). We
observed that mitochondria are enriched basally in the early cellularization, similar to their
distribution in syncytial embryos (Fig 5.2 C, D). In the mid cellularization mitochondria
accumulated at both apical and sides (Fig 5.2 C, D). By the end of cellularization, most
mitochondria appeared apical (Fig 5.2 C, D). This change in the distribution of fluorescence
intensity can possibly be due to either production of more mitochondria at the apical
sections by mitochondrial biogenesis (Shiota et al., 2015) or by transport of mitochondria to
the apical side. It is difficult to assay total mitochondrial density, or increase in the
mitochondrial numbers using confocal microscopy due to depth and resolution limits. Also,
a huge number of mitochondria is already added maternally in the embryo. One can

possibly estimate mitochondrial biogenesis by estimating mitochondrial genome quantity or
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a mitochondrial DNA associated protein. We were able to test the possibility of
mitochondrial transport. Cells in the Drosophila blastoderm embryo are compartmentalized
and therefore this suggests the existing possibility of gaining fluorescence at the apical

regions is by the mitochondrial transport from the basal sides.

To demonstrate basal to apical mitochondrial transport during cellularization, we used
photoactivation. We activated mitochondrial signal basally in an ROI (red) at 12-15 um from
the apical surface in sagittal sections and followed the fluorescence signal across successive
time points during the entire cellularization process using Mito-PA-GFP embryos (Fig. 5.2
E,F). Fluorescence signal rapidly moved from basal region (red) to apical (green)
immediately after photoactivation within one min which kept increasing with successive
time points (Fig. 5.2 F). By the end of cellularization, fluorescence was almost entirely lost
from the basal regions and was seen apically (Fig 5.2 F). We measured the apical and basal
intensities as the cellularization progressed. The basal intensity reduced by 5 fold and apical
intensity increased to about 7 fold of the initial intensity value in 40 mins (Fig 5.2 G). We
therefore concluded that mitochondria are trafficked apically during cellularization from the
basal pool. Temporal colour projection of photoactivated cells showed mitochondria

migrating apically in linear tracks, suggesting a role of microtubule-based transport.
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Figure 5.2: Mitochondria migrate apically during cellularization. Gradual accumulation

Normalized Intensity (A.U.)

of mitochondrial punctae is seen at the apical-most (1-2 um) regions in cellularizing
embryos (A). Mean fluorescence intensity at apical region is quantified across time and
plotted with SEM for n = 3 embryos and total 200 cells (B). Apico basal distribution of
mitochondria changes during cellularization (C-D). Mitochondria are present around the
nuclei and have higher density at cellularization beginning (C, Top panel). Some
mitochondria are present apically by mid cellularization (C, Middle panel) and are
completely apical by cellularization end (C, Bottom panel). Mean mitochondrial intensity
across depth is plotted with SEM for n = 3 embryos and total 200 cells for early, mid and
late cellularization stages. The fluorescence is highest at basal regions in early (red), shifts
towards apical regions in mid (green) and is completely apical in late (blue)
cellularization. (D). (E-H): Apical migration of mitochondria is observed using
photoactivation. Schematic of photoactivation experiment showing basal photoactivated
ROI (red) and non-photoactivated apical ROI (green) (E). Mito-PAGFP, activated at basal
region of early cellularization (red) shows gradual decrease and apical region (green)
gains fluorescence signal with time during cellularization (F). Normalized mean
fluorescence intensity is plotted with SEM for basal (red) and apical regions (green) for n
=4 embryos (G). Temporal colour coded image shows mitochondrial tracks (white arrow,
H).
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5.3.2 Mitochondria migrate apically at the ventral furrow

We stained embryos with fluorescently labelled mitochondrial marker streptavidin and
phalloidin to mark the cellular boundaries. We noticed an enrichment of mitochondria in
the epithelial cells of the ventral furrow, compared to the rest of the epithelial cells. Such an
enrichment was not observed in the cephalic furrow (Fig 5.3A, white arrowheads). The
mitochondrial enrichment was observed at apical regions of the ventral furrow cells (Fig 5.3
B). To analyze this distribution more carefully live imaging was performed. Mito-GFP
embryos were placed in an end on orientation using sigmacote on labtek chambers (5.2.2)
(Fig 5.3 C). This enables to visualize the cross-sectional surface and therefore the dorso-
ventral axis of the embryo. Cellularized embryo has uniform mitochondrial distribution in
the whole embryo irrespective of the embryonic axes (Fig.5.3 C, 0 min). We observed an
increase in the intensity of mitochondria specifically at the ventral furrow with time upto 6
mins where the mesoderm invagination initiates (Fig 5.3 C). Apical and basal mean
mitochondrial intensity in different timepoints at ventral mesoderm region (red), mesoderm
neighbouring region (green) and lateral region (blue) as shown in the schematic (Fig. 5.3 D)
were measured and the normalized ratio of apical: basal was plotted at successive time
points in gastrulation (Fig 5.3 E). Analysed time points from different embryos were
matched according to shape of the ventral furrow or extent of the invagination. The
normalized mitochondrial intensity ratio almost doubled at the 2™ time point, became five
times at the 3" time point and stabilized then onwards in specifically the mesoderm region
(red). The neighbouring region (green) showed slight increase (1.2 fold) but was insignificant
compared to the central region. The mitochondrial apical: basal ratio was unchanged at the
lateral regions during gastrulation (Fig 5.3 E). This raises two possible explanations, as
discussed in (5.3.1). Firstly, there could be increased mitochondrial biogenesis, we have not
tested this possibility. Second, mitochondria are transported to the apical side, we have only

been able to test the second possibility.

We then used photoactivation to monitor how mitochondria are moving at these stages. We
activated mitochondrial signal at the basal regions of an entire embryo placed in the end on

orientation as mentioned in materials and methods (4.2.5.3) (Fig 5.3 F). The photoactivation
was performed at the end of cellularization at the basal regions of cells in the entire embryo

(Fig 5.3 G, red ROI). Fluorescence activated mitochondria were observed rapidly moving to
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the apical side at the ventral furrow within one minute after photoactivation and the
intensity kept increasing with time (Fig 5.3 F). Such a shift in the distribution was not seen in
the lateral cells (Fig. 5.3 F).We quantified fluorescence intensity at apical and basal regions
of ventral (green) and lateral (blue) cells with time. Mitochondrial signal at the ventral
region (green) increased to about 3.5 fold. The lateral region (blue) did not have a significant
intensity change (Fig. 5.3 H). This showed that post cellularization, mitochondrial apical
migration is enhanced at the ventral furrow cells as compared to the neighbours and lateral
cells. The increase in the mitochondrial intensity correlates with the time of apical
constriction of the ventral mesoderm cells and saturates during mesoderm invagination.
The temporal colour coded images of ventral and lateral region cells reiterate these results
(Fig 5.3 I). Lateral cells have the temporal signal completely colocalized, indicating lack of
migration (Fig 5.3 I). The linear tracks of migration can be seen in the temporal colour coded
image for the ventral cells (Fig 5.3 |, white arrowheads) suggesting to specific regulation of

mitochondrial transport towards the microtubular minus ends.
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Figure 5.3: Mitochondrial distribution during gastrulation. Wild type embryo stained
with streptavidin (green) and phalloidin (red) show mitochondrial localization at the
ventral furrow (A). Zoomed in image shows mitochondria (streptavidin, green) apical to
the nuclei (Hoechst, blue) in ventral furrow cells (B). End on live imaging of Mito-GFP
shows increase in the fluorescence apically at ventral furrow and not at the lateral sides
(C). Apical: Basal intensity is quantified at ventral mesoderm region (red), neighbouring
region (green) and lateral region (blue) (D, E). Normalize apical: basal intensity for n = 3
embryos is plotted with SEM (E). Photoactivation reveals specific relocalization of
mitochondrial at the ventral furrow (F-1). Mitochondrial fluorescence is activated in the
whole embryo at basal region at the cellularization end in Mito-PAGFP embryos (F, G).
Normalized fluorescence intensity post PA is plotted for ventral (green) and lateral (blue)
region (H). Temporal colour coded images at lateral and ventral cells show mitochondrial

migration in ventral cells and not in the lateral cells (I)

5.3.3 Mitochondrial migration during cellularization is regulated by microtubules

Microtubules are oriented in apico-basal axis and for long filaments during cellularization.
Apical transport of Golgi Complexes (Papoulas et al., 2005; Sisson et al., 2000) and basal
transport of lipid droplets along microtubules has been reported before during late
cellularization (Arora et al., 2016). Mitochondria are transported bi-directionally on axons

on the microtubules (Morris and Hollenbeck, 1993).

Similar to experiments done in the syncytium, we used Mito-GFP and Tub-mCherry to image
mitochondria and microtubules together. We found that mitochondria are juxtaposed to
microtubule filaments (Fig 5.4 A, 6 um), and could follow them moving to the apical regions
along (Fig 5.4 A, sagittal, white arrow heads). Intensity profile of mitochondria (green) and

tubulin (red) plotted for depicted region (white dashed line, 6 pm).

To study the role of microtubule motors, we used RNAi based approach to knockdown khc
and dhc using nanos-Gal4. Since mitochondria are basally present during early
cellularization, apical regions have few distinct and sparse mitochondria (Fig 5.4 C, D top
panel). Similar to observations in syncytial blastoderm embryo, mitochondria were clustered

sub-apically in the early cellularization stages in the khc' embryos (Fig 5.4 D bottom panel).
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Apical transport during cellularization is towards the microtubule minus end via dynein.
Since mitochondria are localized at apical regions in the late cellularization, the basal
sections have fewer distinct mitochondria (Fig 5.4 E, F top panel). We observed clumping of
mitochondria in late cellularization stages in dhc' embryos (Fig 5.4 F middle panel), which is
likely to be due to lack of transport. The mitochondrial morphology in dhc' embryos also
appeared clustered, similar to what was observed in syncytial stages. But syncytium did not

have obvious distribution changes compared to cellularization (Fig 3.8 I, J).

Mitochondrial Rho GTPases (Miro) are involved in mitochondrial transport on microtubules
(Fransson et al., 2006a; Guo et al., 2005). They can interact with microtubule motors Kinesin
(Fransson et al., 2006a) and Dynein (Morlino et al., 2014), as well as adapter protein Milton
(Melkov et al., 2016) and facilitate bidirectional transport of mitochondria (Russo et al.,
2009) in the axons. Miro can also interact with Myosin 19 and couple mitochondria to actin
cytoskeleton (Lopez-Doménech et al., 2018). We knocked down Miro in the embryos using
RNAI (miro'). This experiment was done N = 4 times. Most early embryos showed mild
Kinesin knockdown like phenotype with mitochondrial accumulation at the basal region in 2
out of 4 experimental trials. This is likely because the RNAi against miro is weak and is
unable to knockout the mRNA efficiently. In the other 2 trials, similar to dhc', mitochondria
were clustered more at the basal regions during early as well as late cellularization in miro’
embryos. But unlike dhc', mitochondrial morphology was not altered in these embryos (Fig

5.4 F bottom panel).
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Figure 5.4: Apical migration of mitochondria is regulated by microtubules. (A-B):
Mitochondria localize next to microtubules. Live imaging using Mito-GFP and Tub-
mCherry shows mitochondria (green) along microtubule tracks (red) during cellularization
progression (white arrowheads) (A, sagittal). Mitochondria localize on the microtubules
and gradually accumulate around the centrioles (yellow arrowheads) (A, 6 pum). Intensity
profile of Mito-GFP (green) and Tub-mCherry (red) is plotted as shown by white dashed
line (A, 6 pum, 10 mins) (B). (C-F): Mitochondrial localization depends on microtubule
motors. Mitochondria (streptavidin, green) localize at subapical regions around nuclei
(hoechst, blue) in khc' in early cellularization (C-D) and marked by white arrows in sagittal
(D). The chosen region during early cellularization is depicted in the schematic (C).
Mitochondria (streptavidin, green) are observed at basal sections of late celluarization in
dhc' and miro' as shown in the schematic (E). Mitochondria (streptavidin, green) are more
clustered near contractile rings (phallodin, red) in dhc' and miro' embryos as compared
with WT (F). Mitochondrial clusters in dhc' and miro' are marked by white arrows in the
sagittal sections (F). Absence of apical mitochondria is denoted by yellow arrows in miro'

embryos (F).

Next we checked whether affecting acto-myosin dynamics can affect the mitochondrial
localization. We used RNAi against rhogef2 (rhogef2') and mbs (mbs'). RhoGEF2 activity is
essential for actin dynamics during cellularization (Wenzl et al., 2010). Myosin phosphatase
(MBS) inhibits Myosin Il activity, thus knocking it down hyper-constricts the contractile rings
in cellularization (Munjal and Lecuit, 2014). Although there were expected defects in the
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membrane constriction in rhogef2' and mbs', the mitochondria were present apically in late

cellularization staged embryos (Fig. 5.5).

We hence conclude that mitochondrial trafficking from basal to apical regions during
cellularization does not depend on actin dynamics and is based on the Dynein motors on the

microtubules, possibly via Miro.

2 um

20 um

Sagittal

WT rhogef2 mbs'

Figure 5.5: Acto-myosin dynamics is not essential for mitochondrial apical migration.
Mitochondria (streptavidin, green) at the apical (2 um) and basal sections (20 um) of
rhogef2' and mbs' are shown. Mitochondria properly localize at the apical sections above
the nuclei (Hoechst, blue) in rhogef2' and mbs' at late cellularization stage, also marked
with white arrows in sagittal sections. Few mitochondria are seen at basal sections

around the contractile ring (phalloidin, red)

5.4 Discussion

We observed that mitochondria were small spherical structures throughout cellularization
and gastrulation. Mitochondria gradually populated at the apical regions during
cellularization in 2 phases. Cellularization dynamics is redundantly classified into 2 distinct
phases: slow early phase and rapid late phase. The gradual apical localization of

mitochondria during cellularization seemingly follows this trend. Mitochondrial density
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switched from being highly basally localized to apically localized. Although Golgi complexes
display apical migration during cellularization, similar to mitochondria, their dynamics of
migration is not very well followed (Papoulas et al., 2005; Sisson et al., 2000). We could
clearly show mitochondrial relocalization from the basal to the apical regions by
photoactivating fluorescence in the basal mitochondrial populations at early cellularization

in the sagittal planes of the embryos.

