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ABSTRACT

v



Here live imaging and genetic manipulations are combined to visualize and
quantitatively characterize a population of dynamic pioneer microtubules within the
Drosophila neuromuscular junction (NMJ). First, a GFP-tagged microtubule plus-end
binding protein, EB1-GFP, was used to qualitatively and quantitatively characterize the
growth and invasion of dynamic axonal and synaptic microtubule plus-ends in vivo.
Axonal microtubules were found to be uniformly oriented. EB1-GFP movement in the
axons was processive and constrained to a straight path. Interestingly, plus-end growth
was found to be significantly slower in sensory (3.02 um/minute £ 0.12) compared to
motor (4.12 um/min * 0.038) axons, and is significantly faster within the NMJ (4.66
pm/min £ 0.10) compared to the motor axon. Unlike axonal movement, plus-end
movement at the synapse was of mixed orientation. Genetic and imaging analysis
revealed the movement of dynamic plus-ends to be largely independent of the Map1b-
like protein Futsch, though the dynein/dynactin complex was shown to be required for
normal plus-end growth. EB1-GFP labeled puncta are often observed exploring nascent
and newly formed synaptic regions, an exploratory behavior that may play a role in
synapse development. Supporting movies are presented as supplemental data. This tool
was next applied to the study of the formin protein, diaphanous (dia), a gene identified in
a screen for mutations effecting growth at the NMJ. Diaphanous is present both pre- and
postsynaptically however, genetic rescue and interaction experiments support the
conclusion that dia is necessary presynaptically for normal NMJ growth. Formin family
proteins are potent regulators of the cytoskeleton and defects in cytoskeletal organization

or regulation could correlate with the synaptic growth defect. Live imaging of dynamic



microtubules and actin revealed defects in both cytoskeletal elements at the synapse.
Finally, genetic evidence is presented demonstrating Dia functions downstream of the
presynaptic receptor tyrosine phosphatase Dlar and the Rho-type GEF #rio to control
NMIJ growth. Based upon the established function of DRFs as Rho-GTPase dependent
regulators of the cell cytoskeleton, a model is proposed in which Diaphanous links
receptor tyrosine phosphatase signaling at the plasma membrane to growth-dependent

modulation of the synaptic actin and microtubule cytoskeletons.
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INTRODUCTION



Within the nervous system, information is integrated and transferred across
synapses, specialized sites of cell-cell contact between neurons. Stimulation of a
presynaptic neuron leads to the release of packets of chemical neurotransmitters at the
synapse, in turn stimulating the post-synaptic cell, ultimately resulting in a functional
output such as movement or new synapse formation. The normal development of
appropriate synaptic connections is therefore essential to maintaining the efficiency and
fidelity of information transfer. Accordingly, defects in synapse formation and function
are often associated with, and believed to functionally underlie, disorders of cognition,
behavior and movement (Reiner et al., 1993; Comery et al., 1997; Lo Nigro et al., 1997;
Goldstein et al., 2003; Munch et al., 2004). In addition, synapses remodel by adding or
eliminating connections in response to changes in stimulation frequency and strength.
This structural plasticity at the synapse plays an important role in learning and memory
(Lisman and Raghavachari, 2006; De Roo et al., 2008). Although the development of
synapses is clearly essential for the function of the nervous system, much remains to be
elucidated about the mechanisms underlying the structural development of synapse.

There have been a number of hints from study of human diseases that
microtubules and microtubule-associated proteins (MAPs) have important roles in the
development and maintenance of synapses. For example, in the neurological disorder,
lisencephaly, cortical neurons do not migrate to their proper positions, resulting in
decreased cortical complexity and giving the surface of the brain a smooth appearance
(Reiner et al., 1993; Lo Nigro et al., 1997). Although the mechanisms underlying the

migration defects are not clear, there is evidence to support the hypothesis that they arise



from changes in microtubule based motility (Vallee and Tsai, 2008). Recent work has
linked mutations in a dynein interacting protein, Lis] to the development of classical type
1 lisencephaly. The interactions between Lisl and dynein are complex and it is
speculated that Lisl association may serve to regulate the function of the minus end
directed motor protein (Reiner et al., 1993; Lo Nigro et al., 1997). In a second example,
P150/Glued, a member of the microtubule associated dynactin complex, has been
associated with a reduction in synapse growth and stability (Eaton et al., 2002; LaMonte
et al., 2002; Puls et al., 2003; Munch et al., 2004). The decrease in synaptic connections
seen in animals with this mutation seem to arise from both defects in synapse
development and the degeneration of existing synapses a number of systems (Eaton et al.,
2002; LaMonte et al., 2002; Puls et al., 2003). Further, mutations in this gene have been
linked to a hereditary form of ALS, a disease marked by loss of synaptic connections, in
human patients (Munch et al., 2004). Mutations in additional MAPs have also been
associated with altered synapse development and maintenance underlying various disease
states (Roos et al., 2000; Garcia and Cleveland, 2001; Zhang et al., 2001; Lu et al., 2004;
Bettencourt da Cruz et al., 2005; Pielage et al., 2008). Together these studies provide
evidence that the regulation of the microtubule cytoskeleton may be essential for the
regulation of synapse formation.

There are a number of ways in which disruption of the integrity of the
microtubule cytoskeleton could alter synapse development. A stable core of
microtubules provides a track for the trafficking of proteins and vesicles to different
regions of the cell. It has been demonstrated that disrupting microtubule based

trafficking can alter synapse development . In some cases this occurs by disrupting the



trophic signaling required for continued synapse growth and maintenance. The long-term
consolidation of trophic signals requires the retrograde trafficking of signaling
intermediaries from the synapse to the nucleus. It has been demonstrated that disrupting
the integrity of the axonal microtubule core or retrograde microtubule motor function
leads to a decrease in the nuclear translocation of transcription factors downstream of
trophic signals, this in turn results in defects in synaptic expansion (Aberle et al., 2002;
Eaton et al., 2002; Eaton et al., 2005; Zweifel et al., 2005). In addition to providing
tracks for protein trafficking, the microtubule core of most cell types provides global
structural support of cell shape. It would therefore be anticipated that altering the
integrity of the microtubule core would impair growth of the synapse. While the analysis
of MAP mutations in the mammalian nervous system has provided some insight into the
role of microtubules in synapse development, a great deal of useful information has been
gained from a far simpler model system.

The glutamatergic synapse of the Drosophila melanogaster larval neuromuscular
junction (NMJ) has been widely used as a tool for studying mechanisms of synaptic
development (Brunner and O’Kane, 1997; Featherstone and Broadie, 2000; Rose and
Chiba, 2000; Keshishian and Kim, 2004; Schuster, 2006). In this system, the innervation
pattern of individual motor neurons has been well characterized and is highly stereotyped
(Schuster et al., 1996; Zito et al., 1999). The synapses of the NMJ are composed of
discrete spherical swellings of the presynaptic membrane, known as boutons, connected
by thin membrane extensions (Jan and Jan, 1976). The presynaptic release machinery is
organized into active zones housed within the boutons (Jan and Jan, 1976). Over the

course of larval development, the NMJ continuously adds new boutons to maintain an



appropriate level of stimulation of the muscle. This is required as the post-synaptic
muscle surface expands up to 100-fold, from the early first to late third larval instars,
decreasing the resistance of the muscle surface. To maintain the synaptic efficacy
required to stimulate the expanding muscles, new boutons, and thus new release sites, are
added (Schuster et al., 1996). This continuous growth has allowed for the straightforward
identification of new molecules involved in synapse development. Further, visualization
of the expansion of individual synapses from the mid-second to the late larval instar
stages has provided some hints as to the cellular mechanisms involved in synapse growth
(Zito et al., 1999). The addition of new boutons follows a proximal to distal gradient with
newer boutons found at the distal end of a branch (Zito et al., 1999). Although new
boutons are occasionally added by intercalation between two extant boutons in more
central regions of the synapse, much of the new growth observed occurs at the distal end
of a branch. Here new boutons are added either by splitting from a pre-existing bouton in
a manner similar to yeast budding, or by de novo formation (Zito et al., 1999). The
stereotyped pattern of the NMJ, coupled with this basic understanding of the chronology
of bouton addition, makes the Drosophila NMJ a good system in which to assess the
importance of the microtubule cytoskeleton in synapse growth and maintenance.

The organization of the synaptic microtubule cytoskeleton has been well
described at the NMJ. In this system, bundling and stabilization of the microtubule core
requires the MAP1B-like molecule Futsch (Hummel et al., 2000; Roos et al., 2000).
Futsch staining co-localizes with acetylated tubulin staining at the NMJ (Roos et al.,
2000). Together these data indicate that the pattern of Futsch staining at the NMJ reflects

the organization of a synaptic population of stable microtubules. Consequently, Futsch



staining has been used to visualize and describe the organization of the microtubule
cytoskeleton within the NMJ (Roos et al., 2000; Pennetta et al., 2002; Ruiz-Canada et al.,
2004; Sherwood et al., 2004; Trotta et al., 2004; Pielage et al., 2005; Zhang et al., 2005;
Viquez et al., 2006). The organization revealed by both Futsch and tubulin staining of
the NMJInitial characterization is a tightly bundled core that runs throughout the length
of the NMJ (Roos et al., 2000). Within some boutons, the microtubules are observed to
take on a loop like structure. This organization allows microtubules to provide structural
and trafficking support for all regions of the synapse. Interestingly, this core is thickest
in the proximal region of the synapse, at the point of nerve entry on the muscle, and
tapers dramatically such that the distal most boutons contain little to no Futsch staining
(Roos et al., 2000; Pennetta et al., 2002; Ruiz-Canada et al., 2004). This is reminiscent of
the pattern of synapse expansion and bouton addition. It has therefore been hypothesized
that Futsch invasion is a mark of synapse stability or maturity (Roos et al., 2000; Pennetta
et al., 2002). Further, Futsch loops are often observed in branching or newly added
boutons, suggesting that this conformation of microtubules correlates with dynamic
boutons (Roos et al., 2000). Thus the presence of stable microtubules within a bouton
may be an indicator of maturity or stability and may be required for sustained synapse
growth.

Disruption of the organization of the Futsch-labeled microtubule core correlates
with defects in synapse growth. This correlation was first demonstrated in a futsch null
background (Roos et al., 2000). In this background the thread-like microtubule core is
unbundled and fragmented and microtubule loops within boutons are absent.

Additionally, there is a significant decrease in synapse expansion likely as a result of



decreased structural and trafficking support at the NMJ. Following this initial finding,
microtubules were shown to be disrupted in a number of mutations associated with
decreased synaptic growth. For example, in the backgrounds of DVAP-33A, aPKC, and
p150/Glued the integrity of the synaptic microtubule core is compromised corresponding
with severely impaired NMJ growth (Eaton et al., 2002; Pennetta et al., 2002; Ruiz-
Canada et al., 2004). It is therefore clear that, in the context of the NMJ, the development
and organization of a stable microtubule core is required to support and consolidate
synapse growth.

More recent work has demonstrated that the integrity of the microtubule
cytoskeleton is also essential for the maintenance of the presynaptic terminal at the
Drosophila NMJ. Synaptic instability at the NMJ can be measured using a “footprint”
assay where the presence of organized post-synaptic staining in the absence of a
corresponding pre-synaptic stain and structure indicates the retraction of a bouton (Eaton
et al., 2002). In two separate retraction backgrounds, the microtubule cytoskeleton is
severely altered in the region of synapse loss. Perhaps the most dramatic synaptic
retractions observed to date occur in the background of the loss of pre-synaptic o-
spectrin, where retraction of entire NMJs can be observed (Piclage et al., 2005). In this
background, the organization of the microtubule core is altered throughout the synapse
and Futsch-labeled microtubules are absent or fragmented in the region of the synapse
most proximal to the retraction event. Similarly, pre-synaptic expression of a dominant
negative pl150/Glued construct resulted in the fragmentation of the Futsch-labeled
microtubule core proximal to footprints (Eaton et al., 2002). It has been demonstrated

that the Futsch-labeled microtubule core is among the earliest structures to withdraw



from the region of a retraction, suggesting that disruption of the stable microtubule core
in a mature bouton could be a causative event in synapse loss (Pielage et al., 2005;
Pielage et al., 2008). Taken together these data support the conclusion that a stable
microtubule core is required for normal synaptic development and maintenance.
However, in addition to the stable core, recent evidence has emerged implicating
a population of dynamic microtubules in the regulation of synapse growth in a number of
other systems. If] as previously believed, microtubules act primarily as structural support
for the synapse, increased microtubule stability would be anticipated to lead to an
increase in synaptic growth. Instead some mutations that result in an overly stable
microtubule core are in some cases associated with defective synaptic growth. For
example, increased microtubule stability, as measured by increased levels of MAP1-B or
Futsch, underlies synaptic growth defects in models of Fragile X Mental Retardation
(Zhang et al., 2001; Lu et al., 2004; Menon et al., 2008). In at least one model system the
morphological synaptic defects associated with loss of FMR function could be rescued by
decreasing the levels of the MAP (Zhang et al., 2001). In a second example, mutations in
Spastin have been linked to changes in synapse development in the Drosophila NMJ
(Sherwood et al., 2004; Trotta et al., 2004). Defects in Spastin function affect synapse
development in a variety of systems as mutations in this protein are linked with the
development of dominant hereditary spastic paraplegia, a disorder that results in the loss
of synapses from the long axons of the spinal cord (Hazan et al., 1999). As Spastin is
able to sever stable microtubules in a number of systems, the loss of this protein within
synapses likely increases the stability of the microtubule cytoskeleton (Hartman et al.,

1998; Hazan et al., 1999; Errico et al., 2002; Roll-Mecak and Vale, 2005, 2008). In a



final example, increased aPKC results in significant growth defects at the Drosophila
NMIJ (Ruiz-Canada et al., 2004). Pre-synaptic expression of an activated aPKC increased
the association of Futsch with microtubules, thereby increasing microtubule stability
throughout the NMJ (Ruiz-Canada et al., 2004). Together, these studies demonstrate that
altering microtubule stability can be associated with decreased synaptic growth. These
observations raise the possibility that a population of dynamic microtubules exists at the
synapse and that the balance between this population and the bundled, stable
microtubules is important for synapse growth and maintenance.