Microtubules are apico-basally polarized with minus ends at the apical side and growing plus
ends towards the basal side (Foe and Alberts, 1983). Golgi complexes move apically during
the late stages of cellularization (Sisson et al., 2000). Golgi complexes associate with
microtubule motor Dhc and dynactin via Golgi specific adapter, Lava lamp (Papoulas et al.,
2005). Inhibition of Golgi activity leads to disruption of membrane extension during
cellularization (Sisson et al., 2000). On the other hand, lipid droplets are transported to the
basal regions (Arora et al., 2016). We looked at the role of microtubule motors in
transporting mitochondria during cellularization by using RNAi against Khc and Dhc.
Consistent with data from syncytial stage embryos (Chowdhary et al., 2017) (3.3.5.3)
knocking down Kinesin showed accumulation of more mitochondria in the subapical planes
during early cellularization. Mitochondrial distribution in the WT embryos is similar to
syncytial stages just when the cellularization begins. It is possible that either the defect in
mitochondrial localization during syncytial stages in khc'is retained when the cellularization
begins or mitochondria prematurely accumulate apically. Eventually by the end of
cellularization, the mitochondrial density became equivalent to the WT in khc' embryos.
Apical transport of mitochondria towards the microtubule ends during cellularization is
dependent on dynein, similar to Golgi Complexes. Mitochondria can bind to both Dynein
and Kinesin adapters with the help of Miro. Based on our data, there is a possible

involvement of Miro in the apical mitochondrial transport.

Toll-Dorsal pathway, activates downstream cascade of transcription factors and kinases that
lead to apical activation of myosin Il at the ventral furrow that leads to apical constriction
and invagination of ventral mesoderm cells (Hemavathy et al., 2004; Ip et al., 1992; Jiang et
al., 1991; Leptin, 1995; Martin et al., 2010). We observed a very peculiar relocalization of
mitochondria after the cellularization completion at the ventral side of the embryo during

this stage. Using live imaging and photoactivation we found that mitochondrial apical
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migration during cellularization occurs globally but additional apical migration post
cellularization is present very specifically in the ventral furrow cells. Apical transport during
gastrulation is likely to be via dynein motors. We propose an interaction between Toll-
Dorsal pathway and mitochondrial relocalization, either directly or by regulation of
microtubule based apical transport. We have attempted to modify toll-dorsal activity either
by up-regulation or down-regulation of components such as Dorsal, Twist and Fog, and also
Myosin regulators to analyse whether mitochondria interact with this pathway and will be

described in chapter 7.

There is an apparent switch of regulation of mitochondrial transport starting in
cellularization and is continued during gastrulation at the ventral furrow. We wonder if this
is due to modifications in activity of microtubule motors. khc transcripts reduce in 3-4 hr old
embryo (ModEncode), suggesting overall reduction in the number of Kinesin motors could
discontinue basal mitochondrial trafficking. Cytoplasmic dynein can activate and bind to
microtubules based on cargo or adapter binding (McKenney et al., 2014; Schroeder and
Vale, 2016). The adapter Miro can regulate bi-directional transport by binding mitochondria
to both, Kinesin and Dynein motors (Russo et al., 2009). An interesting possibility is
regulation of Miro and mitochondrial transport during cellularization by calcium (Cai and
Sheng, 2009; Fransson et al., 2003; Saotome et al., 2008) and ROS (Debattisti et al., 2017) as
suggested by data from mammalian cell lines and hippocampal neurons. Increased calcium
levels reduce bind of Miro to Kinesin motors (Wang and Schwarz, 2009). Whether there are

changes in calcium or ROS activity during cellularization and gastrulation is yet to be tested.

Finally, what could be functional relevance of the mitochondrial redistribution in this stage
specific manner? Mitochondria produce cellular energy, ROS and regulate calcium.
Mitochondrial energy could be responsible for apical constriction and furrow invagination.
Inhibition of ATP synthesis in zebrafish embryos arrested gastrulation (Pinho et al., 2013). A
gradient of mitochondrial activity in the dorso-ventral axis has been reported in the
Drosophila embryos (Schiffmann, 1997). Mitochondrial ROS regulates mitochondrial
morphology and Myosin Il based contractions in dorsal closure stage of Drosophila
embryogenesis (Muliyil and Narasimha, 2014). A similar local regulation of Myosin Il may
exist during gastrulation as well. This is being tested using ROS reporters and mitochondrial

mutations.
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Chapter 6

Mitochondrial morphology regulates cell elongation and contractile

ring formation in cellularization

6.1 Introduction

Mitochondrial size and shape is regulated by fission and fusion machinery and can modulate
various cellular functions and signalling. Different cell types have different mitochondrial
architecture and it is modulated based on the cellular requirements (Kuznetsov et al., 2009).
Mitochondrial fission and fusion is carried out by well characterized GTPases. Fission protein
Drpl (Dynamin related protein 1) binds to the outer mitochondrial membrane receptor Fisl
(Fission, mitochondriall). Opal (Optic atrophy 1) and Mfn1 and Mfn2 (Mitofusins)
(Mitochondrial assembly regulating factor, marf in Drosophila) assist the fusion of inner and
outer membrane respectively (van der Bliek et al., 2013). One of the major mitochondrial
functions is to generate ATP by oxidative phosphorylation. Additionally, reactive oxygen
species (ROS) is generated, primarily by Complex | and Ill of the electron transport chain
(ETC) (Bell et al., 2007; Liu et al., 2002). Mitochondrial shape and cristae architecture is
usually correlated with their metabolic output, ROS and calcium buffering (Cogliati et al.,
2013; Hom et al., 2010; Mishra and Chan, 2016; Toyama et al., 2016; Williams et al., 2016;
Yu et al., 2006). Studies demonstrate a link between metabolism, and cellular pluripotency
and differentiation. Stem cells largely contain nascent mitochondria with underdeveloped
cristae and mainly generate ATP using glycolysis (Khacho et al., 2016; Mandal et al., 2011;
Suhr et al., 2010; Williams et al., 2016; Zhang et al., 2011). Mitochondrial DNA production,
copy number and activity increases upon induction of differentiation in neurons (Birket et
al., 2011), cardiomyocytes (Hom et al., 2011; St. John et al., 2005), mesenchymal stem cells
(Li et al., 2017), germ cells (Hayashi et al., 2017; Teixeira et al., 2015), follicles cells (Tomer et
al., 2018), embryonic stem cells (Kelly et al., 2012; Mandal et al., 2011) and iPSCs (Xu et al.,
2013).

Recent advances demonstrate the involvement of mitochondrial morphology regulation is
differentiation related signalling pathways. Differentiation regulated by EGFR pathway

regulates mitochondrial morphology and membrane potential in the Drosophila follicle stem
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cells (Mitra et al., 2012; Tomer et al., 2018). The growth inducing Hippo/Yorkie pathway
regulates mitochondrial fusion and ROS (Nagaraj et al., 2012). Additionally mitochondrial
morphology is cyclically regulated during cell division. Mitochondrial fusion during G1-S
phase allows accumulation of resources and fragmentation during M phase ensures proper
distribution to the daughter cells (Mandal et al., 2010; Mitra et al., 2009; Owusu-Ansah et
al., 2008a; Parker et al., 2015). Also, mitochondrial fragmentation and release of
cytochrome Cin a pro-apoptotic signal which activates the caspase cascade downstream
(Abdelwahid et al., 2007; Frank et al., 2001; Lee et al., 2004; Wasiak et al., 2007; Zhang et
al., 2008a).

Mitochondrial morphology in the early blastoderm vertebrate and invertebrate embryos is
punctate and dispersed (Bavister and Squirrell, 2000; Van Blerkom et al., 2002; Chowdhary
et al., 2017; Dumollard et al., 2007; Sathananthan and Trounson, 2000). Maintaining
mitochondrial morphology is essential for embryonic survival. Mutant knockout Drp1, Mfn
and Opal mouse embryos die early in development and their growth is retarded compared
to control embryos of same age (Chen et al., 2000; Ishihara et al., 2009; Moore et al., 2010;
Wakabayashi et al., 2009). But, how is mitochondrial morphology regulated during
embryogenesis, the consequent phenotypes of morphology alterations or the steps and

signalling during embryogenesis affected due to morphology alterations is unknown.

We attempted to alter mitochondrial fission and fusion proteins in the Drosophila embryo.
Mitochondrial fission protein, Drpl mutant embryos showed lack of mitochondrial transport
and formed smaller cells with larger contractile rings. A rescue was observed by knocking

down fusion protein Opal in the background of Drp1 mutation.
6.2 Materials and Methods
6.2.1 Fly Stocks

All stocks were maintained at 25 °C in standard corn meal agar. All RNAi stocks were crossed
with nanos-Gal4 and maintained at 28 °C. opal' (Valium 20) crossed to nanos-Gal4 was also
tested at 25 °C. UAS-Marf-GFP was crossed to mat-Gal4 at 28 °C. Drp1 mutants, UASp-
drp1°6 and UASp-drp1°° were crossed to either nanos-Gal4 or Mito-GFP, and maintained at

28 °C. UASp-drp1°%; opali flies were crossed to nanos-Gal4. UASp-hSOD1*%4V and UASp-
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SqhA?0421 were crossed to Mito-GFP flies at 28 °C. Genomic deletion mutants, drp1%¢and

drp1™¥were used in combination with RNA polymerase Il 140 wimp mutant allele (wimp)

and also with each other to generate heteroallelic combination. These crosses were

maintained at 25 °C. The stocks are listed in the table 6.1. Embryos obtained from F1

generation flies (F2 embryos) were imaged and analysed.

Stock Source (ref)

drp1<¢ (Mitra et al., 2012; Rikhy et al., 2007)
drp1n (Mitra et al., 2012; Rikhy et al., 2007)
drpll VDRC

drp1'(Valium 20) BDRC 51483

UASp-drp1°¢

Generated in the lab by Darshika Tomer

UASp-drp1°P

Generated in the lab by Darshika Tomer

UASp-drp1 Generated in the lab by Darshika Tomer
marf (Valium 1) BDRC 31157

marf (Valium 20) BDRC 55189

marf (MG) Ming Guo Lab

UAS-Marf-GFP

opal' (Valium 20) BDRC 32358

opal (MG) Ming Guo Lab

UASp-drp1°¢; opali

Generated in the lab

wimp

BDRC 5874

Sgh-mCherry

BDRC 59024
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Sgh-GFP BDRC 57145

Mito-GFP:Sqh-mCherry Generated by recombining nanos-
Gal4:UAS-Mito-GFP and Sqgh-mCherry

UASp-hSOD1”%Y BDRC 33607
UASp-SghA20A21 BDRC 64114
nanos-Gal4 BDRC

mat-Gald Girish Ratnaparkhi

Table 6.1 List of fly stocks
6.2.2 Live Imaging

Live Imaging of Mito-GFP, drp1’; Mito-GFP, Mito-GFP:Sqh-mCherry and drp1°S; Mito-
GFP:Sgh-mCherry was performed as mentioned in Chapter 2 (2.5) on Zeiss LSM 780 confocal
microscope using 63x 1.4 NA objective. 40 Z stacks with 1 um interval between stacks were

obtained during cellularization.

To visualize the ingressing furrows, sagittal sections were chosen from Sgh-mCherry
containing embryos such that the cells were visible in the apico-basal axis and present
linearly. Single plane images were taken at 2 mins time interval using either Zeiss LSM 780

or Leica sp8 confocal microscopes.
6.2.3 Immunostaining

Embryos were fixed with Heptane: 4% PFA, hand- devitallinized and stained with
streptavidin to mark mitochondria and phalloidin to mark F-actin as mentioned in 3.2.3.

Anti-Drp1 antibody (Leo Pallanck) was used in 1:500 dilution.
6.2.4 DHE staining

Embryos were permeabilized and fixed using Heptane: 4% PFA for 20 mins (2.4). Embryos

were then washed once with PBS and incubated with 30nM DHE for 7 mins. This was
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followed by 3x, 5 mins washes with PBS-T. Hoechst was added in the second wash. Embryos

were mounted using Slowfade Gold (Life Technologies).

Reagent Source Host Species (Ab) Dilution/

Concentration

Drp1 Antibody Leo Pallanck Rabbit 1:500

DHE Invitrogen - 30 nM

Table 6.2 List of reagents
6.2.5 Embryonic lethality estimation

3 hr old embryos were obtained from flies grown in embryo cages with yeast supplemented,
3% sucrose - agar plates. The embryos were washed and laid onto fresh 3% sucrose - agar
plates in a 10 x 10 array (or smaller when number of eggs obtained was less). Lethality was

estimated as percentage of unhatched embryos after 24 and 48 hrs of incubation.
6.2.6 Analysis
6.2.6.1: Mitochondrial size

Mitochondrial size per embryo was measured as mentioned in 2.10.2 and 3.2.7.2. Briefly,
background subtracted images were intensity thresholded and particles above 0.05 um?2
were chosen using Imagel. To measure mitochondrial size at apical and basal regions,
sections at 2 um depth and around the contractile ring respectively were chosen. The
mitochondrial sizes per embryo with SEM were plotted using Graphpad prism 6.0 and

compared using Mann-Whitney test.
6.2.6.2: Mitochondrial density across apico basal axis

Mean mitochondrial fluorescence across the apico-basal axis was measured and mentioned

in 2.10.1 and 5.2.5.1.
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6.2.6.3: Measurement of cell length and contractile ring area

Membrane length was measured every 2 mins by drawing a line from apical most region to
the membrane ingression front, identified by highest intensity of Sgh-mCherry signal,
localized basally in the sagittally live imaged Mito-GFP:Sqh-mCherry and drp1°¢; Mito-
GFP::Sgh-mCherry embryos using Imagel. Mean lengths measurements from 5 furrows per
embryo were plotted for 3 embryos using Graphpad Prism 6.0. Lengths at the last
cellularization time point for 5 embryos were plotted with SEM and compared with Mann —

Whitney test using Graphpad prism 6.0

Circularity and area of the contractile rings were measured at the basal most membrane
section. 5 contractile rings per embryo for fixed images or per time point for live samples
were drawn manually using polygon tool in imagel). The membrane length for fixed samples
was obtained from sagittal images as mentioned in 4.2.6.3. The membrane length for live
samples were obtained from orthogonal projections of the Z stacks. Circularity and area

were plotted with membrane length using Graphpad Prism 6.0
6.2.6.4: Myosin Intensity

Total intensity of basal most section showing sharpest mCherry signal and 2 stacks above
and below it (total Z depth - 4 um) was measured using ImageJ and background corrected. A
section below the nuclei containing uniform cytoplasmic mCherry signal in the first time
point (membrane length - 3 um) was chosen to measure the background intensity.
Measurements from WT and drp1°¢ were normalized with mean background subtracted
intensity value of the first cellularization time point in WT (He et al., 2016). Mean for 3

embryos each with length was plotted using Graphpad Prism 6.0
6.2.6.5: pAMPK and DHE Intensity

Mean fluorescence intensity of DHE was measured at sections through nuclei using Image)
(4.2.6.2). The intensity values obtained for WT, drp1°¢and hSOD1**Y embryos were
normalized using mean WT intensity for every experiment. Experiment was repeated thrice
of pAMPK and twice for DHE. Number of WT and drp1°¢ embryos analysed for pAMPK and
DHE were 31, 24 and 25, 21 respectively. 5 embryos were analysed for hSOD1*%V, Graphs

were plotted and analysed using Mann-Whitney test in Graphpad Prism 6.0.
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6.3 Results
6.3.1 Fission and fusion proteins localize on the mitochondria in Drosophila embryo

Mitochondrial morphology proteins are localized to the cytoplasm and bind to the
mitochondria on fission and fusion cues. The mitochondria in the Drosophila embryo are
small and punctate and fission fusion events are not often seen. We therefore assessed the
localization of fission protein Drpl and fusion protein Marf in the embryos. We
immunostained WT embryos with Drp1 antibody and streptavidin to visualize mitochondria.
We observed that mitochondria and Drp1 colocalized (Fig. 6.1 A). We then used embryos
containing GFP tagged Marf and stained them using streptavidin. Marf-GFP also localized
with mitochondria (Fig 6.1 B).