It is first important to understand the characteristics of microtubule dynamics in
order to better understand how such a population could be involved in regulating synapse
development. Microtubules are structurally and biochemically asymmetric polymers
marked by distinct “plus” and “minus” ends. The structural asymmetry arises from the
head-to-tail arrangement of a-f tubulin subunits along the length of the filament. The
addition of these hetero-dimers occurs preferentially at the “plus end” of the filament, as
kinetics at the “minus end” favor depolymerization or dimer loss. (Desai and Mitchison,
1997; Nogales, 1999) To prevent the abolishment of a filament due to subunit loss, the
minus end is typically capped or anchored, largely restricting dynamics to the plus end
(Waterman-Storer and Salmon, 1997a; Drewes et al., 1998). Here, the microtubule
growth is characterized by a phenomenon known as dynamic instability (Desai and
Mitchison, 1997). This is marked by periods of sustained growth interrupted by periods
of rapid shrinking. The transitions from growth to shrinking are known as catastrophe
events (Cassimeris et al., 1987). Catastrophe events can lead to the complete

depolymerization of a filament from the plus end, however, in some instances growth can



be renewed at the plus end through the spontaneous addition of new a-f dimers, a
transition referred to as rescue. The constant transitions between growth and shrinking
allow individual plus ends to efficiently explore the three dimensional volume of the cell.
It has been hypothesized that this exploratory behavior is used by the cell to find and
capture rare structures, such as activated signaling receptors or kinetochores (Dent and
Gertler, 2003; Dehmelt and Halpain, 2004; Suter et al., 2004; Odde, 2005). Interestingly,
microtubules in the axon and synapse are known to be oriented with their plus ends
pointed away from the cell body and towards the synapse. This organization could
theoretically allow plus ends to invade the full volume of the synapse acquiring
information about the intra- and extra-cellular environment.

Some hints as to how dynamic microtubules could influence synapse development
can be found by examining their roles in growth cone guidance. The navigation of a
growth cone to a target relies on the acquisition of chemical cues, which occurs primarily
at filopodial extensions of the growth cone lamella. Interestingly, dynamic microtubules
are observed throughout the lamella and entering filopodia (Sabry et al., 1991; Dent et al.,
1999; Schaefer et al., 2002). This extensive exploration of the growth cone lamella is
necessary for normal growth cone advance as pharmacological disruption of microtubules
stalls growth cone advance. Interestingly, this occurs even at very low drug
concentrations that effect only plus end dynamics and not the relatively stable central
core of microtubules (Buck and Zheng, 2002). Early analysis of cytoskeletal organization
using immuno-staining revealed that stable microtubules accumulate in the direction of
growth cone turning (Tanaka et al., 1995; Dent et al., 1999; Buck and Zheng, 2002; Zhou

et al., 2002; Dent and Gertler, 2003). Additionally, the acquisition and integration of
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some guidance cues requires a dynamic microtubule population (Challacombe et al.,
1997, Kabir et al., 2001; Dent and Gertler, 2003; Suter et al., 2004). While these studies
have focused on in vitro analysis of axon guidance, recent data supports a role for
dynamic microtubules in axon guidance in vivo. Specifically, the loss of the microtubule
binding protein Orbit/Mast was shown to alter axon pathfinding downstream of Slit-Robo
signaling in Drosophila (Lee et al., 2004). Together these data support the hypothesis
that a small population of dynamic microtubules are able to effect large changes in the
morphology of a cell.

The distal most bouton within the Drosophila NMJ may be considered as the
synaptic equivalent to the growth cone lamella, as this area is considered to be the most
dynamic of the synapse (Zito et al., 1999; Roos et al., 2000). Interestingly, within the
distal most bouton microtubules adopt a splayed morphology reminiscent of that
observed in the growth cone (Ruiz-Canada et al., 2004). Although the importance of this
morphology at the NMJ is not clear, it is possible that these unbundled microtubules are
actively searching the membrane for trophic signals or sites permissive for growth,
similar to dynamic microtubules in the growth cone lamella. The ability of dynamic
microtubules to efficiently invade and explore the full volume of a bouton would
therefore be anticipated to be important for the growth of the synapse. Upon
identification of active signaling, the dynamic plus ends could initiate actin remodeling
and membrane extension.

A number of observations suggest that a population of dynamic microtubules
exist within synapse of the NMJ. At the Drosophila NMJ, a small population of

microtubules has recently been observed to invade the distal most, and thus youngest,
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regions of the synapse. These microtubules are not bundled and instead exhibit a splayed
organization, similar to dynamic microtubules observed in a number of other systems,
including the lamella of the advancing growth cone (Pennetta et al., 2002; Ruiz-Canada
et al., 2004). Initial studies did not identify this population as it is not bundled by Futsch.
Together the splayed organization and the absence of MAP binding suggest that this
population may represent a dynamic subset of microtubules at the NMJ. In support of
this, a recent FRAP study revealed the existence of growing microtubules within the NMJ
of third instar larvae (Yan and Broadie, 2007). Further, in a range of organisms from
Drosophila to mouse, fluorescently labeled plus end markers have been used to identify
populations of growing microtubules in mature neurons both in vitro and in vivo (Chang
et al., 1999; Stepanova et al., 2001; Ma et al., 2004; Rolls et al., 2007). Although these
observations make it clear that a population of dynamic microtubules is maintained
within neurons, the role of this population in synapse growth remains unclear. It is
possible this population plays a housekeeping role, becoming incorporated into the stable
core over time, thereby strengthening the structural and trafficking support of the neuron.
However, it is equally possible that the presence of a small, unbundled population of
microtubules in actively growing regions of the synapse is reflective of a more active role
for dynamic microtubules in synapse development.

Despite the hints of a role for dynamic microtubules in synapses growth in a
variety of systems, the most basic characteristics of the behavior of dynamic
microtubules within an in vivo synapse are unknown. While live imaging studies in
neuronal culture have defined some behaviors of dynamic microtubules in neurons, it has

not been possible image synaptic connections in this system. In contrast work on mature

12



synapses has relied on fixed tissue staining, precluding analysis of a dynamic microtubule
population. Thus, no study to date has focused on the behavior or regulation of this
population specifically within a synapse. As a result a number of key questions remain
unanswered. For example, although it has been suggested that changes in the stable
microtubule core reflect changes in the dynamic behavior of microtubules, the
relationship between these populations has never been thoroughly examined at the
synapse. It is possible that these populations play separate roles in synaptic development
as they do in axon guidance. However, it is equally possible that the sole role of dynamic
microtubules at the synapse is to supply new subunits to the stable core. Also, while
dynamic microtubules influence a number of cellular processes important for synapse
development, such as migration and polarization, it is unclear whether synaptic
microtubules display this behavior. It would also be of interest to understand the
regulation of microtubule dynamics at the synapse.

In the following studies, the behavior and regulation of dynamic microtubules is
examined within the larval third instar Drosophila NMJ. Two recent studies have used a
combination of techniques to confirm the existence of a dynamic microtubule population
within the nervous system, and the NMJ (Rolls et al., 2007; Yan and Broadie, 2007). In
one study, a microtubule plus-end binding protein, EB1-GFP was used to visualize
individual microtubule ends in various neural compartments (Rolls et al., 2007).
However this study did not focus on behavior within the synapse. A second study (Yan
and Broadie, 2007) demonstrated that microtubule polymerization occurred within the
NMJ, suggesting that a population of dynamic microtubules could be found within the

synapse. However the technique used in this study precluded analysis of individual plus-
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ends. Here, EB1-GFP is used to characterize the behavior and regulation of dynamic
microtubules within the NMJ. These studies will characterize the basic behavior of
dynamic microtubules within the axon and synapse of motoneurons, including
examination of growth polarity, invasive behavior of plus ends and the relationship of
pioneer and stable microtubules in these compartments. Next, the regulation of both
microtubule dynamics and the invasive behavior of pioneer microtubules will be
examined. A special focus will be placed on the ability of Diaphanous and its related
formin molecules to regulate both the microtubule and actin cytoskeleton at the synapse.
In these studies, a preliminary examination of the role of pioneer microtubules in synapse
growth will be presented, along with a model of how this dynamic population may
contribute to synapse outgrowth will be presented. Together, these studies represent the

first attempt to describe and quantitate pioneer microtubules within a mature synapse.
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INTRODUCTION

The microtubule cytoskeleton is a fundamental component of the nerve cell,
providing structural support for the dendrites, axon, growth cone and synapse (Mitchison
and Kirschner, 1988; Lin et al., 1994; Mandell and Banker, 1996). Additionally, stable
microtubules act as conduits for protein traffic throughout the cell. Much is known about
the roles and regulation of the stable microtubule population. However, a second less
well understood dynamic population of microtubules also exists within many cells types,
including neurons (Wadsworth, 1999). In the growth cone dynamic microtubules are
important in turning and directional changes (Tanaka et al., 1995). Furthermore, this
population may be required to link transient signaling events at the plasma membrane to
signal transduction in the cell interior in neural and other cell types (Kirschner and
Mitchison, 1986). The ability of dynamic microtubules to acquire information about the
intra and extra cellular environment, as well as to influence cell outgrowth raises
intriguing possibilities as to their role at the synapse. However, to date no study has been
made of the role of dynamic microtubules in synapse growth and stability.

Much of the current understanding of neural microtubules has come largely from
the study of in vitro systems and immuno-staining studies in fixed tissues. The use of
cultured neurons has allowed for the direct visualization and characterization of the
inherently dynamic microtubule cytoskeleton (Tanaka et al., 1995; Stepanova et al.,
2003). However a limitation of the in vitro systems has been the inability to examine this
population within a mature synapse. In contrast, studies focused on the imaging of
synaptic microtubules have relied on the use of fixed tissue staining in a variety of

different genetic backgrounds. Combining microscopy with genetic studies has
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demonstrated that the synaptic microtubule cytoskeleton plays an important role during
synaptic growth, remodeling, and neurodegenerative disease (Lucas et al., 1998; Hall et
al., 2000; Roos et al., 2000; Garcia and Cleveland, 2001; Zhang et al., 2001; Eaton et al.,
2002; Pennetta et al., 2002; Goldstein, 2003). However, the use of fixed tissue staining
precludes the observation of dynamic microtubules. Instead, alterations in tubulin or
MAP staining patterns have been used as a means to draw conclusions about the
regulation and behavior of this population in vivo. Thus to better understand the behavior
and regulation of the dynamic microtubules at the nerve terminal, it was important to
observe this population in vivo in a functional synapse. This requires a synapse that is
amenable to live imaging and experimental manipulation. The size, stereotyped
development and ease of genetic manipulation make the Drosophila NMJ a good model
system for live imaging and study of synaptic cytoskeletal elements (Jan and Jan, 1976).
The ability to visualize and quantify microtubule movement and dynamics in an
in vivo system has historically been hampered by technical hurdles. For example, most
recent work examining microtubule dynamics in vifro use fluorescently labeled tubulin,
injected at low concentration into a cell, to “speckle” microtubules with fluorescence
(Waterman-Storer et al., 1998; Salmon et al., 2002; Schaefer et al., 2002). However, the
small size of Drosophila neurons precludes micro-injection. Furthermore, it has not been
possible to optimize the transgenic expression of GFP-tubulin to allow microtubule
speckling while still attaining sufficient signal for in vivo imaging. However, two recent
studies in Drosophila have paved the way for a quantitative analysis of dynamic
microtubules in a living synapse. In one study a GFP-tagged microtubule plus-end

binding protein, EB1, was expressed in central neurons. The use of EB1-GFP allowed
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the authors to identify, and characterize the organization of, a dynamic population of
microtubules in different cellular compartments including the axons, dendrites and cell
bodies of mature neurons (Rolls et al., 2007) in vivo. However, in this study the authors
chose not to focus on this population within a synaptic terminal. A second study made
use of live imaging of GFP-tubulin to specifically examine synaptic microtubules (Yan
and Broadie, 2007). Using the rate of fluorescence recovery after photobleaching the
GFP-tubulin at the NMJ, the authors were able to conclude that two distinct populations
of microtubules exist at the synapse, both a dynamic and a stable population. However,
as GFP-tubulin is equally incorporated in the dynamic and stable microtubule
populations, the use of this tool precluded specific examination of the behavior of
dynamic microtubules. = While these studies together demonstrate that dynamic
microtubules are present in mature neurons and at the NMJ, much work remains to
provide a full understanding of the behavior and regulation of this population at the
synapse.

In the following study neural expression of the microtubule plus-end binding
protein, EB1-GFP, is used as a means of specifically examining dynamic microtubules
within the axon and presynaptic nerve terminal of third instar Drosophila larvae. By
combining live imaging and Drosophila genetics the in vivo behavior of this population
can be characterized and quantified. Areas of particular interest include: the basic
behavior and regulation of dynamic microtubules, the relationship between dynamic and
stable microtubules at the synapse, and the role of this population in synaptic growth. It is
demonstrated that the regulation of dynamic microtubule behavior depends on both the

neuronal cell type and compartment within individual neurons. Time-lapse imaging and
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genetic manipulations are further combined to identify a number of molecules involved in
regulating dynamic microtubule behavior at the NMJ. These data provide evidence that
the EB1-GFP labeled-microtubules are independent of the well-studied, stable core that
extends from the soma to the synapse and may represent a pioneer population of
microtubules within the NMJ. Finally, the link between the regulation of dynamic

microtubules and the growth and maintenance of the synapse is probed.
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MATERIALS AND METHODS

Generation of UAS-EB1-GFP Transgenic Drosophila

C-terminal fusion of green fluorescent protein with Drosophila EB1 (EB1-GFP) was
obtained from Steve Rogers (SR and RV unpublished data) and cloned into the pUAST
vector using standard methodology. Transgenic Drosophila lines were obtained with
homozygous viable UAS-EBI-GFP transgenes inserted on the second and third

chromosomes.

Cell Culture

All Drosophila S2 cell protocols were performed as described in the Drosophila
Expression System Manual (Stratagene; La Jolla, CA). Briefly, Drosophila S2 cells were
cultured in Schneider’s Medium supplemented with 10% fetal calf serum at 25°C. Cells
stably expressing the Gal4 transcription factor were transiently transfected with the
pUAST-EB1-GFP plasmid using a standard calcium phosphate transfection protocol.
Transfected cells were incubated normally for 48 hrs prior to plating on ConA (0.5 mg/ml
stock; Sigma) coated coverslips for live imaging and subsequent analysis (Rogers et al.,

2002).

Genetics

Drosophila strains were maintained at 25°C on normal food. The following strains were
used in this study: 1) futsch™ /futsch™™; UAS-EBI1-GFP/UAS-EBI-GFP 2) UAS-DN
Glued” (Allen et al., 1999) 3) dhc 64C*"°/Tm6b (Gepner et al., 1996) 4) UAS-syb-GFP

(Sean Sweeney, unpublished reagent) 5) UAS-Kin-DAD/Tm6b. For CNS expression UAS-
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EBI-GFP flies were crossed to one of three Gal4 lines: 1) elaV*'’-GAL4 (pan neuronal)
2) OK6-GAL4 (motor neuron specific (Aberle et al., 2002) and 3) D42-GAL4 (Parkes et
al., 1998). Pickpocket-Gal4 was used to drive expression specifically in the PNS
(Unpublished reagent, generous gift from C. Yang, W.B. Grueber, L.Y. Jan and Y.N.

Jan).

Live imaging and kymograph analysis
Wandering third instar larvae were dissected in HL3 saline (0.5mM Ca'") and stably
positioned on glass slides using pressure pins held in place using a magnetic surface
surrounding the glass slide. EB1-GFP labeled microtubules were imaged using a GFP
filter set (Chroma) with a 100x (0.97 NA) AchroPlan water immersion objective (Zeiss).
Images were acquired with a Quantix cooled CCD camera (Roper Scientific) and Kodak
EEVS57 back thinned chip (Roper Scientific) mounted on a fixed—stage upright
microscope (Zeiss Axioskop 2). The sample was illuminated using a 100W Xenon light
source (Sutter Instruments) and liquid light guide (Sutter Instruments). In general, EB1-
GFP puncta were visualized using a 500ms exposure and a 500ms frame rate (rapid
capture mode to prevent shutter closing during imaging). Synaptobrevin-GFP puncta
were imaged using a 750ms exposure and either a 1s or a 5 s frame rate. Individual
imaging sessions lasted a maximum of one hour per larva. The camera, shutter and filter
were controlled by Slidebook software (Intelligent Imaging Innovations). Images were
collected at room temperature (18°C).

Kymograph analysis was used to determine rates of movement in axons and
synapses. Axons in the segmental nerve overlaying muscle four were imaged and used in

kymograph analysis. Images were deconvolved using a no neighbors algorithm prior to
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analysis. To generate axonal kymographs a one pixel wide mask was drawn over a
length of axon in the first time point. This mask was copied to all time points and
kymographs were generated using the smooth curve analysis function of SlideBook 4.
This function aligns the masked regions from each time point. Any movement that occurs
in the masked region over the time imaged appears as a diagonal line through the
kymograph. The slope of this line was measured using Slidebook software to determine
the rate of movement. Synaptobrevin images were taken from the same region of the
axon, and movement was analyzed as described above. Images were acquired from the
segmental nerve overlaying muscle four. Reversals were defined as a directional change
in the slope of the kymograph. The synapse on muscle four was selected for imaging and
analysis as it was possible to image several boutons in the same plane of focus. Puncta in
the synapse often took a curved path in a bouton compared to the linear path in the axon.
To generate kymographs for the synapse the mask was created over the specific path of
an individual puncta resulting in a curved line for many of the masks. These masks were
then treated in the same way as the axonal masks. For a given segment of axon or
synapse, all puncta that remained in the plane of focus for at least 5 frames were
analyzed.

Only puncta that moved were selected for the measurement of comet tail length.
Length was measured across the long axis of the comet from the tip of fluorescence to the

back edge of the tail using Slidebook software.

Pharmacology
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Taxol (Sigma) was dissolved in DMSO to a concentration of 1mM to create a stock. The
taxol stock solution was diluted to a final concentration of 1uM in HL3 saline (0.5mM
Ca™). This concentration was settled upon after testing a range of concentrations from
0.1 to 25uM. Disruption of EB1 puncta was observed at .5uM and above. For control
experiments DMSO alone was diluted into HL3 at an identical concentration to that used
in the experimental condition. Wandering third instar larvae were dissected in HL3
(0.5mM Ca'™") and incubated for 10 minutes at room temperature in either DMSO
(control) or taxol (experimental). Preps were then imaged and kymographs made to
analyze the presence of moving EB1 puncta.

A 10mM stock solution of nocodazole (Sigma) was diluted to a final
concentration of 100uM in HL3 saline (0.5mM Ca™"). Disruption of EBI puncta was
observed at 10uM and above. For control experiments DMSO alone was diluted into
HL3 to an identical concentration. Wandering third instar larvae were dissected in HL3
(0.5mM Ca'™") and incubated in either DMSO or nocodazole for ten minutes at room
temperature. Preps were then imaged and kymographs analyzed for the presence of

moving EBI puncta.

Antibody staining

Primary antibodies used in this study include mAb 22C10 (1:50; obtained from the
Developmental Studies Hybridoma Bank, University of lowa), Cy3 conjugated HRP
(1:200; obtained from ICN/Cappel), anti-brp (1:10, gift of Erich Buchner), anti-DAP-160

(1:200), anti-FLAG (1:200, obtained from Sigma). Secondary antibodies used were FITC
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labeled anti-mouse (1:200), Cy3 conjugated anti-mouse (1:200), and Cy5 conjugated

anti-rabbit (1:200). All secondary antibodies were obtained from ICN/Cappel.
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RESULTS

EB1-GFP as a tool for live imaging.

The expression of GFP tagged EBI1 protein has been used to visualize the plus-
ends of individual growing microtubules in vitro and, more recently in vivo (Morrison et
al., 2002; Ma et al., 2004; Piehl et al., 2004; Wen et al., 2004). EBI binds preferentially
to a site within the GTP cap of growing microtubule plus-ends providing a punctate, live
marker that is suitable for quantitative live imaging of microtubules (Mimori-Kiyosue et
al., 2000; Schuyler and Pellman, 2001; Rogers et al., 2002; Tirnauer et al., 2002).
Importantly, this preferential binding allows for specific examination of the dynamic
population of microtubules undergoing plus-end polymerization (Mimori-Kiyosue et al.,
2000; Rogers et al., 2002; Tirnauer et al., 2002). Low levels of EB1-GFP also decorate
the length of microtubules through a mechanism that is thought to be distinct from the
preferential plus-end binding (Tirnauer et al., 2002). This tool has recently been used
successfully to probe the organization of dynamic microtubules within different neural
compartments (Rolls et al., 2007). EB1-GFP was therefore used in this study to quantify
the in vivo behavior of a dynamic population of microtubules in the developing axons and
neuromuscular synapse of the third instar Drosophila larvae.

Prior to the generation of a transgenic Drosophila line, it was important to
demonstrate that expression of EB1-GFP marks the plus-ends of growing microtubules,
in vitro, in a manner that is quantitatively and qualitatively similar to prior work in
mammalian cell systems (Morrison et al., 1998; Mimori-Kiyosue et al., 2000; Morrison et

al., 2002; Tirnauer et al., 2002). In cultured Drosophila S2 cells, EB1-GFP puncta
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generally originate near the center of the cell, at the microtubule organizing center
(MTOC), and move toward the cell periphery as observed in other systems
(Supplemental Movie 1-1) (Morrison et al., 1998; Mimori-Kiyosue et al., 2000; Tirnauer
et al., 2002). Each puncta is a defined spot present at the microtubule plus-end with a
characteristic comet tail (Figure 1-1A, inset). This comet tail is believed to reflect the
gradual release of EB1-GFP along the length of the growing microtubule as the GTP cap
is hydrolyzed (Rogers et al., 2002; Tirnauer et al., 2002; Stepanova et al., 2003; Wen et
al., 2004). The rate of EB1-GFP puncta movement in the S2 cells was measured and
found to be consistent with the microtubule growth rates observed in other in vitro cell
types (6.62 um/min £ 0.17; Figure 1-1B) (Tanaka et al., 1995; Tirnauer et al., 2002).
Perhaps more importantly, the rate observed in S2 cells in this study was found to be
consistent with the previously measured rate for microtubule polymerization in this cell
type (Tanaka et al., 1995; Rogers et al., 2002; Tirnauer et al., 2002). As the EB1-GFP
construct appears to report microtubule polymerization in this in vitro system, transgenic
Drosophila lines were generated harboring this construct under UAS control to allow

characterization of dynamic microtubules in vivo (Brand et al., 1994).

Microtubule Orientation and Growth in Drosophila Sensory and Motor Axons.

To begin an analysis of dynamic microtubules in vivo, the behavior of EB1-GFP
puncta in axons within the segmental nerve of third instar Drosophila larvae was
examined. EB1-GFP was expressed under the control of the pan-neuronal elaV-Gal4°"’
driver to ensure a high level of expression for imaging. The segmental nerve bundle was

chosen for this analysis. EB1-GFP comets were observed to localize as distinct puncta or
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comets and move throughout the length of the segmental nerve, consistent with the
observations from recent work in Drosophila (Rolls et al., 2007) (Figure 1-2A,
arrowheads). Interestingly, when UAS-EBI-GFP is expressed pan-neuronally using the
elaV-GAL4“"’ driver, individual EB1-GFP puncta can be observed moving both
anterogradely, toward the periphery, and retrogradely, toward the central nervous systems
(CNS) (Supplemental Movie 2). This observation raised the possibility that microtubules
in the axons have a mixed orientation as hypothesized by a recent study. This work,
using cultured neurons from Xenopus laevis, suggests that up to 10% of axonal
microtubules may be inversely oriented, with their plus-ends positioned towards the cell
body (Ma et al., 2004). As the segmental nerve bundle contains both motoneurons (cell
body in the CNS) and sensory neurons (cell body in the periphery) it is not possible,
using the elaVGAL4“!” driver, to determine the orientation of microtubule plus-ends
within individual axons. Therefore, cell-type specific GAL4 lines were used to drive
UAS-EBI-GFP expression selectively in motoneurons, using OK6-GAL4 (Aberle et al.,
2002), or sensory neurons, using ppk-GAL4 (unpublished data). Motoneuron specific
expression revealed uniform movement toward the periphery by observable EB1-GFP
comets. Similarly sensory neuron specific expression also revealed uniform movement
of EB1-GFP this time traveling from the periphery toward the CNS. These data are
therefore consistent with numerous studies describing a uniform, anterograde orientation
of microtubules within axons (Topp et al., 1994; Signor and Scholey, 2000; Rolls et al.,
2007). The existence of a small number of retrogradely oriented microtubules at the
Drosophila NMJ could not be ruled out by these observations, however no evidence of

this population was found under the conditions used in this study. In all subsequent motor
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axon analyses using elaV-Gal4 only the movement of EB1-GFP puncta toward the NMJ,
is used.

Prior to the quantification of EB1-GFP rate of advance, a series of control
experiments were performed to ensure that the EB1-GFP puncta observed in vivo do
reflect the microtubule plus-end and not transport of the protein (Chang et al., 1999; Ma
et al.,, 2004). As this marker is to be used to identify and quantitatively characterize
dynamic microtubules with the axon and synapse, it is crucial that all puncta measured
reflect the movement of a growing plus-end. The preferential plus-end localization of
EB1-GFP has been shown to require intact and growing microtubules (Mimori-Kiyosue
et al., 2000; Ligon et al., 2003). Thus disruption of either stability or growth should
eliminate observable GFP comets in the axon. In contrast, movement originating from
protein trafficking would require only the presence of an intact microtubule cytoskeleton.
In order to distinguish between microtubule growth and transport of EB1-GFP, larvae
were treated with one of two pharmacological agents that alter the state of the
microtubule cytoskeleton. Larvae were first dissected and incubated in the microtubule-
destabilizing drug, nocodazole. A second group of larvae were incubated in vehicle
alone (DMSO) as a negative control. Axons from both groups were then imaged to
detect the presence any EB1-GFP puncta. Treatment with nocodazol resulted in the loss
of observable EB1-GFP puncta. This is in contrast to DMSO treatment, which had no
discernable effect on EBI1-GFP localization (Figure 1-3A, A’).  Furthermore,
kymographs generated from time-lapse series of the axons from larvae treated with
vehicle alone revealed normal EB1-GFP movement, while incubation in nocodazole

resulted in no distinguishable movement in kymographs (Figure 1-3B,B’). This is
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consistent with a requirement for an intact microtubule cytoskeleton for normal
localization and movement of EB1-GFP in the axon. However it remains possible the
observed movement is due to the active, motor-driven trafficking of vesicles containing
excess EB1-GFP and is not reflective of microtubule growth in this system. To address
this question, the same series of experiments were conducted in the presence of taxol, to
stabilize microtubules, or in vehicle alone. In addition to stabilizing microtubules, taxol
also prevents the addition of new GTP-tubulin dimers to the plus-end, preventing further
dynamic instability or growth. Thus, if the observed EB1-GFP puncta reflect the growth
of microtubule plus-ends, taxol treatment should result in a loss of the EB1-GFP puncta,
active vesicle transport in contrast should be unaffected by this treatment. Consistent
with the former hypothesis, a complete loss of discrete EB1-GFP puncta following taxol,
but not DMSO, treatment was observed (Figure 1-3C,C’). Instead, EB1-GFP re-localizes
to bind the entire length of the microtubule cytoskeleton (Mimori-Kiyosue et al., 2000;
Tirnauer et al., 2002). Kymographs generated from time lapse series of DMSO treated
larvae reveals normal movement, while no discernable movement was detected following
taxol treatment (Figure 1-3D,D”). These data support the conclusion that in this system,
EBI-GFP is behaving in a manner consistent with prior in vitro and in vivo data.