Figure 6.1: Marf and Drp1 localize on the mitochondria. WT embryos stained for

mitochondria (streptavidin, green) and Drp1 (red) show colocalization (merged) (A). Marf-

GFP (green) colocalizes with mitochondria (streptavidin, red) (B).

6.3.2 Drp1 deficient embryos contain clustered mitochondria

We tested different strategies to knock fission protein Drp1 in the embryos in order to
standardise the efficient combination of mutations based on embryonic lethality and

mitochondrial morphology. These genetic combinations are described in Table 6.3.

We used RNA polymerase Il 140wimp mutant allele (wimp) in the background of
heterozygous drp1%C and drp1™ to reduce the transcription further in a heterozygous
mutant to create hypomorphic scenario. This strategy has been previously used to achieve

reduced transcription of proteins in Drosophila oogenesis and embryogenesis (Abreu-Blanco
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et al., 2014; Jackson and Blochlinger, 1997; Magie and Parkhurst, 2005; Parkhurst and Ish-
Horowicz, 1991). Heteroallelic drp1%¢/drp1™ flies are sensitive to temperature and they are
motion sensitive paralytic (Rikhy et al., 2007). These flies laid few eggs and they were lethal
eggs only when they were grown in cages with corn meal medium instead of standard
sucrose agar. We also crossed drp1', drp1°° and drp1°€ flies with Mito-GFP and obtained
embryos from F1 progeny. drp1°°; Mito-GFP flies did not lay sufficient eggs. We found a
distinct morphology with clustered mitochondria in drp1%S; wimp, drp1™; wimp, drp1’,
drp1°P and drp1°¢ compared to the control wimp/+ and Mito-GFP embryos (Fig 6.2 A, B). We
guantified mean mitochondrial area based on thresholded fluorescence particle sizes per
embryo in cellularization stages as mentioned in materials and methods as an approximate
measure of mitochondrial size (6.2.4.1). Mito-GFP (WT) embryos have a mean mitochondrial
fluorescence based area (fluorescence spread) per embryo of 0.25 pm?2. Mitochondrial
fluorescence was spread over a larger area per thresholded particle in drp1' and drp1°°¢ with
mean size of 2.2 um? and 0.7 um? respectively indicating clustering or elongation or fusion
of mitochondria in the Drpl mutant embryos. Mitochondria in wimp/+ are similar in size to
the WT embryos. Mitochondrial size in drp1¥S; wimp and drp1™%; wimp are increased
significantly with sizes at 0.63 um? and 0.55 um? compared to wimp/+ embryos with mean
size 0.21 um? (Fig. 6.2 C). The embryos obtained from drp1X®; wimp and drp1™9; wimp flies
showed a weak phenotype compared to Mito-GFP and drp1', drp1°° set in terms of shape
alteration as well as lethality (Table 6.3). Hence we chose to proceed with drp1’; Mito-GFP
and drp1°¢; Mito-GFP for further analysis based on the embryo availability, lethality and
phenotype. The optimal expression of drp1' and drp1°° using nanos-Gal4 at 28 °C resulted
into very early developmental arrest of the embryos in stages even prior to preblastoderm
leading to a completely lethal phenotype (Table 6.3). Expression of Mito-GFP with the same
Gal4 in the background possibly diluted the phenotype and we could obtain some embryos
that reach cellularization. drp1°¢ embryos were also noted to be smaller than the wild type
and had shorter appendages. This could be related to EGFR dysfunction during oogenesis
(Goff et al., 2001; Mitra et al., 2012; Tomer et al., 2018). Over-expression of Drp1 did not
affect the lethality and did not change mitochondrial morphology. This could be because
Drp1lis already highly expressed in the embryos, and additional protein does not affect the
fission fusion dynamics further. Also mitochondria are small in embryos and this is

consistent with them being highly fragmented possibly rendering them in a confirmation
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which is the smallest possible. To understand whether embryonic lethality is due to defects
in the oogenesis or due to lack of fertilization, we replaced drp1;nanos-Gal4 males with WT
males. This did not rescue the embryonic lethality. When we crossed nanos-Gal4 female to
males containing drp1°¢ on X chromosome, all F1 females were heterozygous for drp1°¢ and
males did not have any copy of the transgene in this cross. Therefore males in this cross
were similar to WT. This clearly indicates that the defects in embryos lacking drp1 are purely

from the maternal contribution.

F1 genotype (Temperature) Lethality (sd), (n) Mitochondrial Clustering
drp1*¢; wimp (25 °C) 43%(%9), (n = 300) +
drp1™9; wimp (25 °C) 51.3%(+10), (n = 300) +
drp1%6/ drp1m (25 °C) 100%, (n = 300) +++

drpl' (vdrc); nanos-Gal4 (28 °C) 7% (£1.7), (n = 300) -

drp1' (Val20); nanos-Gal4 (28 °C) 100%, (n = 300) +++
drp1'(Val20); Mito-GFP (28 °C) 73% (x14.7), (n = 300) +++
drp1°¢; nanos-Gal4 (28 °C) 99% (+1.7), (n = 300) +++
drp1°¢; Mito-GFP (28 °C) 84% (+7.8), (n = 300) +++
drp1°P; Mito-GFP (28 °C) 81.5% (+2.1), (n = 100) +++
UASpdrp1; Mito-GFP (28 °C) 16% (+5.6), (n = 100) -

Table 6.3: Phenotype standardization of various drp1 knockdown strategies.
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Figure 6.2: Drpl mutant embryos have clustered mitochondria. Mitochondria (green)

labelled using fluorescent streptavidin are clustered in drp1°¢ and drp1' expressing

embryos compared to control Mito-GFP embryos (A). Mitochondrial clumps are also

observed in drp1*¢; wimp and drp1™; wimp compared to control wimp/+ embryos (B).

Mean mitochondrial area per embryo is quantified (C). Mitochondrial sizes are

significantly larger in drp1°¢ (maroon) and drp1' (red) expressing embryos compared to

Mito-GFP (light red) embryos. Similar increase in size is seen in drp1*¢; wimp (navy blue)

and drp1™9; wimp (blue) embryos compared to wimp/+ (light blue) (C). Each data point

and numbers on the plot represent number of embryos analysed. Approximately 40 cells

and 15000 mitochondria were counted per embryo. (ns; P > 0.05, ***; P <0.001, Kruskal

— Wallis test) (C). Scale bar: 5 um (A, B)

6.3.3 Mitochondrial morphology is unaffected in fusion protein knockdown embryos

Opal and Marf, inner and outer membrane fusion proteins respectively are abundant in the

embryo. We saw that Marf-GFP colocalizes with mitochondria. We used RNAi based

approach to knock Opal and Marf down. The RNAi lines used are listed in materials and

methods section.

F1 genotype Lethality (sd), (n) Mitochondrial
fragmentation
marf (MG)/Mito-GFP (25 °C) 23.5% (2.1) (300) -
marf (Valium1); Mito-GFP 17% (1.4) (300) -
(25 °C)
marf (Valium20); nanos- 100% (300) -
Gal4 (28 °C)
marf (Valium20); MitoGFP 65% (4.5) (300) -
(28 °C)
opal’ (Valium20)/nanos- No embryos laid NA
Gal4 (28 °C)
opal' (Valium20)/ Mito- No embryos laid NA
GFP(28 °C)
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opal (Valium20)/ Mito-GFP 60% (9) (50) -
(25 °C)
opal (MG)/ Mito-GFP (28 18.3% (0.6) (300) -
°C)
UAS-Marf-GFP/mat-Gal4 (28 4% (2) (200) -
°C)

Table 6.4: Phenotype standardization of various fusion knockdown strategies.

Based on the lethality, marf (MG)/Mito-GFP, marf (Valium1); Mito-GFP and opal (MG)/
Mito-GFP (28 °C) likely did not have strong knock down of the proteins (Table 6.4). Optimal
knockdown of Marf using marf (Valium20); nanos-Gal4 (referred as marf hereafter) was
completely lethal for the embryo. When we crossed marf (Valium20) with Mito-GFP, 35%
embryos survived likely due to the Gal4 dilution effect (Table 6.4). We imaged mitochondria
in these embryos using streptavidin staining and quantified mitochondrial morphology. The
mitochondrial size was not changed compared to the WT Mito-GFP embryos (Fig 6.3 A, C).
Opa knockdown using the opal' (Valium20) RNAi line driven by either nanos-Gal4 or Mito-
GFP (referred as opal'hereafter) failed to lay eggs at 28 °C. This is most probably due to
defects in the oogenesis itself. opal' /Mito-GFP flies could lay very few eggs at 25 °C. The

mitochondrial morphology was similar to the WT in this case as well (Fig 6.3 B, C).

Taken together, although both fission and fusion machineries reside on the mitochondria,
only fission protein knockdown transformed mitochondrial morphology in the embryos. This

suggests that fission, not fusion, is more prevalent in the early embryos.
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Figure 6.3: Mitochondrial morphology does not change in fusion protein knockdown.
Mitochondria (streptavidin, green) in marf and opal'expressing embryos are similar in
shape compared to control Mito-GFP embryos (A). Mean mitochondrial area per embryo
quantified in marf and opal embryos is not significantly different than Mito-GFP
embryos (B). Each data point and numbers on the plot represent number of embryos
analysed. Approximately 40 cells and 15000 mitochondria were counted per embryo. (ns;

P > 0.05, Kruskal — Wallis test) (B). Scale bar: 5 um (A)

6.3.4 Apical migration of mitochondria is abolished in drp1 deficient embryos

We had observed that during cellularization and gastrulation, mitochondrial migrate apically
with dynein motors. Changing mitochondrial morphology has been shown to impact their
transport in cells (Misko et al., 2012; Saxton and Hollenbeck, 2005; Shirendeb et al., 2012;
Smirnova et al., 1998b; Verburg and Hollenbeck, 2009). We had also observed that small
clumps of mitochondria in dhc' did not migrate to the apical side (5.3.3). The mitochondrial

clustering and sizes that we observed in drp1 mutants and knockdown were much larger
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compared to the dynein knockdown. We decided to systematically assess the mitochondrial
transport when mitochondrial morphology was changed to clustered form during
cellularization using drp1i flies in combination with Mito-GFP and obtained live movies (Fig
6.4 A). We measured mitochondrial mean intensity at 3 time points: early, mid and late,
during cellularization in 30 apical to basal Z stacks spaced 1 um apart and compared it to WT
Mito-GFP embryos (5.3.1). Similar to the WT embryos, the intensity was basally pronounced
in the early cellularization but with more clustered mitochondria (Fig 6.4A Top panel, B). The
apical regions did not gain intensity during the following time points at mid (Fig 6.4A Middle
panel) and late cellularization (Fig 6.4A Bottom panel) and the intensity remained

completely basal at the end of cellularization (Fig. 6.4 B, WT — Fig 5.2 C, D).

Mitochondrial morphology was altered in drp1X®, drp1™® and drp1°¢ embryos as well. We
stained these with streptavidin and phalloidin to visualize mitochondria and f-actin
respectively (Fig 6.4 C). We could identify embryos with longer furrow lengths with the actin
staining. We observed mitochondrial clusters stuck at basal regions in these embryos. Apical
regions, especially in drp1°¢ were devoid of mitochondrial punctae, indicating a transport

defect in these combinations too (Fig 6.4 C).

We confirmed the lack of transport in drp1°¢ embryos by photoactivation using Mito-PAGFP.
We activated fluorescence in early cellularization drp1°¢ embryos in an ROl below the nuclei
(Fig 6.4D, red) and followed the fluorescence in apical region (Fig 6.4D, green) as depicted.
The photoactivated mitochondrial fluorescence at basal regions of drp1°¢ embryos did not
migrate to the apical region (Fig 6.4 E). We quantified mean fluorescence intensity in
photoactivated basal (red) and apical (green) ROIs. There was no significant depletion in the
fluorescence intensity signal of basal ROl and apical ROl did not gain any fluorescence,
demonstrating the lack of transport of mitochondria (Fig 6.4 F). The immobile mitochondria

at the basal regions can be seen in temporal colour coded image (Fig. 6.4 G, WT — Fig. 5.2 H).

These data indicate that regulation of mitochondrial morphology is necessary for their

transport to the apical side during cellularization.
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Figure 6.4 Apical migration of mitochondria during cellularization is abolished in Drp1
KD embryos. Mitochondrial clusters are observed in the basal regions of the cells in early
(A, Top panel), mid (A, Middle panel) and late cellularization (A, Bottom panel), stages in
drp1 embryos. Mitochondrial punctae are missing at the apical regions (A). Mean Mito-
GFP fluorescence across depth is plotted with SEM for n = 3 embryos and total 200 cells
for early, mid and late cellularization stages (B) Mito-GFP fluorescence peaks at basal
regions at early (red), mid (green) and late (blue) cellularization stages. Sagittal sections
of drp1°¢ embryos show mitochondria (streptavidin, green) clustered near the furrow tips
(marked by actin, phalloidin, red) in cellularization, compared to apical mitochondria in
Mito-GFP embryos (C). Basal mitochondrial clusters (streptavidin, green) are also
observed in drp1*¢; wimp and drp1™Y; wimp embryos. The clusters are absent in the
control wimp/+ embryos (C).

(D-G): Absence of apical migration of mitochondria in drp1°¢ embryos is observed using
photoactivation. Schematic of photoactivation experiment showing basal photoactivated
ROI (red) and non-photoactivated apical ROI (green) (D). No change is seen in the location
of activated Mito-PAGFP signal at basal regions of (red) and apical region (green) does not

gain significant fluorescence signal with time during cellularization (E). Normalized mean
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fluorescence intensity is plotted with SEM for basal (red) and apical regions (green) for n =
3 embryos (F). Temporal colour coded image shows immobile mitochondria with all time

frames appearing colocalized (white arrows, G).

6.3.5 drp1 mutant embryos have shorter cells and wider furrows

During cellularization, cell membranes extend basally synchronous with actomyosin ring
assembly and contraction at the leading front of the ingressing membranes. We imaged
embryos containing Mito-GFP::Sqgh-mCherry in sagittal planes such that the membrane
ingression with time. Sgh-mCherry signal localized to the furrow tips (Fig 6.5 A). We
measured membrane length using ImagelJ, every 2 mins in Mito-GFP::Sqh-mCherry/+ (black)
and drp1°¢; MitoGFP::Sqh-mCherry embryos (red) (Fig 6.5 B). Both the genotypes exhibited
similar ingression kinetics with an initial slow phase upto 20 mins, followed by fast phase till
the cellularization completion (Fig 6.5 B). Membrane ingression process prematurely
stopped and apical constriction initiated at around 40 mins in drp1°¢ embryos (Fig 6.5 B),
resulting in significantly shorter, 30 um tall cells (Fig 6.5 D, red) compared to 40 um tall WT
cells (Fig 6.5 D, black) at cellularization end (Fig 6.5 C, D).

The contractile ring constriction occurs in slow and fast phase, synchronously with the
membrane ingression. To analyse ring contraction we used Sgh-mCherry to image WT and
drp1°¢ embryos. The shape in the grazing sections of the ingression front or furrow tip is
initially hexagonal and then circularizes at slow to fast phase transition and slowly
constricting at the same time (Fig. 6.6 A, B). In the fast phase, rings rapidly constrict (Fig. 6.6
A, B). Therefore circularity of the WT rings increases from 0.8 to about 1.0 with time during
transition from hexagonal to circular shape and is maintained around 1.0 in the fast phase.
The circularity of the contractile rings in drp1°¢ was similar to the WT, indicating that the
ring architecture was normal and the membranes were able to circularize (Fig. 6.6 B). The
expected constriction trend was observed when we measured area of contractile rings with
incremental lengths in the WT (Fig. 6.6 C, black). drp1°¢ embryos had similar area when the
cellularization started, but eventually the ring area remained larger compared to the WT

embryos (Fig. 6.6 C, red).
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Figure 6.5: Shorter cells are formed in drp15¢ embryos. WT and drp1°¢ embryos
containing endogenous tagged MRLC (Sgh-mCherry) are imaged in sagittal plane. Sqh-
mCherry localized to the membrane tips shows membrane ingression during
cellularization (A). Final achieved length is pointed with white arrowheads in WT and
drp1°¢ (A) Pseudocolour heat map represents fluorescent intensity. Membrane length
qguantified across time during cellularization shows similar trend of increase in WT (black)
and drp1°¢ (red) (B). Final length achieved post cellularization (white arrowheads) in
drp1°¢ embryos (red) is significantly reduced compared to WT (black) (C, D). Membrane
length (white arrowheads) is also reduced in sgh** embryos (C, D). n = 3 embryos for B; 5,
5 and 6 embryos for WT, drp1°¢ and sqh”* respectively (D). Numbers on the plot represent
total furrows analyzed for each data set. (***; P <0.001, Mann Whitney test) (D). Scale
bar: 5 um (A, C)

Membrane extension and ring constriction during cellularization depends on myosin
localization and activity (He et al., 2016; Wenzl et al., 2010; Young et al., 1991). We
therefore measured Sqh intensity in WT and drp1°¢ embryos (6.2.4.4). WT embryos showed
initial increase in the intensity of Sgh till about 15 mins after which then gradually depleted
(Fig. 6.6 D, black). drp1°¢ embryos had significantly lower amounts of Sgh, throughout

cellularization (Fig. 6.6 D, red).
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Figure 6.6: Contractility of actomyosin rings is reduced in drp15¢ cellularizing embryos
Sections through the cellulazation furrow tips in WT and drp1°¢ imaged live using Sqh-
mCherry show actomyosin rings decreasing in size with membrane depth (A). Circularity
of basal membrane quantified in drp1°¢ embryos (red) is similar to WT (black) (B). Area of
contractile rings quantified with depth in drp1°¢is greater than the WT embryos (black)
(C). Normalized mean intensity of Sgh-mCherry at the contractile rings is significantly
reduced in in drp1°¢ (red) compared to WT (black) (D). n = 3 embryos, 5 contractile rings
per embryo are quantified at 5 um length increments (B, C). n = 3 embryos, 40 cells each.

Scale bar: 5 um (A).

Myosin regulatory light chain mutant (UASp-sqgh??%A?1, refereed as sqh** hereafter) (Vasquez
et al., 2014) has been characterized to observe defects in actomyosin ring assembly and
contraction (Xue and Sokac, 2016). Although, sgh** affects ring contractility in slow phase
and not in the fast phase of cellularization, the overall ring perimeter at the end of
cellularization remains larger than the WT embryos (Xue and Sokac, 2016). This is consistent
with our data. We tested if cells are rendered shorter in embryos containing sqh** expressed
using nanos-Gal4 with Mito-GFP and Sqgh-mCherry and imaged them in sagittal planes (Fig.
6.5 C). We measured cell lengths achieved at the cellularization end. Similar to drp1°¢the

cells were shorter in sgh** embryos (Fig 6.5 D, blue).

The phenotype of shorter cells with wider contractile rings is therefore likely due to lowered

myosin levels in the drp1°¢ embryos.
6.3.6 ATP levels are unaffected and ROS levels are reduced in drp13¢ embryos.

Altering mitochondrial shape can lead to depletion of their metabolic activity. We had
earlier observed (Fig. 4.8 that mutations in ETC components lead to elevation of pAMPK
levels and a reduction in metaphase furrow lengths in the syncytial Drosophila embryo
(Chowdhary et al., 2017). Since drp1°¢ embryos had shorter cellularization membrane
furrows, we decided to check whether this was due to depletion of ATP. We immunostained
WT and drp1°¢ embryos with pAMPK antibody as described earlier in chapter 4. Similar to
syncytial embryo interphase, pAMPK is mostly present in the cytoplasm and near the

centrioles during cellularization in both WT and drp1°© (Fig. 6.7 A). The quantification of
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mean pAMPK intensity in these did not show a significant difference indicating that ATP

levels were not changed (Fig. 6.7 B).

Next we checked for ROS using dihydroethidium (DHE) staining in the WT and drp1°¢
embryos (Fig. 6.7 C). ROS is produced in cells not only by mitochondria but by other
cytoplasmic sources like cell membranes, peroxisomes, ER and cytoplasm (Muller, 2000;
Nauseef, 2008) and has been implicated in the regulation of differentiation and
morphogenetic movements in embryos (Ji et al., 2010; Muliyil and Narasimha, 2014). DHE
fluorescence increases upon oxidation by superoxides (Owusu-Ansah et al., 2008b). We
measured mean intensity of DHE in Mito-GFP and drp1°¢ embryos and plotted (Fig. 6.7 D).
We observed a lot of variation in the intensity values in the WT itself, likely due to the
method we used for dye DHE staining (6.2.4), nevertheless drp1°¢ embryos showed
significantly lowered DHE staining compared to WT (Fig. 6.7 D). These data are in agreement
with other studies that show reduction of ROS in fission mutants or vice versa (Kim et al.,
2018; Roth et al., 2014; Son et al., 2015; Yu et al., 2006). We overexpressed mutated human
super-oxide dismutase 1 (hSOD1) as a positive control. There was 3 fold increase in the

levels of DHE (Fig. 6.7 C, D).

Thus, forced fusion of mitochondria by using drp1 mutant in cellularizing Drosophila

embryos did not affect their ATP levels but reduced ROS levels.
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Figure 6.7: ATP and ROS measurements in drp15€. pAMPK (red) localizes to the
cytoplasm around nuclei (Hoechst, blue) and on centrosomes in WT and drp1°¢ embryos
(A). The levels of normalized pAMPK fluorescence intensity are similar in in WT (black)
and drp1°¢ (red) embryos (B). ROS assessed using DHE staining (red) is cytoplasmic in WT,
drp1°¢ and hSOD1”**Y embryos (C). Mean intensity of DHE is significantly reduced in
drp1°¢ (red) and increased in positive control hSOD1*%V (blue) compared to WT (black)
embryos (D). N = 3 and 2 for B and D respectively, numbers on the graph represents
number of embryos analysed for each data set. (ns; P 2 0.05, **; P <0.01, Mann Whitney

test). Scale bar: 5 um (A, C).

6.3.7 Apical transport of mitochondria depends on their shape

It is very well known that modifications in mitochondrial shape affects their transport and
this was also demonstrated by our observations in cellularizing drp1 mutant embryos. This
suggests that possibly dynein motors are incapable of carrying a larger load on them. Also
these data raise a possibility that Drp1 could be an adapter for binding to microtubule
motors for apical mitochondrial transport during cellularization. As an attempt to test these
possibilities, we expressed opal' in the background of drp1°€ using nanos-Gal4. Although the
embryonic lethality due to drp1°® was not rescued in this combination, embryos showed a
reversal of fused mitochondrial morphology phenotype seen in drpl mutants (Fig 6.8 A).

Since smaller mitochondria in drp1°° are still able to apically migrate, we measured
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mitochondrial fluorescence area per embryo at apical (3 um) and basal sections near the
contractile rings. We observed the sizes of apical mitochondrial fluorescence were similar in
all the combinations (Fig. 6.8 B, apical). There is not difference between apical and basal
mitochondrial sizes in the WT (Fig. 6.8 B, apical). The non-migrating mitochondria at the
basal region in drp1°° are much larger, average 1 um? compared to the WT mitochondria
that are around 0.3 um? in size (Fig. 6.8 B, red, black respectively). The mitochondrial size is
completely rescued when opal'is expressed with drp1°C (Fig. 6.8 B, blue). In later stages of
cellularization as depicted in sagittal images, mitochondria are able to migrate to the apical

regions (Fig. 6.8 A).

This showed that mitochondrial transport is independent of functionality of Drp1 or Opal,

but depends on their shape.
6.3.8 drp1°° phenotypes are partially rescued in drp1°¢; opal’ embryos

Since mitochondrial morphology and apical transport is rescued in drp1°¢; opal
combination asked whether the contractile ring phenotype observed in drp1°¢ embryos
could also be also reverted. We stained WT and drp1°¢; opal' embryos with phalloidin to
visualize the contractile acto-myosin rings during cellularization (Fig. 6.8 C). We observed
that similar to WT, contractile rings formed and constricted in drp1°%; opal embryos (Fig.
6.8 C, basal). We measured circularity and area of contractile rings in the WT and drp1°S;
opal' embryos with different membrane lengths (Fig. 6.8 D, E). The membrane lengths were
estimated using sagittal images (Fig. 6.8 C, sagittal). The circularity and area plotted against

length, showed similar trends for both WT and drp1°%; opal embryos (Fig. 6.8 D, E).

Next, we imaged drp1°S; opal embryos using Sqh-GFP to analyse cell length and Myosin Il
at the contractile rings. Embryos were imaged sagittally and membrane length, based on
Sqh-GFP localized at the furrow tips (Fig. 6.8 F). Furrow ingression rates in drp1°%; opal!
(blue) embryos remained similar to WT (black) (Fig. 6.8 G). The membranes reached more
than 35 um in 86% drp1°¢; opal’ embryos (Fig. 6.8 H, blue, n = 7), which is significantly more
compared to drp1°¢ embryos (Fig 6.5 D, red). We then measured Sqh-GFP intensity at the
contractile rings in WT (Sqgh-GFP/+) and drp1°%; opal embryos and plotted it across cell
lengths (Fig 6.8 1, J). Although, the GFP intensity in drp1°¢; opal'embryos (Fig. 6.8 J, blue)

was less compared to the WT (Fig. 6.8 J, black) throughout cellularization and the Myosin Il
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fell off the rings around 35 um compared to 40 um of the WT, it was more compared to

drp1°¢ embryos (Fig. 6.6 D) indicating a partial rescue.

Therefore this suggests that, acto-myosin ring contractility depends on mitochondrial shape
and is likely to be independent of the morphology proteins themselves. It would be worth
analysing whether reversion of mitochondrial ROS levels in drp1°¢; opal embryos is
responsible for the rescue. Also, other mitochondrial functional aspects such as calcium and

membrane potential need to be checked.
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Figure 6.8: Mitochondrial migration and contractile ring area are rescued in drp1°S;
opal embryos.

(A-B) Mitochondrial morphology in drp15S; opa1'. Mitochondrial (streptavidin, green)
clusters seen in drp1°¢ are resolved in drp1°¢; opal'and appear similar to WT embryos at
the basal regions marked by contractile rings (phalloidin, F-actin, red), also seen in
sagittal sections (A). Mitochondria are absent in apical sections in drp1°¢ embryos. Apical
mitochondria in drp1°°; opal embryos appear similar to the WT embryos in the late
cellularization stage. Presence or absence of apical mitochondria in WT, drp1°¢ and
drp1°¢; opal'embryos (A). Mean mitochondrial sizes are quantified in apical and basal
section of WT, drp1°¢ and drp1°¢; opal embryos (B). Sizes of apical mitochondria are
similar in all the three sets. Mitochondria in the basal section are significantly larger in
drp1°© (red) and similar to WT (black) in drp1°¢; opali(blue) embryos (B). N = 3, each data
point and numbers indicate number of embryos analysed in each data set. (ns; P 2 0.05,
**%. P <0.001, Mann Whitney test) (B).

(C-E) Rescue of contractile rings in drp1°6; opal'. Sagittal and basal sections of WT and
drp1°¢; opal’ embryos stained with phalloidin (grey) are shown. Actin ring seen in the
basal sections circularize and constrict in both WT and drp1°¢; opal'embryos (C).
Circularity (D) and area (E) of the contractile rings, quantified with increasing membrane
length, have similar trend in both WT (black) and drp1°¢; opal'(red) embryos. n = 49 and
23 embryos are quantified for WT and drp1°¢; opal'respectively. Each data point
represents an average of 5 rings per embryo (D, E). Scale bar: 5 um (A, C).

(F-H) Cell length post cellularization is partially rescued in drp15¢;0pal'embryos.
drp1°¢;0pal embryos are imaged sagittally using Sgh-GFP (F). Final achieved length is
pointed with white arrowheads (F) Pseudocolour heat map represents fluorescent
intensity. Membrane length quantified across time during cellularization shows similar
trend of increase in WT (black) and drp1°%;0pal’ (blue) (G). Final length achieved post
cellularization (white arrowheads) in drp1°6;0pal embryos (blue) is plotted (H). (***; P <
0.001, Mann Whitney test) (D). Scale bar: 5 um (F)

(1-J) Myosin Intensity at contractile rings is partially rescued in drp15¢; opal’ embyos.
Sections through the cellulazation furrow tips in WT and drp1°¢ ;opal' imaged live using

Sqh-GFP show actomyosin rings decreasing in size with membrane depth (I). Normalized
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mean intensity of Sqh-GFP at the contractile rings is quantified in WT and drp1°° ;opal

(blue) (J). n =6, 4; WT and drp1°¢;0pal embryos, 40 cells each (J). Scale bar: 5 um (l).