In a second control experiment, the rate and nature of EB1-GFP movement was
directly compared with that of neuronally expressed synaptobrevin-GFP. Synaptobrevin
has been shown to traffic within a transport vesicle in axons (Li et al., 1996). Live
imaging of neuronally expressed synaptobrevin-GFP revealed a number of characteristics
that were markedly different from EB1-GFP. Initial comparison of the movement of

synaptobrevin-GFP and EB1-GFP revealed that synaptobrevin GFP puncta pause and
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frequently reverse direction within the axon. This behavior is consistent with the
microtubule motor-driven transport of vesicles within axons (Figure 1-4E,G). In contrast,
EBI-GFP puncta movement is processive and is never observed to reverse direction
(Figure 1-4F,G). Note that microtubules undergoing catastrophe loose the GTP cap
resulting in the loss of discrete EB1-GFP comets (Mimori-Kiyosue et al., 2000; Ma et al.,
2004). For this reason, a catastrophe event will not result in a reversal of direction as
reported by EB1-GFP puncta. This difference in behavior is apparent in projections of
time-lapse image series of EB1-GFP (Figure 1-4A) and syb-GFP puncta (Figure 1-4B).
In addition the characteristic geometry of both proteins is clearly different. While the
comet tail is a defining characteristic of EBI1-GFP localization, the individual
synaptobrevin-GFP puncta are well-defined spheres and lack (Figure 1-4C,D). These data
are consistent with the conclusion that observed EBI1-GFP movement reflects the
advance of microtubule plus-ends in this in vivo system. Therefore, this tool was used for
the qualitative and quantitative characterization of the behavior and regulation of

dynamic microtubules within the axons and NMJ of third instar Drosophila larvae.

EB1-GFP Movement is Slower in Sensory Compared to Motor Axons.

The above experiments largely represent a qualitative analysis of the movement
of EBI-GFP labeled microtubule plus-ends within axons. To more quantitatively
characterize this population, the rate of EB1-GFP movement within motor and sensory
neuron axons was measured. For these and all subsequent experiments >100 individual
EBI-GFP puncta from at least 10 different animals were measured for each genetic

combination. The rate of EB1-GFP puncta movement was determined by kymography
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(see methods). Using this method of quantification EB1-GFP puncta were calculated to
move at a rate of 4.10 um/min when expressed within axons of Drosophila motor
neurons using OK6-Gal4. Interestingly, the average rate of EB1-GFP movement was
observed to be significantly slower in sensory neurons compared to that observed in
motor neurons; 3.02 um per minute in sensory neurons compared to 4.10 um per minute
in motoneurons (Figure 1-2B). In this experiment sensory neuron specific expression of
UAS-EB1-GFP was accomplished using the pickpocket (ppk) Gal4 driver. Thus, neurons
of different modality, in vivo, can have significantly different rates of microtubule plus-
end movement. Due to the nature of EB1 binding, the difference in these rates likely
reflects differences in the rate of microtubule polymerization. However, it has also been
hypothesized that short microtubule segments are trans-located down the axon by motor
driven transport. The movement observed in axons could therefore be due to
polymerization, translocation or a mix of both phenomena (Baas and Brown, 1997;
Hirokawa, 1997; Baas, 2002; Ma et al., 2004; Baas et al., 2006). In this study the
observed rates of EBI-GFP advance are more consistent with known polymerization
rates than those of motor driven transport, which is often up to an order of magnitude
faster (Svoboda et al., 1993; Svoboda and Block, 1994; Kotani et al., 2007). However,
the possibility that a small population of transported, dynamic microtubules exist within
axons and contributes to the rates measured in this study cannot completely be ruled out.
Plus-end-binding proteins are known to regulate the dynamics of microtubule
plus-ends (Akhmanova et al., 2001; Ligon et al., 2003; Akhmanova and Steinmetz,
2008). The majority of data in vertebrate cell cultures systems and in Drosophila S2 cells

demonstrate that the EB1 protein itself does not modulate the rate of microtubule
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polymerization (Rogers et al., 2002; Tirnauer et al., 2002; Ligon et al., 2003). Instead,
EB1 has been shown to primarily modulate the balance of catastrophe versus pausing or
rescue events in dynamic microtubules. However, it remains possible that differences in
EBI expression levels could change polymerization rates either directly, or by displacing
endogenous microtubule plus-end binding proteins. If this were the case in this in vivo
system, one would predict that differences in expression levels should alter the observed
rate of EB1-GFP movement. To test this prediction, the rate of EB1-GFP movement was
measured in motor axons using three GAL4 drivers with different expression levels (low
expression=0K6-GAL4/+, medium expression=D42-GAL4/+, high expression=elal-
GAL4“"’/Y). A comparison of the polymerization rates in these backgrounds revealed no
significant difference (Figure 1-2C). Thus, EB1-GFP labeled plus-end growth is
independent of EB1-GFP levels over the range of expression levels tested and used
throughout these studies.

To test this further, experiments were performed to determine whether the
differences in the rate of EB1-GFP in the sensory versus motor neurons could be
accounted for by the use of GAL4 drivers with varying expression levels in the different
cell types. First, EBI-GFP was expressed using the pan-neuronal elaVGal4<"> driver
and puncta movement was examined in sensory and motor axons. Using a single GAL4
driver the rate of EB1-GFP puncta movement in sensory neurons remains slower than
that observed in motor neurons (elaV-Gal4“'> sensory = 3.09 um/min £ 0.091, n=159;
elaV-Gal4°"” motor neuron = 4.12 pm/min + 0.038, n=1121. K-S p < 0.01, T-test
p<0.001) (Figure 1-2B). Next, the rate of EB1-GFP puncta movement in sensory

neurons was compared for two different expression backgrounds. Despite the high level
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of expression of EB1-GFP in the elaV-GAL4“"> background compared to PPK, the rate
of plus-end movement was not significantly different (PPK/+ =3.02 pm/min £ 0.12,
elaV-GAL4“"/Y =3.09 pm/min + .091. K-S=0.256, T-test p=0.724) (Figure 1-2B). These
data suggest that there are fundamental differences in the cell biological mechanisms that
control the polymerization of microtubules in different neuronal types. The results of this
initial examination reveal that EB1-GFP can be effectively used to probe the behavior of
dynamic microtubules within the axon in vivo. Time-lapse imaging was next applied to
the synapse at the NMJ to characterize the behavior and regulation of the dynamic

microtubules recently identified within the presynaptic nerve terminal at the NMJ (Yan

and Broadie, 2007).

Characterization of Dynamic, EB1-GFP Labeled Microtubules at the NMJ.

The regulation and organization of the microtubule cytoskeleton is essential for
the development and stability of the NMJ (Roos et al., 2000; Pennetta et al., 2002; Ruiz-
Canada et al., 2004; Eaton and Davis, 2005; Viquez et al., 2006; Pielage et al., 2008).
Mutations in MAPs are often associated with defects in synapse growth. It was therefore
necessary to ensure that expression of EB1-GFP did not alter the development of the
NMJ. To test the gross morphological development of the synapse, bouton number and
size were both quantified. These specific parameters were tested as they have previously
been shown to be sensitive to disruption of microtubules. In the background of high
levels of EB1-GFP expression, both parameters were found to be normal relative to wild
type (bouton number; wt =15.9 + 1.02, n =19 synapses; UAS-EBI-GFP =16.7 + 1.05, n

=19 synapses. Bouton size; wt =2.22 + 0.084 umz, n =191 boutons; UAS-EBI1-GFP =2.22
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+0.80 pm®, n =188 boutons) (Figure 1-5A,B). Immuno-staining of active zone (brp) and
peri-active zone (Dap160) markers was used to more closely analyze the development of
synapses in a wild type background (C,C’) and the background of EB1-GFP expression
under the control of elaV-Gal4“"’ (D,D’) (Roos and Kelly, 1998; Wagh et al., 2006).
Both markers were found to be qualitatively and quantitatively normal relative to wild
type controls. These data demonstrate that neuronal expression of EB1-GFP does not
interfere with normal synaptic development. Therefore, EB1 can be used as a tool to
monitor the behavior and regulation of dynamic microtubules within a normal synapse in
VIvo.

To begin this analysis the rate of plus-end growth at the NMJ was determined.
Time-lapse imaging revealed EB1-GFP puncta moving throughout the synapse, invading
all boutons (Figure 1-6A, Supplemental Movie 5). No proximal or distal bias was
observed in the density of invading EB1-GFP comets. Kymographs were then generated
to measure the rate of EB1-GFP movement (Figure 1-6B). Interestingly, the average rate
of EBI1-GFP puncta movement within the presynaptic nerve terminal is slightly but
significantly faster than that observed in the motor axon (Synapse =4.66pum/min * 0.10,
n=337. Axon =4.12 pym/min + 0.038, n=1121. Kolmogrov-Smirnov p<0.01, Student’s T-
test = 5.44x10°) (Figure 1-6C). As the movement of EB1-GFP reflects the growth of
microtubule plus-ends, the observed increase at the synapse is likely to reflect a
difference in polymerization rates between the axon and NMJ. The length of EB1-GFP
comet tails has been used in the past as an indicator of polymerization rates (Stepanova et
al., 2003; Wen et al., 2004). A longer tail is thought to reflect a more rapid addition of

tubulin dimmers, and thus increased polymerization. A comparison of the length of EB1-
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GFP comet tails in the axon and synapse revealed significantly longer comets in the
synapse as compared to the axon (axon = 0.31um £ 0.006, n =264; synapse = 0.36 um +
0.008, n=235. Student’s T-test p =1.48x107") (Figure 1-6D). This is consistent with the
idea that microtubule polymerization is enhanced within the synapse. The synapse may
therefore represent a unique sub-cellular domain for the regulation of microtubule
dynamics. In the future, it may be of interest to investigate whether there are synapse

specific MAPs that regulate microtubule growth in this compartment.

The Dynein/Dynactin Complex Regulates Dynamic Microtubules in the Axon and
NMJ.

A wide complement of microtubule-associated proteins is known to affect
microtubule polymerization and organization (Carvalho et al., 2003; Wittman and Desali,
2005; Morrison, 2007). One such molecule, the dynactin complex member p150/Glued,
is known to bind the microtubule plus-end where it has been shown to regulate
microtubule dynamics and cell signaling in a variety of cellular contexts (Berrueta et al .,
1999; Vaughan et al., 1999; Eaton et al., 2002; Ligon et al., 2003; McCabe et al., 2003).
Of particular interest to this study, recent work has demonstrated that the dynactin
complex, and specifically pl150, is important for the normal development and
maintenance of the NMJ (Eaton et al., 2002; McCabe et al., 2003). The stable
microtubule core is disrupted in the absence of p150/Glued, a fact that may contribute to
the synaptic growth defect. However, the role of p150/Glued in regulating dynamic

microtubules at the Drosophila NMJ has not been tested. To determine whether this
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member of the dynactin complex regulates the dynamic behavior of growing plus-ends at
the NMJ, EB1-GFP was expressed in the background of impaired p150/Glued function.

Due to the essential nature of the dynactin complex, null mutations in p150 result
in early lethality of the embryo. To allow for the examination of larval axons and
synapses, a dominant negative p150 transgene, referred to here as DN-glued was used
(Reddy et al., 1997; Allen et al., 1999). This construct acts dominantly to block the
interaction of p150 with microtubules (Reddy et al., 1997; Allen et al., 1999; Martin et
al., 1999; Eaton et al., 2002). Previous work in in vitro systems has implicated
P150/Glued in the nucleation of new microtubules (Ligon et al., 2003). If this role is
conserved at the Drosophila NMJ one would anticipate a decrease in the density of EB1-
GFP puncta in larvae expressing the DN-glued construct. Thus, the density of visible
EBI-GFP puncta within axonal and synaptic segments was measured. No significant
change in the density of visible EB1-GFP labeled plus-ends was observed in the axons of
DN-glued larvae relative to wild type (wt axon=0.7340.04 puncta/um® pl50
axon=0.69+0.03 puncta/um?). Likewise, no significant decrease in puncta density was
observed within the NMJ of DN-glued larvae (wt synapse=0.84+0.06 puncta/um?*; p150
synapse=0.99+0.06 puncta/um?). These data suggest that the function of p150/Glued is
not essential for the initiation of new microtubules within the axon or NMJ.