6.3.9 Mitochondrial ETC does not affect mitochondrial transport

We had observed that reducing levels of pdsw and cova led to increased pAMPK and
shortening of metaphase furrow length in syncytial embryos (Chapter 4). It is known from
neuronal cells that only energetically favoured mitochondria are transported in the axons
(Chen and Chan, 2009). We stained cellularizing pdsw' embryos with tagged streptavidin,
and observed that mitochondria were present apically in late cellularization embryos (Fig.
6.9). This indicates that ETC components are not necessary for their apical migration. We
have not tested whether knockdown of pdsw or cova can affect membrane length or

contractile rings.

Hoechst St Phalloidin Figure 6.9: Mitochondrial migrate apically in
pdsw'. Mitochondria stained using streptavidin

(green) display apical signal pdsw' (apical, sagittal)

Apical

and appear similar to the WT at the basal regions.

Cell lengths are marked by actin staining

Basal

(phalloidin, red).

Sagittal

6.4 Discussion

In this chapter, we attempted to characterize the role of mitochondrial shape maintenance
in Drosophila embryo cellularization. Fission and fusion proteins shuttle between a large

cytoplasmic pool and mitochondria and bind on fission or fusion cues (van der Bliek et al.,
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2013; Scott and Youle, 2010). Mitochondrial morphology proteins are abundant in the
embryo and both Drp1 and Marf localize on the mitochondria. (Fig. 6.1). Mitochondria are
said to be under constant cycling of fission and fission in eukaryotic cells (Chan, 2006). In the
Drosophila embryo mitochondria are distinctively small and punctate, at least till
gastrulation as described in earlier (Chapter 3, 5). Although, both fission and fusion
machinery localizes on the mitochondria, we hardly ever observed any fission-fusion
dynamic events. Mitochondrial fragmentation was not observed on reducing the levels of
fusion proteins (6.3.3). This possibly meant that either fusion proteins are inactive or
mitochondria already at their smallest threshold sizes in the embryo. Mitochondrial shape
changed to more clustered form upon Drp1 knockdown (6.3.2). Also, reducing Opal levels in
the background of Drp1 mutation rescued mitochondrial size (6.3.7). This suggests that both
fission and fusion proteins are functional and active in the embryo. What keeps Drp1 active

to enforce mitochondrial fragmentation in the early embryo is not clear in this scenario.

The importance of mitochondrial shape in regulating the transport is very well documented
in the neuronal cells and has been implicated in axonal degeneration, neuro-degenerative
disorders (Costa et al., 2010; Rawson et al., 2014; Wang et al., 2011) and T cell immunity
response (Baixauli et al., 2011).Mitochondrial transport is abrogated in fission or fusion
deficient cells (Chen et al., 2003; Li et al., 2004; Verstreken et al., 2005). We observed a
similar lack of transport in drp1 mutant embryos which is most likely due to inefficiency of
microtubule motors to transport highly clustered structured. Very few small mitochondria
were able to localize apically in drp1 mutant embryos. Mitochondrial shape reverted by to
normal when we reduced the amounts of Opal in the background of Drp1. These small
mitochondria were able to migrate apically. This shows that just by reverting mitochondrial
shape we could rescue mitochondrial transport and that drp1 is not essential for the

transport but maintenance of mitochondrial shape is.

Regulation of mitochondrial shape is also essential for maintenance of cellular
bioenergetics. Preventing mitochondrial fission impairs their ATP production and leading to
cellular stress, physiological defects and neuronal synaptic function (Cho et al., 2010; Hu et
al., 2017; Kim et al., 2015; Parone et al., 2008; Qian et al., 2012; Shields et al., 2015). We
attempted to test ATP levels in drp1 mutant embryos using pAMPK, a well-known ATP
biosensor (Chowdhary et al., 2017; Lee et al., 2007; Sakamoto et al., 2004). We did not
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observe any change in the pAMPK levels, indicating that ATP levels in the Drpl mutant
embryos were not altered. There are reports that suggest either increase (Parone et al.,
2008; Tomer et al., 2018; Zaja et al., 2014) or depletion (Kim et al., 2018; Muller, 2000;
Nauseef, 2008; Roth et al., 2014; Sheffer et al., 2016) in ROS levels upon mitochondrial
clustering via Drp1 knockdown. We found using DHE staining that ROS in the drpl mutant
embryos is reduced. DHE marks the cytoplasmic ROS. We need to test the effect on
mitochondrial ROS using a more specific dye. MitoSOX is targeted to mitochondria and
fluoresces based on its interaction with superoxides. Staining with this dye did not our with

our permeabilization protocols (5.2.4, 4.2.2).

We found that shorter cells formed during cellularization with less contractile actomyosin
rings which is likely caused by the reduction of membrane localized Myosin (Sgh). Evidence
from in vitro studies suggests oxidization of kinases in the presence of ROS (Fedorova et al.,
2009; Steinberg, 2013). Hypoxia induced ROS induction in bovine brain endothelial cells
leads to increased phosphorylation of Myosin light chain (Kuhlmann et al., 2007). Regulation
of Myosin Il by redox was also demonstrated during integrin engagement (Fiaschi et al.,
2012). Tuning of Myosin Il activity by regulation of ROCK by ROS levels has been studied in
Drosophila embryo dorsal closure (Muliyil and Narasimha, 2014). We would like to further
study whether similar regulation exists during Drosophila cellularization as well by using
SOD mutation in the background of Drpl mutation, in order to increase ROS. Muliyil and
Narasimha showed mitochondrial fragmentation upon ROS level increase (Muliyil and
Narasimha, 2014). We did not observe change in mitochondrial shape in hSOD1*V mutant
embryos (data not shown). We also observed a rescue of contractile ring area, cell length
and Myosin |l levels in drp1°¢; opal. We are investigating whether ROS levels are rescued in

this combination.

138



Chapter 7
Mitochondrial regulation during gastrulation in Drosophila embryos

7.1 Introduction

After the formation of about 6000 tall epithelial cells during cellularization, gastrulation
initiates with apical constriction and invagination of mesoderm cells which is regulated by
Toll-Dorsal pathway gradient (Leptin, 1995, 1999; Solnica-Krezel and Sepich, 2012). Dorsal
activates a cascade of transcription factors including Snail and Twist (Ip et al., 1992; Leptin,
1991). Snail initiates Myosin Il pulses at the apical regions of mesoderm cells and Twist is
required to maintain this activity (Ip et al., 1994; Leptin, 1991; Leptin and Grunewald, 1990;
Martin et al., 2009). Further, another transcription factor, Folded gastrulation (fog), leads to
apical activation of RhoGEF-2, a kinase that acts upstream of Myosin Il (Barrett et al., 1997,
Dawes-Hoang, 2005; Fuse et al., 2013; Nikolaidou and Barrett, 2004). At the same time
removal of Myosin from the basal furrow tips in the mesoderm cells is essential for furrow
formation (Krueger et al., 2018; Royou et al., 2004; Young et al., 1991). Gastrulation furrow
does not form in RhoGEF-2 mutant embryos where Myosin Il activity is abrogated (Barmchi
et al., 2005; Barrett et al., 1997; Kolsch et al., 2007). Also, mutated or reduced amounts of
snail, twist and fog affect Myosin Il activity leading to deformed gastrulation furrow (Dawes-
Hoang, 2005; Ip et al., 1992; Lim et al., 2017; Young et al., 1991). Moreover, increased
amounts of these proteins leads to ectopic Myosin Il activity in the entire embryo, also

inhibiting ventral furrow formation (Dawes-Hoang, 2005).

About 2 decades ago, mitochondrial localization at the prospective gastrulation region has
also been suggested in Xenopus embryos using mitochondrially derived long ribosomal RNA
(mtlr-RNA) (Yost et al., 1995). Functional relevance of such particular relocalization of
mitochondria has not been studied so far. We reported enhanced apical migration of
mitochondria occurs specifically in the ventral furrow cells during apical constriction (Fig.
5.3). This coincides with the period when Myosin Il is also activated apically (Martin et al.,
2009; Mason et al., 2016). Additionally adherens junction proteins (Barmchi et al., 2005;
Weng and Wieschaus, 2016) and Fog (Dawes-Hoang, 2005) are released apically at the same

time. In this regard, we asked if mitochondrial relocalization to the apical regions in the
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ventral furrow is also dependent on Toll-Dorsal pathway. Interaction of Fog signaling with
Drp1 leads to mitochondrial fragmentation in Drosophila muscle cells (Ratnaparkhi, 2013). It
is not clear whether it may be necessary for mitochondrial transport in addition to
mitochondrial fragmentation. Also, presence of mitochondria at the apical regions of
mesoderm cells during gastrulation may be necessary to provide local metabolic inputs to
the constricting cells. Mitochondrial transport and Myosin 1l levels were significantly
reduced during cellularization in drp1°¢ embryos (6.3.5). Since maintenance of Myosin I
levels is required for furrow progression, we asked whether the process of gastrulation can
be affected in drp1°¢ embryos. We also attempted to investigate whether mitochondrial
localization is dependent on the Toll-Dorsal pathway by over-expression and

downregulation of Toll-Dorsal pathway components.
7.2 Materials and methods
7.2.1 Fly stocks

All crosses were maintained on standard cornmeal agar medium at 28 °C. rhogef2' and mbs'
were crossed with mat-Gal4. fog' and dI*,UAS-d/"'T were crossed with Mito-GFP flies

containing nanos-Gal4. fog' was also crossed with nanos-Gal4.

Stock Source (ref)

rhogef2' BDRC 34643

mbs' BDRC 41625

fog' Anuradha Ratnaparkhi (Ratnaparkhi and Zinn,
2007)

di*,UAS-d/"'T Girish Ratnaparkhi

Table 7.1 List of fly stocks
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7.2.2 Live imaging

Mito-GFP::Sqh-mCherry, drp1°¢; Mito-GFP::Sgh-mCherry, fog';MitoGFP, d/*,UAS-dI"T;
MitoGFP embryos were imaged end on as mentioned in Chapter 2 (2.5) using 63x, 1.4 NA

objective on Leica sp8 confocal microscope.
7.2.3 Immunostaining

Mito-GFP, drp1°S, drpl', mbs', rhogef2' and fog' embryos were stained using streptavidin and
phalloidin as mentioned in Chapter 2 (2.3). Dorsal and Twist staining was performed in
embryos fixed using 8%PFA and heptane (1:1), devitellinized using heptane and methanol
(1:1). Embryos were incubated with Anti-dorsal (DSHB, 1:500) and anti-Twist (Siegfried Roth,
Koln University, 1:200) overnight at 4 °C. drp1°¢ and WT embryos stained with Dorsal and
Twist antibody were imaged using light sheet microscope (Zeiss LSM 800) such that cross

sections through dorso-ventral axis were visible.

Reagent Source Host Species (Ab) Dilution/

Concentration

Dorsal antibody DSHB Mouse 1:500

Twist antibody Siegfried Roth, Koln Rabbit 1:200

University, Germany

Table 7.2: List of reagents
7.2.4 Analysis
7.2.4.1 Sqh-mCherry and mitochondrial fluorescence during gastrulation

Mean fluorescence Intensity at the ventral furrow for Sgh-mCherry and Mito-GFP embryos
was measured as mentioned in (5.2.5.2). Ratio of background subtracted mean fluorescence
intensity value at apical and basal regions of the mesoderm cells was plotted at different
timepoints (5.2.5.2). A mean of 3 embryos was plotted for all the combinations using

Graphpad Prism 6.0.
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Mean apical mitochondrial fluorescence was measured by drawing a segmented line ROl in
the apical region of the whole embryos in WT and d/I*,UAS-d/"'T embryos. The perimeter of
the embryo was measured. The perimeter was normalized to arbitrary units in percentage
such that the ventral midpoint was ascertained as 0, left half from 0 to -50 and right half
from 0 to 50. Mean of the normalized intensity at every 1.0 A.U was plotted for n=3, 6

embryos for WT and d/*,UAS-d/"'T embryos respectively using Graphpad Prism 6.0.
7.2.4.2 Dorsal and Twist relative spread

ROIs were drawn passing through the nuclei in the entire WT and drp1°¢ embryos in the
dorso-ventral axis using segmented line tool in Imagel. Mean intensities profiles of Dorsal
and Twist were fitted to a Gaussian distribution and full width half max (FHMH) value of the

plot was obtained using Matlab as follows.

Equation: y = a + (b — a) eC(—9)?/2d%)

Where,

a = yo, b —a = center of the Gaussian peak, ¢ = height of the peak, d = standard deviation.
FHMH = 2.35482*d

Relative spread was obtained as a ratio of FHMH to the embryo perimeter, plotted and

analyzed using Mann-Whitney test in Graphpad Prism 6.0.
7.2.4.3 Dorsal and Twist Intensity

Nuclei on the ventral and dorsal side of Dorsal and Twist stained WT and UASd/ embryos
were marked using Hoechst staining. Fluorescence intensities of Dorsal and Twist in the
marked nuclei were measured. Ratio of average Ventral to Dorsal fluorescence intensities

were plotted and analyzed using Mann-Whitney test in Graphpad Prism 6.0
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7.3 Results:
7.3.1 drp1 knockdown affects ventral furrow formation

During gastrulation the ventral cells apically constrict and invaginate in a very coordinated
fashion. We looked at mitochondria at ventral furrow in WT and drp1 mutant embryos using
streptavidin and phalloidin to mark the cell boundaries. Mitochondria migrate apically in the
ventral furrow cells post gastrulation. These cells align parallelly in the WT embryos and
have apical mitochondria present between the layers of invaginating cells. Mitochondria
have apical migration defects in drp1 knockdown embryos and they also formed short cells
with wider basal contractile rings in cellularization (6.3.5). Basally accumulated
mitochondria were also seen in the gastrulation in drp1°¢ and drp1' embryos (Fig. 7.1 A). The
cells at the ventral did not symmetrically invaginate and they were misaligned as seen by
phalloidin staining (Fig. 7.1 A). This is in accordance with a previous report (Ratnaparkhi,

2013).