Next, the ability of p150 to regulate the rate of dynamic microtubule growth was
examined. In the presence of the DN-Glued construct EB1-GFP movement is slowed to
approximately half the rate observed in wild type axons. The decrease in plus-end
advance is clearly illustrated in projections of the time lapse imaging series where the

entire path of an individual plus-end can be observed (Figure 1-7A,B). Quantification of
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the rate of microtubule plus-end advance confirmed that there is a significant decrease in
background of DN-Glued relative to wild type (wild type=4.12+ 0.038um/min n=1121;
DN-Glued= 2.89+0.03um/min, n=1249) (Figure 1-7D). Similarly, disruption of
P150/Glued function also affected the growth of microtubules within the NMJ. As with
the axon, projection images generated from synaptic time lapse series showed a clear
decrease in the distance traveled by EB1-GFP puncta from the DN-glued background
relative to wild type synapses (Figure 1-7E, F). Again, quantification of the rate of plus-
end advance within the synapse reveals a significant decrease in the DN-Glued
background (wild type= 4.66pm/min + 0.10, n=337; DN-Glued= 2.69 pm/min % 0.070,
n=381) (Figure 1-7H). These data are consistent with p150/Glued playing a role in the
regulation of the rate of polymerization at the plus-end. Interestingly, the neuronal
expression of DN-Glued also changes the nature of polymerization compared to that seen
in wild type animals. Pause events are observed in kymographs from the synapses and
axons of the transgenic larvae. These events are not observed in wild type larvae (Figure
1-7I). The pause events likely reflect either a stall in polymerization, or rescue of a
catastrophe, these events would be indistinguishable in this assay. In kymographs where
a pause event was observed, the rate of EB1 advance both before and after the pause
event were measured and averaged. In this way the period of pause did not contribute to
the overall calculation of the rate of plus-end polymerization in the DN-Glued
background. The exclusion of these events may have lead to a slight overestimation of
the growth rate of microtubules in the DN-glued background. Taken together the results
of this time-lapse imaging revealed that p150/Glued is required for the normal regulation

of polymerization, but not nucleation, of microtubules in the motoneuron axon and NMJ.
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Further, the processivity of growth is disrupted in the absence of normal p150/Glued
function.

The dynactin complex often functions in conjunction with the minus-end directed
microtubule motor protein dynein (Tinsley et al., 1996; Karki and Holzbaur, 1999;
Howell et al., 2001; LaMonte et al., 2002). It was therefore of interest to understand
whether the p150/Glued dependent regulation of dynamic microtubule growth in
Drosophila motor neurons is a dynein dependent or independent function. If the dynactin
complex acts in concert with the dynein motor complex to regulate dynamic
microtubules, one would expect that disruption of dynein function would result in a
similar phenotype to that observed in DN-Glued. To test this possibility EB1-GFP labeled
microtubule plus-ends were monitored in dynein heavy chain (dhc) mutant animals. As
homozygous dynein heavy chain mutations (dhc/dhc) are embryonic lethal, a
heterozygous dhc background was used. Previous work in Drosophila have shown that
heterozygous Dhc mutations (dhc64C*'°/+) are sensitized to axonal transport defects and
thus have an observable disruption in motor function (Gepner et al., 1996; Martin et al.,
1999). It was therefore likely that loss of a single copy of the dynein heavy chain would
disrupt motor function sufficiently to be revealed in quantitative measurements.
Heterozygous dhc64C*"*/+ mutations slowed EB1-GFP movement in a manner that was
qualitatively and quantitatively similar to expression of the DN-Glued transgene both in
the axon (wild type=4.12pm/min + 0.038, n=1121, dhc64C*"*/+=2.90 pm/min + 0.031,
n=1091, p-value=1.10x10"?) (Figure 1-7C, D) and the synapse (wild type= 4.66pm/min
+0.10, n=337; dhc64C*"’/+=2.68 pm/min + 0.067, n=377) (Figure 1-7G,H). These data

are consistent with the hypothesis that the dynactin complex acts in concert with the
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dynein motor complex to modulate the growth of pioneer microtubules within motor
axons and the NMJ.

As noted above, the rate of microtubule polymerization in the axons of wild type
larvae is dependant on the specific neural type. Differences in the specific complement of
MAPs, and the concentration of free tubulin and possibly the volume of the different
compartments, are likely to account for the different pioneer microtubule growth rates in
sensory and motor neurons (Lopez and Sheetz, 1993; Heidary and Fortini, 2001; Seitz et
al., 2002; Mandelkow et al., 2004; Janulevicius et al., 2006). The microtubule plus-ends
within sensory axons were shown to have a significantly slower rate of advance when
compared to those within motor axons. One possible explanation for this phenomenon is
the existence of a different complement of microtubule-associated proteins regulating
polymerization each cell type. It was therefore noteworthy that the measured rate of
EBI1-GFP movement in the motor axons of DN-Glued or dynein heavy chain mutations is
quantitatively similar to that observed in wild type sensory neurons. This may indicate
that the dynein/dynactin complex plays no role in the regulation of microtubule growth in
sensory neurons, and the ability to effect polymerization may be specific to their actions
in motor axons. In turn, the rate of EB1-GFP movement within the sensory neurons

could represent the base rate of microtubule polymerization in axons (PPK/+ =3.02

+

pum/min + 0.12, n=129; DN-Glued= 2.89+0.03pum/min, n=1249; dhc64C*"*/+= 2.90
pm/min + 0.031, n=1091). To examine the role of the dynein-dynactin complex in
regulating microtubule polymerization in other neuronal lineages, the rate of plus end
advance was measured in sensory neurons in wild type, DN-Glued and dhc64C*"%/+

backgrounds. A significant reduction in EB1-GFP movement was observed in the
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sensory axons in both mutant backgrounds relative to wild type (Figure 1-7J). These data
do not support the hypothesis that the dynein-dynactin complex is not required for plus-
end growth in sensory neurons. Instead these observations are consistent with the
dynein/dynactin complex actin as a common regulator of microtubule polymerization in

both neural lineages.

Characterization of Presynaptic, Futsch-independent Pioneer Microtubules at the
NMJ.

In Drosophila, the microtubule cytoskeleton can be visualized with a monoclonal
antibody that recognizes a large MAPIb-like protein termed Futsch (Hummel et al.,
2000; Roos et al., 2000). The microtubules labeled by the monoclonal antibody
recognizing Futsch are found throughout the central and peripheral nervous systems. The
anti-Futsch staining identifies a large fraction of the synaptic microtubules as anti-
tyrosinated or anti-acetylated tubulin staining co-localizes with the anti-Futsch pattern
(Roos et al., 2000). Within the neuromuscular synapse, anti-Futsch staining identifies a
tightly bundled core of microtubules that are present throughout the synapse, tapering
gradually from the point of nerve entry to the distal end (Roos et al., 2000). Upon entry
into boutons this core may be re-organized, becoming splayed or forming loop-structures.
Interestingly, these reorganizations tend to occur in “dynamic boutons”, that is newly
formed or growing boutons. Although altered anti-Futsch staining in fixed tissue has
been interpreted to reveal changes in microtubule dynamics (Roos et al., 2000; Zhang et

al., 2001; Pennetta et al., 2002; Ruiz-Canada et al., 2004) the relationship between the
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Futsch labeled core of microtubules and dynamic microtubules remains to be
investigated.

To better understand this relationship, the live behavior of EBI-GFP was
compared with the fixed pattern of Futsch staining. Specifically, it was of interest to
determine whether the movement of the EB1-GFP labeled microtubules was confined to
the Futsch-labeled core. It might be expected that if Futsch staining accurately reflects
the behavior of the dynamic microtubules, EB1-GFP labeled plus-end advance would be
constrained to the Futsch core. To compare the EB1-GFP advance with the Futsch core,
live imaging was used to visualize microtubule plus-ends in individual NMJs. This was
followed immediately by fixation and immuno-staining for Futsch. In this way the
movement of EB1-GFP puncta can be directly compared to Futsch labeled microtubules
in the same synapse (Figures 1-8 and 1-9; Supplemental Movies 1-6 and 1-7 correspond
to the fixed images shown in these figures). As shown above, EBI-GFP puncta can be
observed to move throughout the synapse (Figure 1-6A, Supplemental Movie 1-5).
Consistent with the idea that fixed Futsch staining reflects dynamic microtubule behavior,
puncta are often observed to follow the path laid down by the Futsch-labeled core (not
shown) and Futsch loops (see arrowheads in Figure 1-8). However upon closer analysis it
was observed that EB1-GFP labeled plus ends did not always respect the boundary of the
Futsch labeled core. For example, in many instances microtubule plus-ends are clearly
observed to traverse across the open center of a Futsch loop (data not shown).
Surprisingly, EB1-GFP puncta are also observed to travel within a given Futsch-loop in
opposing directions. In some examples EB1-GFP puncta are observed to travel in

opposite directions within a single bouton simultaneously, crossing paths as they move
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(Figure 1-9A,B arrowheads, Supplemental Movie 1-7). In other examples EB1-GFP
puncta traverse opposite sides of a single microtubule loop, traveling in the same
direction (Figure 1-8B, arrowhead, Supplemental Movie 1-6). These behaviors would not
be predicted if EB1-GFP labeled plus-ends were physically constrained to the Futsch-
labeled microtubule core. This is particularly true of the behavior of plus ends within
Futsch-loops, which are proposed to represent closed, unidirectional structures.
Interestingly, the uniformly polarized movement of plus-ends observed in the axon is not
observed at the synapse where approximately 10% of puncta moving in a retrograde
direction. Thus microtubules within the synapse appeared to be less constrained relative
to the axon, possibly allowing greater exploration of the synaptic volume.

The observation that EBI-GFP puncta can traverse across a microtubule loop
suggests that dynamic microtubule movement is not confined to, and may in fact be
independent of the Futsch-labeled core. This is further supported by the observation that
EBI-GFP puncta are present within regions of the synapse that lack Futsch-positive
microtubules. EB1-GFP puncta were commonly observed to track the bouton periphery,
moving in regions that lack anti-Futsch staining. In one intriguing example microtubules
are observed entering a nascent bouton bud in a central region of the NMJ (Figure 1-9
referred to here as the terminal bouton. Within the terminal bouton EB1-GFP puncta
track to the periphery, and interact with the cortex of the bouton membrane (Figure 1-8B,
compare open and closed arrows). Interestingly while anti-Futsch staining diminishes
greatly prior to the terminal bouton, there is no obvious decrease in the abundance of

EBI1-GFP puncta within the distal compared to proximal regions of the synapse (Figure
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1-8A). The ability of dynamic plus-ends to enter regions of the synapse lacking Futsch
immunoreactivity is consistent with the hypothesis that EB1-GFP labeled microtubules
represent a previously uncharacterized population of microtubules at the NMJ.

The above observations raise the possibility of two distinct populations of
microtubules at the synapse. From the direct comparison of Futsch and EB1-GFP labeled
microtubules within the same NMJ it appears the movement of dynamic microtubule
plus-ends is neither dependent on, nor constrained by, the stable core. However, the
possibility that Futsch is present at undetectable levels in the distal boutons imaged in the
above experiment cannot be completely ruled out. To directly test the possibility of two
independent microtubule populations, the movement of EB1-GFP-labeled plus-ends was
examined in synapses of futsch mutant animals. If in fact the EB1-GFP labeled plus-ends
represented an independent population of microtubules, one would expect no significant
change in the behavior of this population in the absence of Futsch. To determine whether
this was the case, plus-end advance and invasion were observed in the third instar NMJ of

N94
/#”" mutant larvae.

futsc

The behavior of dynamic EB1-GFP labeled plus-ends within the NMJ was first
analyzed in the futsch mutant background. As previously described, Futsch staining is
not visible at the NMJ of fursch™* mutant larvae (Fig. 1-10A,B). Additionally the
synaptic microtubule core is dramatically disrupted in this background, with a loss of the
bundling and loops (not shown, Roos et al., 2000). Despite the disorganization of the
bundled core however, the invasive behavior of the EBI-GFP-labeled dynamic

microtubule population is unaltered in this background as monitored by time-lapse

imaging. EB1-GFP puncta are still observed to move throughout the entirety of the NMJ
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and to target the cortex of the distal most boutons. Additionally, the normal processive

1" NMlJs is readily apparent in projection

advance of EBIl-labeled plus ends in futsc
images generated from time-lapse series (Figure 1-10G, H).  These observations are
inconsistent with the idea that a disrupted Futsch-labeled microtubule core at the synapse
inherently reflects a change in the underlying dynamic behavior of microtubules. Instead,
the behavior of the EB1-GFP-labeled microtubule population appears to be largely
independent of the Futsch core.

To further analyze the relationship between dynamic and stable microtubules the
rate of plus-end growth within the axon and NMJ of futsch"’? was examined. As with the
synapse, no significant change in the processivity of growth or behavior of EB1-GFP
comets is observed in projections from the axons of futsch™ */+ or futsch™* relative to
wild type axons (Figure 1-10 C-E). Additionally, the rate of growth of EB1-GFP labeled
plus-ends within the axon is unaltered in the fursch™* mutants relative to either
heterozygous sibling and wild type controls (wild type=4.46 pm/min + 0.022, n=140.
futsch™!/+=4.44pm/min £ 0.09, n=221. futsch"**= 4.81 um/min + 0.02, n=139) (Figure
1-10B). Curiously, a slight but significant increase in the rate of synaptic plus-end
growth was identified in the futsch"’? null and heterozygous larvae relative to wild type
(wild type= 4.66 pm/min + 0.10, n=377. futsch™**/+= 5.03 pm/min + 0.09, n=404.
futsch™**=5.51 pm/min + 0.11, n=451) (Figure 1-10I). One explanation for the increased
rate of plus end advance in the absence of Futsch may the loss of a subset of dynamic
microtubules that would otherwise be stabilized and incorporated into the bundled core.
This would be consistent with the role of Futsch, which is known to bundle and stabilize

microtubules at the synapse (Hummel et al., 2000, Roos et al., 2000). Interestingly this
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activity was not required in the axon, suggesting the activity may be uniquely important
at the synapse. Taken together the above data reveal that changes in the organization of
the bundled microtubule core cannot be always be interpreted to reflect changes in the
underlying dynamic behavior of microtubules at the synapse. Instead these data support
the hypothesis that two independent populations of microtubules exist within the NMJ, an

exploratory and dynamic pioneer population and a structurally stable core population.
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Discussion

Recently, increasing attention has been focused on the regulation of the
neuronal microtubule cytoskeleton during development and disease (Lucas et al.,
1998; Hall et al., 2000; Roos et al., 2000; Zhang et al., 2001; Eaton et al., 2002;
Pennetta et al., 2002; Rolls et al., 2007; Pielage et al., 2008). However, while there is
a wealth of developmental and disease related data implicating regulation of
microtubule dynamics in disease progression, the analysis of axonal and synaptic
microtubules in vivo has largely been restricted to the analysis of fixed tissue.
Together, two recent studies have identified a population of dynamic microtubules that
are suitable for live imaging within the axons and synapses of Drosophila neurons
(Rolls et al., 2007; Yan and Broadie, 2007). Despite this work however, very little is
known about the basic orientation, regulation and behavior of this population within
the synapse. Here quantitative live imaging of synaptic microtubules was combined
with genetic analysis in Drosophila to examine the mechanisms and modulation of

microtubule plus-end growth in vivo.

EB1-GFP as a Quantitative Tool for the Analysis of Axonal and Synaptic
Microtubules in vivo.

Several lines of evidence demonstrate that the expression of EBI-GFP in
Drosophila selectively marks microtubule plus-ends in vivo and can be used as a
quantitative tool for the analysis of dynamic microtubule behavior. First, EB1-GFP

puncta are lost following treatment with agents that either stabilization or destabilize
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microtubules, consistent with the requirement of a dynamic plus-end for EB1-GFP
(Morrison et al., 1998; Mimori-Kiyosue et al., 2000; Schuyler and Pellman, 2001).
Within axons and synapses, EB1-GFP takes on a characteristic comet pattern
indicative of EB1-GFP gradually being released from the microtubule as the GTP cap
is gradually hydrolyzed (Schuyler and Pellman, 2001; Tirnauer et al., 2002). In
addition, a quantitative comparison of EB1-GFP puncta movement and synaptobrevin-
GFP labeled transport vesicles supports the conclusion that EBI-GFP marked the
microtubule plus-end and not transport vesicles. Finally, the demonstration that EB1-
GFP puncta movement is not strongly altered by GAL4 expression levels suggests that
EB1-GFP does not significantly affect microtubule plus-end polymerization over the
range of expression tested and used in this study. This is consistent with studies in
other in vitro systems that characterize EB1 as an anti-pausing/anti-catastrophe factor
with little or no function to directly modulate the rate of microtubule polymerization

(Rogers et al., 2002; Tirnauer et al., 2002).

Cell Type and Compartment Specific Modulation of Microtubule Behavior.

It is quite surprising that the rate of EB1-GFP movement is dramatically slower
in sensory as compared to motor axons. Since the polymerization rates as measured
by EB1-GFP movement in these cell types remains significantly different following
disruption of dynein/dynactin function, it is clear that this motor complex is involved
in regulating dynamics in both lineages. These data highlight a fundamental
difference in the regulation of the dynamic microtubule cytoskeleton in these two cell

types. This is particularly interesting given the link between mutations in MAPs and
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axonal transport proteins, and the cause of neurodegenerative diseases that selectively
target motoneurons versus sensory neurons (Pennetta et al., 2002; Puls et al., 2003).
Qualitative and quantitative changes in EB1-GFP movement can also be
observed within the presynaptic nerve terminal compared to the axon. In the synapse,
the rate of EB1-GFP movement is slightly but significantly increased. Although the
underlying reason for this increase is not clear, it may be due to a combination of
synapse specific MAPs. These data highlight the synapse as a unique compartment for
the regulation of the microtubule cytoskeleton. Identification of the signaling systems
responsible for the synapse-specific modulation of the dynamic microtubule
cytoskeleton will be an important avenue for future investigation with implications for

the control of synaptic growth, plasticity and stabilization.

Synaptic Pioneer Microtubules Represent an Independent Population of
Microtubules at the NMJ.

Recently, several studies have proposed that microtubule dynamics are
required for synaptic growth at the Drosophila NMJ (Roos et al., 2000; Pennetta et al.,
2002; Ruiz-Canada et al., 2004). However, these studies are based on the visualization
of fixed synaptic microtubules. As a result very little was understood about the
relationship between dynamic and Futsch-labeled microtubules at the synapse. Here, a
comparison of the movement of EB1-GFP-labeled plus-ends with the fixed pattern of
Futsch staining was undertaken to elucidate the relationship between these two
populations. Interestingly, EB1-GFP movements did not appear to be constrained to

the bounds of the Futsch core. For example, although the levels of Futsch protein
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diminish greatly at the distal end of the NMJ, there is no such change in the
distribution of EBI-GFP puncta. Instead, EBI-GFP labeled microtubules are
frequently found in regions of the synapse lacking Futsch protein, such as distal and
nascent boutons. Further, even in regions of the synapse where Futsch levels are high,
the movement of EB1-GFP labeled plus ends do not appear to be limited by the
organization of the stable core. This is evident from the bidirectional nature of plus-
end movement and the observation that plus-ends often traverse across the open center
of Futsch loops. Thus, these data suggest the dynamic, EB1-GFP microtubules in the
motor neurons may represent a population this is independent of the Futsch labeled
core.

In support of this hypothesis the behavior of dynamic microtubules was largely
unaltered in the background of loss of Futsch function. Based on genetic evidence it is
clear that Futsch is required to bundle and organize the synaptic microtubule core
(Roos et al., 2000). Changes in the organization of this core have been interpreted to
reflect changes in the dynamic behavior of microtubules (Roos et al., 2000; Pennetta et
al., 2002; Ruiz-Canada et al., 2004). In this study however, no significant change in
the exploratory nature of EB1-GFP puncta movement was observed. Specifically,
there was no change in the distribution or cortical targeting of labeled plus-ends in the
futsch™** background. However, a small increase in the rate of plus-end advance in the
synapse was observed in the absence of futsch. This slight increase may indicate that
in a wild type synapse a small subset of the dynamic microtubule pool is incorporated
into the stable core through the actions of Futsch. This would be consistent with the

role of Futsch to bundle and stabilize microtubules. It is noteworthy that this increase
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appeared to be synapse- specific, as it was not observed within the axon. Taken
together these data present a more complex picture of the relationship between the

dynamic, pioneer microtubules and the stable microtubule core at the NMJ.

Dynamic Microtubules and Synapse Growth.

Together, the invasive behavior of synaptic pioneer microtubules as well as the
interaction with Futsch, suggest a possible model for their role in synapse growth. The
behavior of dynamic, EB1-GFP labeled microtubules within the Drosophila NMIJ is
reminiscent of previously described pioneer microtubule populations in other cellular
systems, such as the navigating growth cone (Barth et al., 1997; Waterman-Storer and
Salmon, 1997; Fukata et al., 2002; Gundersen, 2002; Schaefer et al, 2002; Gundersen et
al., 2004; Suter et al., 2004; Molk and Bloom, 2006). In these systems, a population of
independent and dynamic pioneer microtubules has been demonstrated to constantly
sample the cell periphery. It has been hypothesized that this exploration of the cell
periphery is required to link transient signaling events at the cell surface to the interior of
the cell (Kirschner and Mitchison, 1986). For example, the invasion of the peripheral
region of the growth cone by dynamic microtubules is required for normal turning in
response to guidance cues (Schaefer et al., 2002; Suter et al., 2004; Schaefer et al., 2008).
Similarly, dynamic microtubules at the NMJ may contribute to the growth of the NMJ by
identifying trophic or other signals permissive of growth (Aberle et al., 2002; McCabe et
al., 2003). This hypothesis is supported by the observation of EB1-GFP labeled plus-
ends probing the cortex of newly forming boutons, as well as nascent bouton buds

throughout the synapse. The ability of plus-ends to identify trophic signals and new sites
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of growth would require receptors at the cell surface capable of microtubule plus-end
capture as has been observed in budding yeast. In Drosophila there are two prominent
candidates for such a function, APC and Vap33 (Pennetta et al., 2002). Future studies
will attempt to establish molecular linkages at the synaptic plasma membrane responsible
for the dynamic behavior of microtubules within the synapse.

A common cellular effect of signal acquisition by pioneer microtubules is a
change in cytoskeletal organization and dynamics, a role which could also be
important in synapse development (Kabir et al., 2001; Schaefer et al., 2002; Rodriguez
et al., 2003; Suter et al., 2004). For example, both in the growth cone and in migrating
fibroblasts pioneer microtubules are captured and become stabilized following signal
acquisition (Tanaka et al., 1995; Dent and Kalil, 1999; Schaeffer et al., 2002; Suter et
al., 2004). This selective stabilization of pioneer microtubules may also play a role in
synaptic development. For example, the identification of an active growth site or
trophic receptor at the NMJ may result in an increase in microtubule stability. In this
study it was found that Futsch activity is required to regulate the rate of plus end
advance within the NMJ. These data raise the possibility that Futsch is required to
incorporate a subset of pioneer microtubules into the stable core. Thus, the role of
pioneer microtubules in synapse growth may be to initiate the formation of new
boutons downstream of activated trophic receptors. The acquisition of a growth signal
in turn leads to membrane protrusion and ultimately, bouton formation. The lack of
Futsch core in these newly formed boutons suggests the stable core may not be
required for the initial outgrowth. As a new bouton is formed, a Futsch stabilized

microtubule core begins to develop in the new growth, possibly incorporating a subset
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of pioneer microtubules. The development of the Futsch core likely provides both
structural and trafficking support to the newly formed bouton and is required for its
stabilization and maintenance. Consistent with this idea, it is well known that
mutations affecting Futsch function result in decreased synapse growth. Further work
will be required to establish whether the presynaptic pioneer microtubule population is

needed to regulate synapse growth.

Microtubule Dynamics and Neuromuscular Degenerative Disease.

Causal links have been established between mutations in microtubule
associated proteins and neuromuscular neurodegenerative disease. In humans,
mutations in dynactin are linked to familial ALS (Puls et al., 2003; Munch et al.,
2004). In mice, disruption of dynein/dynactin function leads to progressive ataxia and
neurodegenerative phenotypes identical to that observed in other mouse models of this
disease (LaMonte et al., 2002). In Drosophila, it was previously shown that disruption
of dynein/dynactin function leads to retraction of the NMJ (Eaton et al., 2002).
Importantly, the retraction of the synaptic microtubule core (identified by anti-Futsch
staining) was one of the earliest markers of synapse retraction. This lead to
speculation that local destabilization of the microtubule cytoskeleton could be a
precipitating event in synapse retraction. In the current analysis, microtubule plus-end
growth was found to be demonstrably and significantly slower in mutations that
disrupt dynein/dynactin function compared to wild type. In addition, the nature of
polymerization appeared altered as pause events were frequently seen in the

dynein/dynactin mutant backgrounds. In contrast, no obvious changes in the invasive
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behavior of EB1-GFP puncta were observed in these backgrounds. In particular, EB1-
GFP puncta still associate with the synaptic bouton cortex suggesting that a failure to
link microtubules to the cell cortex is not a cause of synapse retraction in these animals
(Eaton et al., 2002). It remains an open question whether slowed polymerization of
microtubules in the NMJ could be a contributing cause to the synapse retraction
observed in Drosophila and, by extension, relevant to the cause or progression of

neurodegenerative disease in humans.
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Figure 1-1: EB1-GFP labels microtubule plus-ends in S2 cells.

(A) Single time point image of S2 cell expressing EB1-GFP. The characteristic EB1

comet-tail can be clearly visualized (inset). (B) Quantification of the rate of EB1-GFP

advance throughout S2 cell, n=344.

54



vy

o

N
|

O
w
1

Frequency
o
i

O | ] | | ] | | ] | | | ] ]
0 2 4 6 8 10121416 18 20
Rate of Movement (um/min)

55



Figure 1-2: Rate of advance of EB1-GFP labeled plus-ends within axons of

different neural types.

(A) Single time point image of a fasciculated axon bundle from a third instar larvae
expressing UAS-EB1-GFP under the control of elaV-Gal4“"’. Arrowheads mark
individual EB1-GFP comets. Scale bar=5um (B) Histogram of the rates of EB1-GFP
in sensory and motor axons. Motor neuron specific expression of UAS-EB1-GFP was
under control of OK6-Gal4 (diamonds). Sensory neuron specific expression of UAS-
EBI-GFP was under control of ppk-Gal4 (squares). Movement from motor axons

4“1 mediated

(circles) and sensory axons (triangles) in the background of elaV-Gal
expression of UAS-EB1-GFP. The rate of EBI-GFP puncta advance is significantly
slower in sensory axons versus motoneuron axons (OK6-GAL4/+= 4.10 ym/min *
0.086, n=247. PPK-GAL4/+= 3.02 umy/min * 0.12, n=128. ElaV-Gal4*"’ sensory =
3.09 pm/min + 0.091, n=159. ElaV-Gal4°"’ motor neuron = 4.12 um/min + 0.038,
n=1121.). (C) Histogram distributions of EB1-GFP puncta velocities as a function of
expression levels using different Gal4 drivers OK6-GAL4 (squares), D42-GAL4
(diamonds), elav-GAL4“" (triangles). Note that the velocity of EB1-GFP puncta does
not change with changes in expression level (elaV-GAL4“">*/Y=4.12 um/min + 0.038,

n=1121. D42-GAL4/+= 4.46 pm/min £ 0.022, n=140. OK6-GAL4/+= 4.10 pm/min *

0.086, n=247).
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Figure 1-3: EB1-GFP puncta are sensitive to drugs that target the stability of

microtubules.