We had established from the data in cellularization that Myosin Il (Sgh) levels are reduced in
drp1°® embryos (Fig. 6.6). During gastrulation, Myosin localizes apically in the ventral
mesoderm cells and is responsible for apical constriction followed by invagination (Martin et
al., 2009; Young et al., 1991). Localization of myosin is also essential for ventral furrow
morphology (Dawes-Hoang, 2005; Fuse et al., 2013). Therefore, we next quantified Sqgh
levels in the ventral furrow using Sgh-mCherry tag in drp1°¢ embryos. We observed that
ventral furrow in drp1°¢ embryos is flatter compared to the WT. The furrow remained
broader compared to the WT as it invaginated and was not completely sealed like the WT
embryos (Fig 7.1 B). We then measured Cherry fluorescence intensity apical: basal ratio at
the ventral furrow in control and drp1°¢ embryos (Fig 7.1 C). There was initial gradual
increase in Sgh-Cherry signal ratio with time during apical constriction of the mesoderm
cells. The apical: basal ratio reached upto 16 by 4™ time point and eventually decreased
during mesoderm invagination to about 7. In drp1°¢ embryos (Fig. 7.1 C, red), Sgh-mCherry
intensity was half of the WT (Fig 7.1 C, black) to begin with and continued being lower than
the WT throughout gastrulation. The intensity ratio values in drp1°¢ embryos only reached a

maximum of 7 which then reduced to 5 at the end of mesoderm invagination.
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This suggests that the furrow morphology observed using phalloidin staining and Sgh-
mCherry both is likely due to lowered Myosin Il levels. Either mitochondrial mislocalization

or reduced ROS (Fig. 6.7 C, D) in drp1°° may be responsible for Myosin Il reduction.
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Figure 7.1: drp1 mutant embryos have misaligned ventral furrow cells with lowered Myosin
(Sgh). WT ventral furrow has mitochondria (streptavidin, green) present abundantly at the
apical regions above nuclei (Hoechst, blue). Ventral furrow cell boundaries marked by F-actin
(Phalloidin, red) are symmetric (A). Mitochondrial clumps (streptavidin, green) are seen
below the nuclei (Hoechst, blue) in drp1°¢and drp1' embryos. Ventral furrow cells are
misaligned (F-actin, phalloidin, red) (A). Sgh-mCherry imaged during ventral furrow
formation in drp1°¢ embryos show flattened ventral furrow, which does not close completely
(White arrowhead) as the WT (B). Apical: Basal intensity of Sgh-mCherry fluorescence is
significantly reduced in drp1°° (red) compared to WT (black) (C) n = 3 (C)

7.3.2 Distribution of Dorsal and Twist is unchanged in drp13¢ embryos

Mesoderm fate is determined by Toll-Dorsal pathway, which activates a downstream
cascade of transcription factors including Snail, Twist and Fog ultimately leading to apical
activation of Myosin Il and apical constriction and invagination of mesoderm cells (Jiang et
al., 1991; Lim et al., 2017). The phenotype observed in drp1°¢ embryos related to the furrow
morphology and Myosin localization is similar to downregulated Toll-Dorsal pathway
components (Barmchi et al., 2005; Dawes-Hoang, 2005; Nikolaidou and Barrett, 2004).
Mitochondria specifically migrate to the apical regions of the mesoderm cells during
gastrulation, therefore we asked if mitochondrial mislocalization in drp1°¢ embryos perturbs
Dorsal and Twist by using antibodies against these proteins. These images were taken on
Zeiss, light sheet microscope. Due to less resolution obtained, we chose to quantify the
spread of nuclear signal of Dorsal and Twist relative to the whole embryo, instead of the
intensity (7.2.4.2) (Fig 7.2). No significant difference was observed between WT and drp1°©

Dorsal and Twist relative spread (Fig 7.2B).
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Figure. 7.2: Distribution of Dorsal and Twist in unaffected in drp15¢ embryos. WT and
drp1°¢ embryos have Dorsal (green) and Twist (red), present inside the ventral nuclei
(Hoechst, blue) (A) Relative distribution of Twist (red) and Dorsal (green) intensity in drp1°¢is
similar to WT (black) (B). N = 2, number on the graph represent the number of embryos

analysed for each data set. (ns; P > 0.05, Mann Whitney test)

7.3.3 Increased Dorsal elevates apical mitochondria during gastrulation

We had documented an enhancement of mitochondrial transport in the mesoderm cells
during gastrulation (5.3.2). We then questioned whether mitochondrial apical migration

could work downstream of Toll-Dorsal pathway. We over-expressed WT dorsal in the
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background of dorsal null allele (dI*, UASP-d/"'T, referred as UASP-d/ hereafter) using nanos-
Gal4 along with Mito-GFP. To verify whether the over-expression fly line is effective in
increasing Toll-Dorsal activity, we immunostained UASP-dl embryos with Dorsal and Twist
antibody. Dorsal and Twist staining was only present in the mesoderm nuclei in the WT
embryos (Fig 7.3 A, Top panel). 88% of UASP-dl embryos showed enhancement in the
immunostaining and it was spread throughout the embryo on the ventral as well as dorsal
side (Fig 7.3 A, Bottom panel). We then measured a ratio of Twist and Dorsal fluorescence
intensity in ventral: dorsal nuclei. Twist and Dorsal staining was about 1.5 and 3 fold
respectively in ventral nuclei than the dorsal nuclei (Fig 7.3 B). The ventral: dorsal
fluorescence ratio significantly reduced and was closer to 1 in UASP-dl embryos for both
Twist (Fig 7.3 B, red) and Dorsal (Fig 7.3 B, green) staining. Thus the Toll-Dorsal pathway is

elevated in UASP-d/ expressing embryos.

We then imaged UASP-d/ embryos using Mito-GFP in endon orientation. Only 16% (1/6)
embryos contained invaginating cells, but the furrow formed was not normal. Remaining
84% (5/6) embryos did not form the ventral furrow. Thus, we were only able to test the
difference in Mito-GFP in the early gastrulation timepoints. For the quantification, we chose
a time point where apical constrictions begin and also where increase in the apical
mitochondrial fluorescence is clearly visible. The region of enhanced mitochondrial
fluorescence was restricted to a narrow region of around 8 cells in the WT (Fig. 7.3 C). 1/6 of
UASP-dl embryos showed restricted localization apically increased Mito-GFP. In 3/6 of the
embryos the mitochondrial apical fluorescence was enhanced in almost half of the embryo.
2/6 embryos show an enhancement of the signal in all cells (Fig. 7.3 C). We quantified apical
mitochondrial fluorescence in WT and UASP-dl embryos and plotted it with relative distance
(%) from the ventral midpoint (Fig 7.3 D, 0). Mitochondrial fluorescence in the WT embryos
was present in the ventral most 20% region (Fig. 7.3 D, black). Intensity profile of the

fluorescence in UAS-d/ was significantly spread compared to the WT (Fig 7.3 D, red).
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These data demonstrate that Toll-Dorsal pathway activates mitochondrial apical transport.

We need more experiments to point out the component of the pathway necessary in

regulating mitochondria.
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Figure 7.3: Mitochondrial apical migration is enhanced in dorsal over-expression. Dorsal
(green) and Twist (red) are localized inside the ventral nuclei (Hoechst, blue) in WT
cellularizing embryos (A). Dorsal (green) and Twist (red) staining is present in almost all of
the nuclei in UASdI cellularizing embryos (A). Ventral: Dorsal side fluorescence intensity ratio
measured in nuclei for Twist (red) and Dorsal (green) is significantly lowered in UASd/
compared to WT (B). Numbers on the graph represent the number of embryos analysed.
Intensity was measured from 5 nuclei on each side per embryo. (**; P <0.01, Mann Whitney
test) (B). Mitochondrial signal is enhanced at the apical side of ventral mesoderm cells during
apical constriction in WT embryos imaged end on using Mito-GFP (C). 16%, 50% and 34% of
UASd!/ embryos have localization of mitochondria in a few ventral cells, almost half of the
cells and all cells in the embryo respectively (C). Mean normalized apical Mito-GFP
fluorescence is spread more in UASd/ (red) compared to WT embryos (black) (D) n =3, 6; WT
and UASdI respectively. Scale bar: 50 um (A), 20 um (C).

7.3.4 Mitochondria accumulate at the ventral furrow in rhogef and mbs'

We then asked whether down-stream components of the Toll-Dorsal pathway affect
mitochondrial localization at the ventral furrow. Firstly, we tried to modulate activity of
Myosin Il by using RNAi against RhoGEF2 (rhogef2') and MBS (mbs') driven using mat-Gal4
and observed mitochondria using fluorescently tagged streptavidin. RhoGEF2 is an upstream

kinase that activates Myosin Il apically in the ventral furrow cells (Barmchi et al., 2005). MBS
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inhibits myosin regulatory light chain (MRLC, sgh). Thus knocking it down
hyperphosphorylates Sgh, thereby increasing Myosin Il activity (Mizuno et al., 2002; Xue and
Sokac, 2016). Ventral furrow did not form in 100% of mbs' and in 67% of rhogef2' embryos,
indicating that these RNAI lines were effective (Fig 7.4 A). Mitochondria were present
apically in the ventral cells, suggesting that mitochondrial localization is not controlled by

Myosin Il activity (Fig 7.4 A).
7.3.5 fog knockdown reduces mitochondrial apical transport in the ventral furrow

Next, we tested mitochondrial localization in fog'. fog is transcriptionally activated
downstream of twist in the ventral mesoderm cells. We expressed fog' (Ratnaparkhi and
Zinn, 2007), using nanos-Gal4. 67% of embryos formed ventral furrows with misaligned
boundaries, but no mitochondrial phenotype was observed. 33% of embryos showed
absence of furrows and random clustering of mitochondria (Fig. 7.4 A). We expected
mitochondrial clustering since fog and drp1 are known to complement each other

genetically as shown by study using Drosophila muscles (Ratnaparkhi, 2013).

In order to systematically analyze mitochondrial localization in fog' we used Mito-GFP and
imaged the embryos endon (5.2.2) (Fig. 7.4 B). We then measured apical to basal intensity
ratios at different time points during gastrulation (5.2.5.2). The normalized apical:basal
fluorescence was similar to WT at the beginning of apical constriction indicating a lack of
significant effect on cellularization, but the apical:basal fluorescence did not increase
significantly with time in gastrulation. Fluorescence ratio increases to about 5 fold by 3™
time point. Intensity ratio in fog' embryos was significantly less at 3™ and 4t time point (Fig

7.4 B, C).

These data show that Fog likely regulated mitochondrial apical transport during
gastrulation. We are further testing whether stronger depletion of fog would lead to a

severe mitochondrial transport defect with other available RNAi fly stocks.
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Figure 7.4: Downregulation of Toll-Dorsal pathway components. Ventral furrows are
misaligned (33%) or missing (67%) (F-actin, phalloidin, red) in rhogef2' embryos but
mitochondria (streptavidin, green, white arrowheads) localize to the apical regions (A).
Mitochondria (streptavidin, green, white arrowheads) are present apically in mbs'
embryos, where ventral furrows do not form (A). Ventral furrows are misaligned (67%) or
missing (33%) (F-actin, phalloidin, red) in fog' embryos. Mitochondrial clusters
(streptavidin, green, white arrowheads) are observed in 33% embryos (A). Mitochondria
are visualized in fog' embryos using Mito-GFP. Ventral furrow morphology in fog' embryos
is not strikingly different than the WT embryos (B). Mean normalized Apical: Basal
intensity of Mito-GFP signal at ventral cells is lowered in fog' (red) compared to WT

embryos (black) (C). n = 3, Scale Bar: 20 um (C).

7.4 Discussion

Mitochondrial apical migration is disrupted in drp1°¢ embryos in cellularization and
gastrulation. Myosin Il amounts are reduced at the apical regions of ventral mesoderm cells,
resulting in furrow flattening. The furrow is not completely zippered in the end. Myosin ||
downregulation inhibits apical constrictions and furrow formation (Dawes-Hoang, 2005;
Weng and Wieschaus, 2016; Xie and Martin, 2015). Similar to drp1°¢, fog (Dawes-Hoang,
2005) and rhogef2 (Barmchi et al., 2005; Nikolaidou and Barrett, 2004) mutant embryos also
have significantly lowered amounts of Myosin at the ventral furrow. Attenuation of fog
signaling by downregulation of drp1 has been showed in Drosophila muscles (Ratnaparkhi,
2013). Additionally, over-expression of fog could fragment mitochondria in Drp1 dependent
manner. A small fraction of drp1 knockdown embryos have been shown to have a
misaligned ventral furrow (Ratnaparkhi, 2013). Myosin constricts apical regions of the
ventral furrow cells in a ratcheted pulsatile way (Vasquez et al., 2014) and these pulses are
dependent on Twist (Xie and Martin, 2015). Ventral furrow was flattened in embryos lacking
cumberland-GAP (C-GAP) (Mason et al., 2016). C-GAP inhibits RhoA and thereby reducing
Myosin Il activity. Although, the amount of active Myosin Il is increased in C-GAP

knockdown embryos, the pulsatility is reduced leading to lowered apical constriction
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(Mason et al., 2016). Measuring the intensity, time and frequency of the Myosin Il pulses in

drp1°® embryos will elucidate the effect on Myosin activity more descriptively.

Flattening of ventral furrow and a lack of apical constriction has been also observed in
embryos with reduced actin turnover, obtained by knockdown of Slingshot (5Sh) (Jodoin et
al., 2015). SSh inactivates actin severing protein Cofilin by dephosphorylation (Niwa et al.,
2002).

Knockdown of ventral fate inhibitor Spn27A, increases the width of ventral domain
broadens area of active Myosin, and there by flattening the ventral furrow overall (Chanet
et al., 2017; Ligoxygakis et al., 2003). We have not tested the extent to which Myosin Il is
active in drp1°® embryos and whether it may serve as a compensation for its loss. But we
have measured the spread of Dorsal and Twist staining in drp1°¢ embryos and it shows no
change compared to the WT indicating that the ventral fate determination proteins are at

least located in a restricted manner.

Myosin Il is required for apical translocation of adherens junction proteins such as Armadillo
(Arm, B-catenin) and E-cadherin (Weng and Wieschaus, 2016). The localization and activity
of Arm and E-Cadh is essential for proper progression of ventral furrow (Cox et al., 1996;
Haruta et al., 2010; Wang et al., 2004). The gastrulation phenotype observed in drpl mutant

embryos may additionally be due to loss of these adherens proteins.

We tested whether enhanced mitochondrial apical transport in the ventral mesoderm cells
is regulated by the Toll-Dorsal pathway. The data with Dorsal over-expression pointed out
an interesting possibility of regulation of apical transport. We observed increased apical
localization of mitochondria in the Dorsal overexpression embryos compared to WT, most
likely in the all the cells that gain Dorsal signaling. When downregulated various
components of the Toll-Dorsal pathway, a reduction in the mitochondrial accumulation at
the ventral furrow was observed in fog' embryos suggesting that this pathway may indeed
be regulating mitochondrial transport. We need to test this possibility better by over-
expression or stronger knockdown of fog. Since fog is a zygotically expressed gene, using
maternal promoter containing Gal4 constructs is not achieving optimal fog knockdown in
the embryos. Fog is secreted apically and activates maternally expressed Concertina (Cta)

that initiates the Myosin regulatory cascade with the help of G-protein coupled receptors
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(Barrett et al., 1997; Fuse et al., 2013). It could probably be more effective to knock Cta
down using nanos-Gal4 or mat-Gal4. Additionally, these data support the known interaction
between fog and drp1 (Ratnaparkhi, 2013). We can also test whether gastrulation
phenotypes obtained in drp1 mutant embryos are due to decreased fog activity.
Mitochondrial apical transport needs mitochondrial fragmentation (Fig 6.8 A, B), it would be

worth analyzing whether Fog alters mitochondrial morphology in the ventral furrow cells.