(A,A’) Images of axons expressing EB1-GFP following incubation with DMSO (A) or
nocodazol (A’). Note presence of EBI-GFP puncta within axons incubated in vehicle
alone (arrowhead in A) but not in nocodazole. (B, B’) Kymographs generated from
time lapse imaging of axons incubated in DMSO (B) and nocodazole (B’). (C, C’)
Images of axons expressing EB1-GFP following incubation with DMSO (C) or taxol
(C’). Note EB1-GFP puncta are clearly visible in the presence of DMSO (arrowheads
in C) and not taxol. (D, D) Kymographs generated from time-lapse imaging of axons

incubated in DMSO (D) and taxol (D’).
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Figure 1-4: Movement of synaptobrevin-GFP is qualitatively and quantitatively

different from EB1-GFP.

Representative projection images were generated from time-lapse series from axons
expressing either EB1-GFP (A) or syb-GFP (B). Scale bar=5um. Single plane images
highlight the different morphology of syb-GFP (C) and EB1-GFP (D) puncta within
the axon. Note the spherical nature of syb-GFP (arrowhead in C) compared to the
comet-tail of EB1-GFP (arrowhead in D). Representative kymograph image from an
animal expressing UAS-synaptobrevin-GFP using elal-Gal4 generated from time-
lapse imaging of the axon. Puncta are frequently observed to undergo reversals in the
direction of the paths followed (E, arrowheads). Representative kymograph image
from an animal expressing UAS-EB1-GFP using elal-Gal4 generated from time-lapse
imaging of the axon (F). In this background puncta are not observed changing
direction. Quantification of reversals measured for both UAS-synaptobrevin-GFP (0.3
reversals/s £ 0.017, n=52) and EBI-GFP puncta (no reversals observed) expressed

using the elaV*'>’-Gal4 driver (G).
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Figure 1-5: Expression of EB1-GFP does not alter synaptic development.

(A) Quantification of bouton number in wild type and EB1-GFP expressing synapses.
(B) Quantification of bouton diameter in wild type and EB1-GFP expressing synapses.
There is no significant difference comparing these genotypes. (C,C’,D,D’) Synapse
development is normal comparing wild type (left) to animals expressing EB1-GFP
(right). The wild type and EB1-GFP expressing synapses are co-stained with anti-
Dap160 (green), a marker of the peri-active zone, and anti-Brp (red), a marker of the
active zone. Expression of EBI-GFP does not significantly alter the expression level

or distribution of these markers at the NMJ.
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Figure 1-6: EB1-GFP movement is increased in the synapse relative to the axon.

(A) Representative image of synaptic EB1-GFP puncta (arrowheads) at the NMJ on
muscle 4. The segmental nerve (axon) courses above the muscle. A single MN leaves
the axon bundle to synapse upon the muscle. Note EB1-GFP puncta can be observed
throughout the synapse (arrowheads). Scale bar=5um. (B) Representative
kymographs depicting movement of EB1-GFP puncta within the synapse at muscle 4.
(C) Histogram of EB1-GFP puncta velocities in axons (diamonds) and synapses
(squares) from wild type animals showing a small but significant difference in
velocities (wild type axon = 4.12 uym/min + 0.038 n=1121. Wild type synapse = 4.66
um/min £ 0.10, n=337). Statistical significance was determined by Kolmogorov-
Smirnov and Student’s T-tests to a 99% confidence interval. Kolmogorov-Smirnov
p<0.01, Student’s T-test p=>5.44x10°). (D) EBI-GFP comet tails lengths were
measured in axons and synapses. Comet tails lengths were significantly increased in
synapse relative to the axon (wild type= 0.37 um % 0.008, DN-Glued= 0.35 pm *
0.007). Statistical significance was determine by Student’s T-test to a 99% confidence
level, p=0.20. For measurement of comet tails, EBI-GFP expression was under the

control of elaV-GAL4“"’.
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Figure 1-7: Inhibition of dynein/dynactin slows the velocity of EB1-GFP puncta

within axons and synapses.

(A-C) Projection images generated from time-lapse images of axons from wild type
(A), C155/Y; DN-glued/UAS-EB1 (B), and C155/Y; dhc/UAS-EB1-GFP backgrounds
(C). Representative kymographs depicting movement of EB1-GFP puncta within the
synapse at muscle 4. (D) Histograms of EB1-GFP velocity at axons in wild type
(diamonds), DN-Glued (squares), and dhc/+ (triangles). Note that velocity of EBI-
GFP puncta is slower in experimental animals with impaired dynein/dynactin function
(wild type= 4.12um/min + 0.038, n=1121; DN-Glued= 2.89 pm/min £ 0.03, n= 1249;
dhc/+= 2.90 pm/min £ 0.031, n=1091). Statistical significance was determined by
Kolmogorov-Smirnov and Student’s T-tests to a 99% confidence interval. Wild type
compared with DN-Glued Kolmogorov-Smirnov p<0.01, Student’s T-test p= 3.27x10
127 Wild type compared with dhc/+ Kolmogorov-Smirnov p<0.01, Student’s T-test p=
1.10x10™°. (E-G) Projections images generated form time-lapse images of m4
synapses from wild type (E), C155/Y; DN-glued/UAS-EB1-GFP (F) and C155/Y;
dhc/UAS-EBI-GFP (G) backgrounds. (H) Histograms of EBI-GFP velocity at
synapses in wild type (diamonds), DN-glued (squares), and dhc/+ (triangles). Note
that velocity of EB1-GFP puncta is slower in experimental animals with impaired
dynein/dynactin function (wild type= 4.66pm/min + 0.10, n=337; DN-Glued= 2.69
um/min + 0.070, n=381; Dhc/+= 2.68 um/min + 0.067, n=377). Statistical
significance was determined by Kolmogorov-Smirnov and Student’s T-tests to a 99%

confidence interval. Wild type compared with DN-Glued Kolmogorov-Smirnov

66



p<0.01, Student’s T-test p=1.92x10**. Wild type compared with Dhc/+, Kolmogorov-
Smirnov p<0.01, Student’s T-test p=1.75x10"". (I) Representative kymographs of
EBI-GFP puncta movement in animals neuronally expressing DN-Glued. In some
axonal regions, multiple puncta move slowly with uniform processivity (top left). In
other regions clear pausing events can be observed where the normally rapid rate of
movement slows (top right and bottom panels, arrowhead). (J) Histogram of EB1-GFP
velocities in the PNS of wild type (diamonds), neurally expressed DN-glued (squares),
and dhc/+ (triangles) animals. Note that both experimental conditions have
significantly slower EB1-GFP puncta velocities compared to wild type (wild type =
3.02um/min £ 0.12, n=128; DN-Glued=2.19pm/min + 0.071, n=159; dhc/+ = 2.35
um/min £ 0.88, n = 173). Statistical significance was determined by Kolmogorov-
Smirnov and Student’s T-tests to a 99% confidence interval. Wild type compared with
DN-Glued Kolmogorov-Smirnov p<0.01, Student’s T-test p = 2.12x10”. Wild type

compared with dhc/+ Kolmogorov-Smirnov p<0.01, Student’s T-test p = 3.24x10°°,

67



A /
elaV°iss; UAS-EB1-GFP/+

Yy

v
elaVc'’s

— -

5, dhc/UAS-EB1-GFP

|

Distance (um) Hlen

68

J 0.7
>0.61
% 0.5-
) — RPN
Distance (um) $ 0.3 ;
C 0.24 /

0.1+

0 2 4

¢ wild type
u DN-p150
A dhc

0246 810121416
Rate (um per min)

4 wild type
® DN-p150
Adhe

2 46 810121416
Rate (um per min)

+wild type
® DN-p150
Adhc

6 8 10 12
Rate (um per min)



Figure 1-8: Path analysis of EB1-GFP puncta at the synapse.

(A) A fixed image of a synapse at muscle 4 showing the distribution of Futsch
immunoreactivity. EB1-GFP was imaged at this synapse prior to fixation. The dotted
outline indicates the boundary of the perimiter of the most distal boutons that are not
stained with futsch (feathered arrow). The arrowhead indicates the presence of a
Futsch loop structure within the synapse. (B) A time-lapse series shows the movement
of EB1-GFP puncta along the cortical surface of the terminal bouton (feathered
arrows). The solid arrow (t=48.1 s) indicates the starting position of the EB1-GFP
puncta in this series. In subsequent images of this series the hollow arrow demarcates
the start position (for reference) and the solid white arrow follows the movement of
the EB1-GFP puncta along the bouton cortex. EB1-GFP puncta are also observed to
travel simultaneously around both sides of a microtubule loop structure identified by

anti-Futsch staining (arrowheads). Time is shown at the lower right in seconds.
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Figure 1-9: Mixed orientation of EB1-GFP puncta movement at the synapse.

(A, panel 1) An image of the synapse at muscle 4 that was fixed and stained with anti-
Futsch to reveal the Futsch-positive microtubule cytoskeleton. The arrow and box
indicate the region of synapse shown at higher magnification in panel Aii showing a
clear microtubule loop structure within a synaptic bouton. (A, panel ii) The portion of
the synapse highlighted in Ai shown at higher magnification. (A, panel iii) Prior to
fixation, this synapse was imaged for EBI-GFP puncta movement. EBI-GFP
fluorescence is shown within the same region of the synapse highlighted in panels Ai
and Aii, but prior to fixation. The dotted line demarcates the approximate position of
the Futsch positive microtubules based on comparison with the panels Ai and Aii. (B)
A series of time-lapse images is shown from the highlighted region of the synapse in
A. The time-lapse series shows the movement of two individual puncta traveling in
opposite directions within this bouton. The white arrow indicates a puncta traveling to
the left and the red arrow indicates puncta traveling to the right. The dotted line in
first image of this series indicates the approximate distribution of anti-Futsch
immunoreactivity within the synapse as shown in Aiii. (C) A different time-lapse
series from the same region of the synapse as in A and B. In this series an EB1-GFP
puncta moves into a region of the synapse that is devoid of anti-Futsch
immunoreactivity. The solid arrow (t=106.2) indicates the starting position of the
EBI-GFP puncta in this series. In subsequent images of this series the hollow arrow

demarcates the start position (for reference) and the solid white arrow follows the
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movement of the EB1-GFP puncta. The dotted line in the first image of this series

indicates the distribution Futsch immunoreactivity within the synapse.
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Figure 1-10: Dynamic microtubules do not rely on Futsch for normal behavior at

the synapse.

Representative images of the wild type (A) and futsch™? muscle 4 synapse. The
presynaptic membrane is labeled with HRP in red while the microtubule core is
labeled by 22C10 in green. Note the absence of 22C10 staining in (B). Scale bar
=5um. (C-E) Projection images generated from time-lapse images of axons from wild
type (C), futsch™**/+; UAS-EB1/D42 (D), and futsch™**/Y; UAS-EB1-GFP/D42 (E)
backgrounds. Scale bar=10 m. (F) Histogram of the EB1-GFP puncta velocities
within the axons in wild type (diamonds), futsch™**/+ (squares) and futsch™’
(triangles), animals. There is no significant change in velocity of EB1-GFP puncta in
Sutsch™? compared to wild type axons (wild type=4.46 pm/min + 0.022, n=140.
Sutsch™!/+=4.44pm/min £ 0.09, n=221. futsch™’= 4.81 pm/min + 0.02, n=139).
Statistical significance was determined by Kolmogorov-Smirnov and Student’s T-tests
to a 99% confidence level. Wild type compared to futsch™**/+ Kolmogorov-Smirnov
p=0.545, Student’s T-test p=0.885. D42/+ compared to futsch"’’ Kolmogorov-
Smirnov p=0.120 and Student’s T-test p=0.043. In these experiments the wild type
animals are D42-GAL4/+, which controls for the use of D42-GAL4 to drive expression
of EB1-GFP in these experiments (elaV-GAL4 is not used since it is on the same
chromosome as the futsch mutation). (G, H) Projection images generated from time-
lapse images of synapses from wild type (G), and futsch"*/Y; UAS-EB1-GFP/D42
(H) backgrounds. Scale bar=10um. (I) Histogram of the EB1-GFP puncta velocities

within the synapse at muscle 4 for wild type (diamonds), futsch**/+ (squares) and
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futsch™? (triangles). There is a small but significant increase in the velocities of
puncta in futsch™? and the heterozygous sibling control compared to wild type
synapses (wild type= 4.66 pm/min + 0.10, n=377. futsch**/+= 5.03 pm/min + 0.09,
n=404. futsch"**=5.51 pm/min + 0.11, n=451). Statistical significance was determined

by Kolmogorov-Smirnov and Student’s T-tests to a 99% confidence level.
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Figure 1-11: Model for the role pioneer microtubules in the growth of the NMJ.

(A) Within a stable synapse pioneer microtubules are observed to invade and explore
all regions of the NMJ. Within proximal boutons these movements may follow a
pattern similar to the pattern of Futsch staining. In the distal most bouton that lacks
any significant Futsch-core, pioneer microtubules track the membrane cortex possibly
searching for sites permissive of new growth. (B) Trophic signaling results in the
activation of membrane bound receptors. Invading microtubules interact with this
activated trophic receptors, relaying the signal to the interior. This in turn may result
in membrane protrusion and the initiation of bud formation. (C) Pioneer microtubules
continue to invade and explore this new bud as it grows and becomes a bouton. As
this occurs, Futsch bundles microtubules in the penultimate bouton, likely stabilizing
this structure and allowing further growth of the NMJ. As the Futsch-labeled core
advances, a small subset of pioneer microtubules may become stabilized and
incorporated into core. (D) As the bud matures into a fully functional bouton low
levels of Futsch begin to be observed, acting to stabilize the new addition. Pioneer
microtubules continue to explore all regions of the synapse for sites permissive of new

growth.
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Supplemental Movie 1-1: EB1-GFP movement within a Drosophila S2 cell.
This movie accompanies Figure 1-1. Note EBI-GFP labeled plus-ends move uni-

directionally towards the periphery.

Supplemental Movie 1-2: EB1-GFP movement within axons of the segmental
nerve.