Mitochondrial localization at the apical region may be necessary for either providing energy
or ROS or they may be participating in signaling. We showed in cellularizing drp1°¢ embryos,
the ATP levels are likely unchanged, but they have reduced ROS levels (6.3.6). Myosin
activity is attenuated by signaling through ROS during dorsal closure in Drosophila embryos
(Muliyil and Narasimha, 2014). ROS may regulate activity of kinases upstream of Myosin Il
(Fedorova et al., 2009; Steinberg, 2013). A proteomic study demonstrated differences in
Drp1 protein isoforms in ventralized and dorsalized embryos (Gong et al., 2004). The
authors also showed that Transferrinl and transferrin 2 light chain homolog are reduced in
ventral cells. This protein regulates redox activities in cells (Gong et al., 2004). A gradient of
mitochondrial membrane potential was observed using JC1 dye (Schiffmann, 1997). This
suggests a possibility of metabolic differences between ventral and lateral cells. Immune
system T cell receptor activation depends on and leads to production of mitochondrial ROS
(Droge, 2002; Kaminski et al., 2012). Transcription of immune response targets is achieved
by Nuclear factor-kappaB (NF-kB), a mammalian homologue of Dorsal (Smith-Garvin et al.,
2009). NF-kB is activated by a Activating post-translational modification and mitochondrial
localization of Drpl leads to ROS production which is necessary for the function of NF-kB
(Roth et al., 2014). It would be interesting to find similar interaction in the case of Toll-

Dorsal pathway at Drosophila mesoderm.

Taken together, mitochondrial activity and localization is essential for formation of precise
ventral furrow during gastrulation. Toll-Dorsal pathway likely regulates mitochondrial
localization and activity in the furrow. The mechanistic relation between mitochondrial
localization and activity remains to be elucidated. We are studying these interactions in
more details by increasing ROS levels in the background of drp1°¢ by using SOD down-
regulation or mutants. We will also attempt to obtain a rescue of phenotypes by combining

hyperactive Toll-Dorsal pathway components with drp1 mutation.
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8 Thesis Summary and Future perspectives

Since the discovery of mitochondrial fission and fusion proteins, great progress has been
made in understanding of mitochondrial functionality. Mitochondrial dynamics has been
studied in details and even more constituents regulating mitochondrial shape regulation are
being discovered. Involvement of mitochondria in regulation of signalling has come to light
recently and a network of mitochondrial interactors, based on dynamics, metabolism and
diseases is being established. Different mitochondrial architecture is also associated with
differences in metabolic output and the regulation is cell type specific (Kuznetsov et al.,
2009). Early embryos, oocytes and have nascent mitochondrial architecture and metabolism
compared to a differentiated cell (Birket et al., 2011; Van Blerkom, 2011; Wang et al., 2012;
Xu et al., 2013). Notable studies demonstrate the interaction of mitochondrial architecture
with differentiation and growth regulating pathways such as EGFR, Hippo/Yorkie, Notch and
cyclin E during cell division (Mandal et al., 2010; Mitra et al., 2012; Nagaraj et al., 2012;
Parker et al., 2015; Tomer et al., 2018). Most of the studies related to mitochondrial
function are related to their metabolic capacity and fertilization competence of oocytes and
pose a clinical relevance. Few studies point out to mitochondrial morphology and
localization in various model systems such as preimplantation mammalian, ascidian and
Xenopus oocytes and embryos (Bavister and Squirrell, 2000; Van Blerkom, 2011; Dumollard
et al., 2007; Mtango et al., 2008; Weakley, 1966; Yost et al., 1995). Mitochondrial
localization has been suggested using reagents such as mitochondrially derived long
ribosomal RNA (mtlr-RNA), germ plasm dyes and redox dyes like JC1 (Van Blerkom, 2011;
Van Blerkom et al., 2002; Dumollard et al., 2007; Yost et al., 1995). A systematic
characterization of mitochondrial morphology, localization and function in early metazoan

embryos had not been done so far.

Various modes of interaction of mitochondria with cellular signalling pathways are
upcoming. They largely consists of production and release of small molecules like calcium,
ROS, acetyl CoA and cytochrome C (Chandel, 2014). Acetyl-CoA and other mitochondrial
enzymes can participate in chromatin modifications (Liao et al., 2006; Nagaraj et al., 2016)
and post translational modification of proteins (Shi and Tu, 2015). Other body of evidence

suggests localization of signalling molecules on the mitochondria, possibly regulated by the
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mitochondrial membrane potential (Parker et al., 2015; Tomer et al., 2018). But the
functional significance of mitochondrial architecture and their precise mechanistic roles in

signalling and development are not very clearly established yet.

We systematically analysed mitochondrial shape, distribution and function in the Drosophila
embryo. We studied the importance of mitochondrial shape regulation in the embryo and

we propose an interaction of mitochondria with dorso-ventral axis determination.
8.1 Regulation of mitochondrial distribution during Drosophila embryogenesis

We characterized mitochondria in the preblastoderm, syncytial blastoderm, cellularization
and ventral furrow invagination using live imaging of mitochondrially localized GFP tag
(Mito-GFP) expressed using maternally driven nanos-Gal4. We were able to potentially mark
individual mitochondrial puncta based on fluorescence and measure their sizes using
threshold based quantification. The mitochondrial size remained small from preblastoderm
to gastrulation and the measured sizes were similar to previously estimated mitochondrial
area using EMs. We also successfully engineered and standardized the photoactivation
methods to visualize mitochondria in the embryo. We were able to specifically light a few
mitochondria using the Mito-PAGFP tag and follow their localization and dynamics in a

better analytic way.

Majority of mitochondria locate near the cortex and a fraction of them surround the
preblastoderm nuclei deep inside the embryo. Cortical mitochondria are captured around
nuclei arriving at the cortex during NC10 and the surround the nuclei. Mitochondria are
scarce in the apical regions and mostly localize below the nuclei in the syncytial blastoderm
stage (Fig 8.1 A) by binding to microtubules and trafficking by plus ended Kinesin motors.
Mitochondria display negligible mobility around nuclei and similar to Golgi complex and
endoplasmic reticulum (ER), mitochondria are restricted to one nuclear-cytoplasmic region

III

or “syncytial cell” and are distributed equally in daughter cells. This suggests lineage specific
inheritance of mitochondria in the syncytial cells. It has been previously shown that
daughter nuclei remain at the same location as mother nuclei. Plasma membrane associated
molecules also equally distribute between daughter nuclei (Mavrakis et al., 2009). In

addition to equal distribution to daughter nuclei, we found that mitochondria were
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stationary within each syncytial cell also. This is likely to be significant for local activities

such as energy requirement regulated by mitochondria.

Progressive relocalization of mitochondria from basal regions to the apical regions takes
place during cellularization based on their transport on dynein motors (Fig. 8.1 B). The
mitochondrial migration occurs synchronously in time with ingression of membranes.
Whereas, apical migration during cellularization takes place globally, the apical migration is
very specifically enhanced in the ventral furrow cells post cellularization (Fig 8.1 C). This is
similar to previous observations made in Xenopus embryos using mtir-RNA (Yost et al.,
1995). The apical migration of mitochondria during ventral furrow formation occurred

simultaneous with apical constriction of the mesoderm cells.

MZT is characterized by beginning of zygotic RNA expression and degradation of maternal
MRNA. The zygotic RNA transcription is regulated by maternal components such as Zelda
(zld). Majority of zygotic gene transcription initiates around the time of cellularization in
Drosophila embryo (Harrison et al., 2011). It is essential to note that mitochondrial apical
transport takes place during the time of MZT. Mitochondrial basal localization is mediated
by Khc during syncytial stages. khc is highly expressed in the 0-2 hour old embryo and the
transcript levels reduce post 2hrs (modENCODE). At the same time the levels of Dynein light
chain 90F (dIc90f) increase. DIc90F is essential for linking of motors and adapters to their
cargos. It is possible that regulation of microtubule motor transcription during this stage
reverts the mitochondrial and Golgi complex (Papoulas et al., 2005; Sisson et al., 2000)
localization. There could also exist a possibility of regulation of MZT itself by organelle

relocalization.

Mitochondrial are transported over long distances in neurons on microtubules (Chen and
Chan, 2009). It has been shown that mitochondria with higher membrane potential
selectively are transported rapidly in anterograde way to the growth cones (Miller and
Sheetz, 2004). Although mitochondrial shape in apico-basal axis in Drosophila cellularization
and gastrulation are similar, we do not know whether there are metabolic differences in

mitochondria within a cell. This would be an exciting aspect to follow.
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8.2 Role of mitochondrial shape and function during embryogenesis

Maintenance of mitochondrial morphology is essential for embryonic development and
survival (Chen et al., 2000; Ishihara et al., 2009; Moore et al., 2010; Rahn et al., 2013;
Wakabayashi et al., 2009). Also, early embryo development requires ATP obtained from
aerobic respiration (Van Blerkom et al., 1995; Dumollard et al., 2007; Wilding et al., 2009;
Zhao et al., 2015).

We studied the impact of ATP inhibition in the syncytial blastoderm stages. By using pAMPK
as energy sensor and through acute and genetic inhibition of mitochondrial ETC
components, we found that the ETC is active and is the source of energy for early embryos.
Similar results were obtained from direct measurement of ATP and staining for
mitochondria potential dye CMXRos. Reduction in ATP content in the embryos affected
ingression of metaphase furrows. We propose that small mitochondria restricted in space
traffic efficiently in the syncytial embryos and are required to locally provide ATP to rapidly

growing metaphase furrows.

Next, we attempted to modify mitochondrial morphology using fission and fusion protein
mutants and knockdown using an RNAi based approach. Knockdown of fusion did not
significantly change the mitochondria morphology, most likely because mitochondria are
already at their smallest possible size. Knockdown and mutations in drp1 significantly
increased the mitochondrial clustering. These large mitochondria failed to travel apically, as
the microtubule motors may be inefficient in carrying an increased load. We did not observe
any changes in the ATP levels, based on the pAMPK staining. This could possibly be because
mitochondrial ETC is still intact and/or the effective ATP content remains the same due to a
large number of mitochondria present in the embryo. Recent report from the lab shows that
the fused mitochondria in drpl mutant follicle cells shows a higher mitochondrial
membrane potential consistent with the explanation that mitochondria are functional

(Tomer et al., 2018). ROS on the other hand was reduced in the cellularizing drp1°¢ embryos.

Shorter cells with wider contractile furrows were formed during cellularization in drp1°¢
embryos. Cause of lack of ring constriction could be physical barrier presented by clustered
immobile mitochondria at the basal regions. Levels of membrane localized Myosin

regulatory light chain (MRLC, sgh) were significantly low in drp1°¢ embryos. Tuning of
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Myosin levels is controlled by ROS and mitochondrial morphology in constricting
amnioserosa cells in Drosophila embryo dorsal closure (Muliyil and Narasimha, 2014). A
similar mechanism may exist in this situation as well. Thus, lack of membrane extension and
less contractility of the actomyosin rings possibly attribute to decrease in the Myosin levels
as observed our experiments and previous studies (Wenzl et al., 2010; Xue and Sokac, 2016)

done using Myosin mutants .

Myosin Il is an essential component during apical constriction and invagination of ventral
mesoderm cells. Myosin activity is reduced from the basal region of mesoderm cells and
pulsed activation initiates at the apical surfaces (Martin et al., 2009). Levels of myosin are
reduced in drp1°¢ embryos. Ventral furrow is misaligned and flattened compared to the WT,
similar to phenotypes observed in rhogef2 and fog mutants which fail to localize Myosin at
the apical regions of the ventral cells (Barmchi et al., 2005; Dawes-Hoang, 2005; Nikolaidou
and Barrett, 2004). An interaction between Fog signalling and Drp1 has been previously
established (Ratnaparkhi, 2013) and metabolic differences between ventral mesoderm and
ectoderm cells has also been suggested (Gong et al., 2004; Schiffmann, 1997). We would like
to further address if gastrulation phenotypes observed in drp1 mutant embryos is due to
their interaction with Toll-Dorsal pathway. Also since ROS levels are reduced in the drp1°¢
embryos, it would be worth analysing if alterations in ROS levels affect Toll-Dorsal pathway

components.
8.3 Regulation of mitochondria by Toll-Dorsal pathway

Toll-Dorsal pathway regulates the ventral fate by transcriptional control of the genes snail,
twist and fog which in turn activates the ROK, Rho-GEF2 cascade to initiate and maintain
Myosin Il activity at the ventral furrow (Barmchi et al., 2005; Dawes-Hoang, 2005; Fuse et
al., 2013; Leptin, 1991; Leptin and Grunewald, 1990; Martin et al., 2009; Morisato, 2001).
Since we observed a very specific enhancement in mitochondrial transport in the ventral
mesoderm cells, we wondered if this is regulated by the mentioned pathway. Over-
expression of the pathway using dI*,UAS-d/"'T expanded the pathway activity in the entire
embryo. We found that mitochondrial apical transport occurred in a large number of cells or
in the entire embryo when dorsal was over-expressed, most-likely in the cells with active

Dorsal. The transport reduced when fog was knocked down. Mitochondria localized to the
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furrow when amounts of Myosin Il regulators, Rho-GEF2 and MBS were reduced. These data
indicate that mitochondria are likely to function downstream of fog and upstream of Rho-
GEF2 cascade. We need more experiments to achieve a stronger inhibition of mitochondrial

transport in the ventral cells. These are described later in this section.

drp1 mutant embryos render shallow and asymmetric furrows with lowered activity of
Myosin. Also, ROS is reduced in these embryos. Fog pathway regulates Drpl to fragment
mitochondria by an unknown mechanism (Ratnaparkhi, 2013). Myosin Il functions
downstream of Fog. Fog may be responsible for mitochondrial fragmentation, which we are
not able to detect with the image resolution we have, leading to the apical enhanced
transport. It is also highly likely that the Fog signalling pathway regulates the microtubule
based transport in the mesoderm cells. We observed reduction in ROS levels in drp1°¢
embryos. On the contrary, Fog mediated mitochondrial fission can aid ROS production in the
mesoderm. The mitochondrial ROS is likely to be locally delivered at the site of apical
constriction, leading to activation of kinases to regulate Myosin Il activity. Additionally, it is
possible that Fog signalling regulates the transcription of SOD in the mesoderm cells to
maintain ROS levels. It would be worth pursuing further how the interaction of Drp1 with

Fog signalling controls myosin activity in the ventral furrow in future.

Taken together, we successfully characterized the mitochondrial localization and dynamics
in the early Drosophila embryogenesis with the help of existing and better visualization tool
of Mito-PAGFP. We demonstrated the effect of mitochondrial shape and metabolism
modification on the embryogenesis. The work was also able to reveal regulation of
mitochondria by the Toll-Dorsal pathway in the Drosophila embryo, further analysis will

shed more light on the mechanistic details of this interaction.
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Figure 8: Summary of results. Mitochondria (green) are small and basally distributed in
the syncytial cells of the Drosophila embryo and essential for locally delivering ATP to the
dynamic membranes. The mitochondrial distribution regulated is by microtubules (A).
Reproduced from (Chowdhary et al., 2017) (A). Mitochondria (green) migrate apically
during cellularization using dynein based transport (B). Clustered mitochondria (green) in
drp1 mutant embryos fail to migrate apically (B) drp1 embryos have shorter cells and
wider contractile rings with decreased Myosin levels (yellow dotted lines) (B).
Mitochondrial apical migration is enhanced in the ventral furrow cells (C). The ventral
furrow is misaligned and shallow in drp1 mutant embryos. Apical activity of Myosin is

reduced in these embryos (C).

8.4 Experimental limitations
8.4.1 Knockdown of essential maternal genes led to oocyte developmental defects.

We used RNAIi based approach to knockdown transcripts in the embryo. The RNAis were
expressed using maternally derived nanos-Gal4 and mat-Gal4. Mitochondrial proteins
regulate Drosophila oogenesis (Mitra et al., 2012; Tomer et al., 2018). Optimum knockdown
of marf, opal and drp1 using nanos-Gal4 led to complete embryonic lethality and oocyte
dysfunction. We attempted for stronger dynein knockdown using a different RNAi line. The
flies obtained from crossing it with nanos-Gal4 did not lay any eggs. Mitochondria are
clustered to the basal side in drp1°¢ embryos. We combined drp1°¢ with khc'in an attempt
to stop mitochondrial basal transport and enhance apical transport to rescue mitochondrial
localization. The ovaries obtained from this combination were completely deformed. Since
proteins are dumped in huge amounts in the embryo, injecting the dsRNA may not be the
best option to overcome this limitation. One needs to test different combinations of Gal4
expression lines possibly with the addition of Gal4 suppressors such as Gal80ts to modulate
the expression at different incubation temperatures in order to optimise the knockdown in

order to obtain embryos with sustained defects at the desired developmental stage.
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8.4.2 Knockdown of zygotic genes using maternally expressed Gal4 was not optimal.

Maternal knockdown of genes is a very effective way to reduce amounts of proteins in the
early embryo. Majority of zygotic transcription starts at cellularization and effects of
maternal driver may dilute out till that time (Staller et al., 2013). We used nanos-Gal4 to
express fog'in the embryo and observed a weak phenotype. We either need to use a

stronger RNAi and a more temporal specific Gal4 expression for fog knockdown.
8.4.3 Analysis of cellular metabolism using chemical reagents.

A large variety of reagents is now available to analyse mitochondrial metabolism and
function. In this thesis, the results obtained using Mitotracker-CMXRos; a mitochondrially
localizing membrane potential dye and DHE; a dye to measure cellular ROS. We also tried
using Mito-SOX to visualize mitochondria ROS. Mitotacker-CMXRos is a fixable dye whereas
the other two can only be used in live samples. It is essential that the samples to be stained
are alive at the time of incubation with dyes. The same applies for treatment of the embryos
with inhibitor drugs. We tried using different protocols to permeabilize the vitelline
membrane to incorporate dyes and drugs in the embryo. We have tested methods using
Limonene-heptane combination (Schulman et al., 2013), iso-Propanol-Hexane combination
(Strecker et al., 1994) and octane (Limbourg and Zalokar, 1973). This protocols are
seemingly effective in the permeabilization of late embryos. In all the methods, the embryos
did not survive post treatment and had to be fixed. We could not capture live dynamics of
the embryos after dye or drug addition. Method with Limonene and heptane worked when

we fixed embryos post drug treatment.

We are standardizing a method to quantify ROS using the expression based and redox
sensitive mitochondrially localizing GFP imaging (Vevea et al., 2013) in the embryos and

hope to observe dynamics changes in the ROS activity with development.
8.5 Future perspectives

We have put forth our observations and speculations regarding mitochondrial regulation
during Drosophila embryogenesis and leads to pertinent questions to be addressed in

future.
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8.5.1 Interaction of Toll-Dorsal pathway and mitochondria

Our work demonstrates distinct regulation of mitochondria at the ventral mesoderm cells.
Primary results suggest that mitochondrial localization and activity may be downstream of
the Toll-Dorsal pathway and helps regulating Myosin Il required for ventral furrow
formation. We have not been able to find out the mechanistic role of mitochondrial
presence at the apical regions of these cells. ROS and Myosin |l activity is reduced in drp1°¢
embryos. It is possible that apical mitochondria regulate Myosin Il at apical regions by
tuning their ROS production, especially with the help of Fog signalling which has already
been shown to regulate mitochondrial morphology (Ratnaparkhi, 2013). Metabolic
differences have been suggested between ventral and lateral regions of Drosophila embryo.
It makes us pose an interesting possibility of regulation of mitochondrial metabolism by the

Toll-Dorsal pathway.

A comparative analysis of mitochondrial localization during gastrulation in different species
will be able to highlight the similarities between regulation of mitochondria between

species.
8.5.2 Regulation of microtubule based transport during embryogenesis.

We reported regulated mitochondrial localization at very peculiar stages during
embryogenesis. Mitochondrial distribution changes to more apical during cellularization and
is enhanced in ventral furrow cells during gastrulation. Mitochondria are transported on
both plus and minus ended motors, Kinesin and Dynein respectively, aided by adapter
proteins such as Milton and Miro (Cox and Spradling, 2006; Fransson et al., 2006a; Haghnia
et al., 2007; Lopez-Doménech et al., 2018). In addition to mitochondria, Myosin Il (Martin et
al., 2009), RhoGEF2 (Barmchi et al., 2005), adherens junctional proteins (Weng and
Wieschaus, 2016), Fog (Dawes-Hoang, 2005) localize from basal regions or are activated at
the apical regions of ventral mesoderm cells. Dissociation of RhoGEF-2 from microtubule

plus ends is required for its localization of cellular migration fronts (Rogers et al., 2004).

Taken together, a possibility of regulation of microtubular transport by the Toll-Dorsal
pathway in the ventral furrow can be predicted. Whether this pathway also interacts with

microtubule motors would be worth studying in future.
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8.5.3 Regulation of mitochondria in other dynamic cells during embryogenesis

Mitochondrial polarization at cell migration front has been suggested in invasive cancer
cells. This is coupled with increased biogenesis and increase ATP production at the leading
edge, forming an energy gradient across the tumour cell (Caino and Altieri, 2015;
Rivadeneira et al., 2015; Zhao et al., 2013) by AMPK mediated signalling (Cunniff et al.,
2016). An involvement of PI3K and mTOR pathway is also suggested in the mitochondrial
relocalization (Caino and Altieri, 2015). The migration and ATP production depends
mitochondrial morphology (Desai et al., 2013; Zhao et al., 2013) and on Miro and Dynein
motors (Morlino et al., 2014; Schuler et al., 2017) in the cells. Our data shows relocalization
of mitochondria to the dynamic apical regions of invaginating cells during gastrulation.
Myosin based cellular dynamics and migration have been studied in details in the later
stages of Drosophila development. A characterization of mitochondrial morphology and
metabolism in these stages may help to find and highlight commonalities between

interactions of mitochondria and Myosin Il.
8.5.4 Regulation of ERK

Mitochondria interact with EGFR pathway in Drosophila oogenesis. Downregulation of drp1
leads to activation of the pathway leading to increase accumulation of downstream
component activated phosphorylated Erk (dp-Erk) in the Drosophila follicle cells (Mitra et
al., 2012; Tomer et al., 2018). In the early Drosophila embryos, receptor tyrosine kinase,
Torso regulates MAPK signalling (Gabay et al., 1997; Li, 2005). During gastrulation, EGFR
controlled MAPK signalling flanks the ventral mesoderm (Gabay et al., 1997; Lim et al., 2013,
2015). Regulation of this signalling can be probed in the drp1 mutant embryos in order to

address impact on the gastrulation in more details.
8.5.5 Role of Golgi Complex and ER during embryogenesis.

Mitochondria act in very close proximity with ER and Golgi complexes. Mitochondrial fission
occurs at mitochondria-ER contact sites (Friedman et al., 2011; Korobova et al., 2013).
Interaction of mitochondria and ER is necessary to maintain cellular calcium homeostasis
(Krols et al., 2016) and lipid exchange (Voss et al., 2012). ER, Golgi Complex are

mitochondria are maternally inherited together in the form of a structure called fusome
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(Cox and Spradling, 2003). Like mitochondria, Golgi complexes localize basally (Chowdhary
et al., 2017) and are apically transported during cellularization (Papoulas et al., 2005).
Differences in Golgi Complex morphology and distribution has been observed in Zebrafish
gastrulation (Sepich and Solnica-Krezel, 2016). Smooth ER is proposed to regulate calcium
signalling at blastopore lip of newt embryos (Komazaki, 1995). Detailed analysis of
localization and role of these organelles remains to be explored in the field of

embryogenesis.

In conclusion, we performed a detailed analysis of mitochondrial dynamics in Drosophila
early embryogenesis. We initiated the use of Drosophila embryogenesis as a model system
to examine mitochondrial functions with respect to maternal mutations. The thesis reveals
and predicts the signalling pathways involved in mitochondrial regulation in embryos and

we hope to uncover more mechanistic insights in the future.
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9 Appendices

A1l Comparison of Mitochondria, ER and Golgi Complex localization in

the syncytial Drosophila embryo

Golgi Complex and ER localize cortically in the syncytial Drosophila embryo (Frescas et al.,
2006). Similar to mitochondria, these organelles are documented to be compartmentalized
in the syncytial Drosophila embryo. The proteins associated with ER do not diffuse across
syncytial cells. Golgi Complex secretions are also restricted to one nuclear-cytoplasmic
domain (Frescas et al., 2006). Mitochondria are small structures in the Drosophila embryo
(Fig. 3.4). But unlike ER and Golgi, their localization is far more restricted even within an

individual syncytial cell (Fig 3.5).

We compared the localization of mitochondria with ER and Golgi complex in the syncytial
embryo. We visualized ER using RFP containing ER localization sequence: KDEL (KDEL-RFP)
expressed using nanos-Gal4 with Mito-GFP. Similar to earlier report (Frescas et al., 2006),
we observed a meshwork of ER tubules present around nuclei. Mitochondria are present
within this meshwork of ER tubules (Fig. A1.1 A). Mitochondrial fragmentation takes place at
ER-mitochondria contact sites (Friedman, 2011). These contact sites are also essential for
lipid exchange and calcium signalling (Krols et al., 2016; Voss et al., 2012). Since
mitochondria are small in the Drosophila embryo, their association with ER might be

important in maintaining their shape.

Next, we visualized Golgi Complex using fluorescently tagged galactosyl transferase (GalT-
RFP) with Mito-GFP expressed using nanos-Gal4. The mitochondria and Golgi Complexes
both appeared as distinct punctae and uniformly surround the nuclei (Fig A1.1 B). Similar to
mitochondria (Fig. 3.4), Golgi complexes were abundant towards the basal regions in the
syncytial cells, but their density was much less compared to the mitochondria (Fig A1.1 B).
Like mitochondria (Fig. 5.2), Golgi Complexes are transported apically during cellularization
(Papoulas et al., 2005). Therefore it is likely that the apico-basal distribution and transport

of these two organelles is regulated in similar manner.
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The functional relevance of mitochondrial association with these organelles, ER and Golgi

Complex, is yet to be studied in the embryogenesis.

Figure A1.1 Comparison of mitochondria with ER and Golgi Complléi (lili::ribution. Apical
to basal slices show mitochondria (Mito-GFP, green) localized in the ER tubule meshwork
(KDEL-RFP, red) (A). Distribution of Mitochondria (Mito-GFP, green) and Golgi complexes
(GalT-RFP, red) in syncytial cells show their basal abundance (B). Adapted from

(Chowdhary et al., 2017).
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A2 Interaction of mitochondria with ERK signalling in Drosophila

embryogenesis

Extracellular signal regulated kinases (ERKs) or MAP kinases, or Drosophila homolog rolled
function downstream of Ras signalling. In Drosophila embryos, rolled signalling operates
downstream of Torso pathway at the anterior and posterior ends and is required for
terminal structure development (Brunner 1994). During gastrulation, low concentration of
Dorsal activates epidermal growth factor receptor (EGFR) pathway via rhomboid in the
presumptive neuroectoderm region. EGFR pathway functions through activated or
phosphorylated Erk (dpErk) in this region (Gabay et al., 1997; Helman et al., 2012; Lim et al.,
2013). Erk can activate Drpl by phosphorylation (Kashatus 2015 ref). EGFR pathway in
posterior follicle cells of Drosophila ovaries regulated mitochondrial fission and thereby
downstream Notch activity (Mitra et al., 2012; Tomer et al., 2018). The study also reports
upregulation of EGFR downstream targets, such as dpErk upon drp1 knockdown in the
follicle cells (Tomer et al., 2018). We immunostained drp1°¢ embryos using dpErk antibody
(Chapter 2, 2.3). We observed the reported pattern of dpErk staining at the neuroectoderm
regions, flanking the ventral furrow (Fig. A2.1 A). We plotted normalized intensity of dpERK
staining across the ventral furrow and observed almost an average of 5 fold increase in the

dpERK staining in drp1°¢ embryos compared to WT (Fig. A2.1 B).

We have observed ventral furrow defects in the drp1°¢ embryos that are likely due to
downregulation of activity of downstream targets of Toll-Dorsal pathway (Chapter 7). dpERK
induces the expression of wnt inhibitor of Dorsal (wntD) in the region between EGFR and
dorsal expression zone. wntD restricts the spread of Dorsal signalling and also
downregulated Dorsal targets (Helman et al., 2012). We wonder whether ventral furrow
defects in the drp1°¢ embryos are due to additional impact of dpERK upregulation. The
interaction of drp1 with EGFR pathway in the embryos would be a fascinating project to

follow in the future.
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Figure A2.1: Levels of dpERK signal are elevated in drplsG embryos. dpERK (red,

heatmap) signal is present in the region flanking the ventral furrow (white arrows)

marked by invaginated nuclei (Hoechst, blue) (A). The intensity of dpERK (red, heatmap)

is increased in drplSG (A, Bottom panel) compared to WT embryos (A, Top panel).
Normalized intensity profiles plotted across a line (orientation shown with yellow dashed

line) drawn perpendicular to the ventral furrow and covering entire imaging field show
bimodal distribution in WT (shades of grey) and drplSG embryo (shades of red) (B).
Approximately average 5 fold increase is observed in drplSG embryo (shades of red) (B). n

= 4,5 embryos for WT and dr,olSG respectively (B) Rainbow scale represents pseudocolour

intensities
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