EBI-GFP is expressed using the pan-neuronal GAL4 driver elaV-Gal4. Individual
EBI-GFP puncta can be visualized moving apparently bi-directionally within the

axons contained in the segmental nerve. This movie accompanies Figure 1-2.

Supplemental Movie 1-3: EB1-GFP movement within the neuromuscular synapse
at muscle 4.
This movie accompanies Figure 1-6. EB1-GFP puncta move within the axons that

traverse above muscle 4 and are observed to move throughout the synaptic boutons.

Supplemental Movie 1-4: EB1-GFP movement at the NMJ and within the
terminal synaptic bouton.

This movie accompanies Figure 1-8. The synapse at muscle 4 is shown with EBI-
GFP movement. Note the prominent movement of EB1-GFP puncta at the cortex of

the terminal synaptic bouton (far left).

Supplemental Movie 1-5: EB1-GFP movement at the NMJ and within a nascent

bouton.
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This movie accompanies Figure 1-9. The synapse at muscle 4 is shown with EB1-
GFP movement corresponding to the fixed image of the synapse stained with anti-
Futsch in Figure 1-9. Note the targeting of the nascent bouton bud shown in Figure 1-

9C by the dynamic microtubule plus ends.
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Formin-Dependent Synaptic Growth; Evidence that Dlar
Signals via Diaphanous to Modulate Synaptic Actin and

Dynamic Pioneer Microtubules.
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ABSTRACT

The diaphanous gene is the founding member of a family of Diaphanous Related Formin
proteins (DRF). We identified diaphanous in a screen for genes that are necessary for the
normal growth and stabilization of the Drosophila neuromuscular junction (NMJ). Here
we demonstrate that diaphanous mutations perturb synaptic growth at the NMJ.
Diaphanous protein is present both pre- and postsynaptically. However, genetic rescue
experiments in combination with additional genetic interaction experiments support the
conclusion that dia is necessary presynaptically for normal NMJ growth. We then
document defects in both the actin and microtubule cytoskeletons in dia mutant nerve
terminals. Defects in both synaptic actin and dynamic pioneer microtubules are
correlated with impaired synaptic growth in dia mutants. Finally, we present genetic
evidence that Dia functions downstream of the presynaptic receptor tyrosine phosphatase
Dlar and the Rho-type GEF #rio to control NMJ growth. Based upon the established
function of DRFs as Rho-GTPase dependent regulators of the cell cytoskeleton, we
propose a model in which Diaphanous links receptor tyrosine phosphatase signaling at
the plasma membrane to growth-dependent modulation of the synaptic actin and

microtubule cytoskeletons.
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INTRODUCTION

Individual neurons acquire stereotyped morphologies during development. It is
well established that signaling molecules including the neurotrophins, growth factors and
morphogens can profoundly influence the global growth and survival of individual nerve
cells (Aberle et al., 2002; Marques, 2005; Zweifel et al., 2005; Bamji et al., 2006;
Reichardt, 2006). There is also evidence that local, intercellular signaling systems
participate in defining synaptic and dendritic arborizations (Luo and O’Leary, 2005).
Although considerable progress has been made, the identity of the intercellular signaling
systems, and how these signals are coupled to the modulation of the underlying neuronal
cytoskeleton, remain to be elaborated.

The importance of the presynaptic actin and microtubule cytoskeletons during
synapse morphogenesis and growth of the Drosophila neuromuscular junction has been
established through the analysis of mutations in essential cytoskeletal regulatory proteins.
For example, perturbation of the presynaptic Spectrin-Actin skeleton profoundly disrupts
NMJ growth and stability (Pielage et al., 2005, 2006). Additional actin regulatory
proteins implicated in synaptic growth in Drosophila include the NWASP interacting
protein nervous wreck (Nwk), the dynamin-associated protein Dapl60/Intersectin, and
NSF (Stewart et al., 2002; Coyle et al., 2004; Marie et al., 2004; Stewart et al., 2005).
The integrity of a stable population of bundled presynaptic microtubules at the
Drosophila NMJ is also required for normal synaptic growth (Roos et al., 2000).
Presynaptic bundled microtubules are labeled by the MAPI1b-like protein Futsch and

Jfutsch mutations disrupt both NMJ growth and synaptic microtubule organization (Roos
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et al., 2000). Several additional signaling systems have been shown to be required for the
normal integrity of presynaptic microtubules including Vap33A (Pennetta et al., 2002),
aPKC (Ruiz-Canada et al., 2004), spastin (Sherwood et al., 2004; Trotta et al., 2004),
sec8 (Liebl et al., 2005) and protein phosphatase 2A (Viquez et al., 2006).

Despite this progress, there is not a clear picture for how the synaptic microtubule
and actin cytoskeletons are regulated by inter-cellular, synaptic growth related signaling
at the Drosophila NMJ. The formins are a highly conserved family of proteins with well-
established functions during the assembly and organization of the actin and microtubule
cytoskeletons (Palazzo et al., 2001; Wallar and Alberts, 2003; Eng et al., 2006).
Although the formins have been implicated in diverse cellular processes, little is known
about formin protein function within the nervous system. Here we provide evidence that
a Drosophila formin encoded by diaphanous is an essential molecular effector that
conveys signaling from a presynaptic receptor protein tyrosine phosphatase (Dlar) to the
underlying actin and microtubule cytoskeletons. We also show that this signaling is
necessary for normal synaptic growth. Finally, in so doing, we also characterize a
population of dynamic, pioneer synaptic microtubules and provide evidence for

Diaphanous-dependent regulation of these pioneer microtubules.
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RESULTS

Formins have been shown to participate in the nucleation of unbranched actin
filaments by association with the barbed end of actin filaments (Pruyne et al., 2002;
Zigmond et al., 2003; Romero et al., 2004). In this capacity, the formins have been
implicated in the formation and modulation of actin cables, stress fibers and actin-rich
cell adhesions (Watanabe et al., 1999; Ishizaki et al., 2001; Kovar et al., 2003; Kobielak
et al., 2004; Zigmond, 2004). A sub-family of formins, the Diaphanous related formins
(DRFs), have also been shown to bind microtubule plus ends and function with APC to
control microtubule stabilization (Palazzo et al., 2004; Wen et al., 2004). In Drosophila,
diaphanous encodes a prototypical DRF protein.

We identified mutations in the diaphanous gene in a large-scale screen for genes
that are required for the normal growth and/or stability of the Drosophila NMJ. The
basis of this forward genetic screen is direct visualization of the Drosophila NMJ in
dissected third instar larvae. For each independent mutant or gene-specific RNAi, we
directly visualize juxtaposed pre- and postsynaptic compartments at the third instar NMJ.
The presynaptic nerve terminal is stained with either anti-synapsin (vesicle associated
protein) or anti-Brp (labeling the presynaptic active zone) in combination with anti-DIg to
label the postsynaptic muscle membrane folds. We examine 30-50 NMJ from at least
three independent animals per mutant or gene-specific RNAi and score each for a change
in bouton number (an assay for synapse growth) or the increased presence of synaptic
retraction events (an assay for synapse stability as defined in previous publications; Eaton

et al., 2002; Eaton and Davis, 2005; Pielage et al., 2005). The diaphanous gene was
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identified as being required for normal NMJ growth without an effect on synapse

stability.

Diaphanous is present both pre and postsynaptically at the NMJ.

Diaphanous is a classical formin with two formin homology domains (FH1 and
FH2) (Figure 2-1B). The FH1 domain is a proline rich domain that binds SH3 and WW
containing proteins such as profilin (Sagot et al., 2002; Higgs, 2005). The C-terminal
FH2 domain is known to make contacts with actin and is required for protein
dimerization (Higgs, 2005). Together, the FH1 and FH2 domains mediate the actin
regulatory abilities common to formin proteins (Sagot et al., 2002; Kovar and Pollard,
2004; Romero et al., 2004; Higgs, 2005; Pellegrin and Mellor, 2005). In addition to the
classical formin domains, Diaphanous also contains an N-terminal Rho-type GTPase
binding domain (GBD) and a C-terminal autohibitory domain (Alberts, 2001; Higgs,
2005; Wallar et al., 2006). These domains are typical of the DRF subfamily of formin
proteins. The C-terminal auto-inhibitory domain binds to a sequence within the N-
terminal GBD and is thought to prevent the interaction of profilin and g-actin with the
FHI1 and FH2 domains. Binding of active Rho-GTPases to the GBD is thought to relieve
the association of the autoinhibitory domain with the N-terminus, allowing the DRF to
become active (Alberts, 2001; Wallar et al., 2006).

Previous genetic studies of diaphanous in Drosophila have identified mutations in
the dia gene including the dia’ and dia’ alleles (Figure 2-1A). The dia’ mutation lacks the
entire first exon and deletes half of the second coding exon. Previously published genetic

data are consistent with the conclusion that dia’ is a null mutation (Castrillon and
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Wasserman, 1994). The dia’ homozygous animals are early larval lethal, although some
larvae survive to third instar stage allowing analysis of synaptic growth and function. The
dia’ allele lacks a portion of the first exon and is considered to be a hypomorphic
mutation (Castrillon and Wasserman, 1994). These animals survive to late third instar
stages.

We first addressed whether Dia protein is present at the third instar larval NMJ. In
wild type third instar larvae anti-Dia staining was observed to concentrate at the NMJ
(Figure 2-1C). Some staining is clearly post-synaptic, localizing to punctate structures in
the muscle that may represent endosomes based upon their size and distribution (Figure
2-1C arrow). Additional staining overlaps the presynaptic nerve terminal. The synaptic
and putative endosomal staining are both eliminated in the dia’ null mutant background,
demonstrating that this staining pattern represents the distribution of Dia protein at the
NMJ (Figure 2-1C). We pursued additional experiments to investigate whether Dia
protein might reside within the presynaptic nerve terminal. To do so, we co-stained the
NMIJ for Dia and the presynaptic-specific microtubule associated protein Futsch (Roos et
al., 2000). Three-dimensional reconstruction of the nerve terminal demonstrates that a
portion of the Dia immunoreactive puncta reside in close association with bundled
presynaptic microtubules (Figure 2-1D). A similar conclusion was made after analysis of
the NMJ that was co-stained with Dia and the presynaptic membrane marker anti-HRP
(not shown). Thus, we conclude that Dia is present both pre- and postsynaptically at the

Drosophila NMJ.

Presynaptic Dia is necessary for normal synaptic growth.
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We identified dia mutations in a screen based on a decrease in synaptic bouton
number at muscles 6/7 (Figure 2-2A, B). This decrease in bouton number is also
observed at muscle 4 (Figure 2-2C, D) demonstrating a general requirement of dia
during NMJ growth. We have focused our analysis on muscle 4 because this NMJ is
typically positioned in the central, flattest region of the muscle and is, therefore, ideally
suited for live imaging studies of the synaptic actin and microtubule cytoskeletons (see
below). Quantification of bouton numbers at muscle 4 confirms a significant decrease in
bouton number at the dia null and hypomorphic NMJs compared to wild type (dia’/Df =
65.64888 + 2.256%; dia’/dia’ = 64.744 + 2.4956%; dia’/dia’ = 69.8213 + 2.86946%;
data are percent wild type bouton number, Figure 2-2F). It has been shown that muscle
growth is coupled to growth of the presynaptic nerve terminal at the Drosophila NMJ
(Aberle et al., 2002). To determine whether the decrease in bouton number observed in
the dia mutants was due to a decrease in muscle size, we measured muscle size in each
mutant background. There is no significant decrease in muscle size in any of the tested
mutations compared to wild type (data not shown). However, we observe a significant
15% increase in muscle size in the dia mutant, which would cause us to under-estimate
the bouton to muscle surface ratio. Thus, we conclude that the observed changes in
bouton number reflect impaired presynaptic nerve terminal growth. Finally, we
measured bouton areas in the dia mutant background since impaired bouton numbers are
often associated with a change in bouton morphology. We find a highly significant
increase in average bouton area in the dia mutant background (wild type = 4.96 + 0.15
umz, n=725; dia’ = 12.6+/-0.49 umz, p<0.001, n=334), consistent with observed changes

in NMJ morphology in other mutations such as the receptor tyrosine phosphatase dlar.
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Since Diaphanous protein is present both pre- and postsynaptically, we next
addressed whether Diaphanous is required in the presynaptic neuron or postsynaptic
muscle cell for normal synaptic growth. To do so, we expressed a diaphanous rescue
transgene (UAS-dia™") in the background of the dia’ null mutant background. The UAS-
dia™ transgene lacks both the N-terminal GBD and the C-terminal DAD domains. Based
upon work in other systems, this transgene is predicted to behave as a constitutively
active Diaphanous molecule, allowing us to increase Dia function independent of the
signaling systems necessary for activation of the Dia protein (Watanabe et al., 1999;
Tominaga et al., 2000; Somogyi and Rerth, 2004; Williams et al., 2007). We find that

act

overexpression of UAS-dia™" in either the nerve or the muscle in a wild-type background
has no effect on synaptic growth (data not shown). However, neuronal expression of
UAS-dia®" is sufficient to rescue synaptic growth in the dia’ null mutant background
(Figure 2-2E, F). It is possible that non-specific actions of the activated dia transgene
contribute to genetic rescue. However, we believe that the specificity of the observed
rescue, restoring the NMJ to wild type size without causing a neomorphic alteration in
NMJ morphology, makes this possibility unlikely. Therefore, we conclude that
Diaphanous is required presynaptically for normal NMJ growth.

A second, prototypical formin is encoded by the cappuccino gene in Drosophila
(Emmons et al., 1995). We also examined mutations in capp to determine if synaptic
growth might be generally perturbed by altered formin signaling.  However,

quantification of synaptic bouton numbers demonstrates that capp is not required for

NMJ growth (Figure 2-2F). Additionally, synapse morphology is normal in capp (data
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not shown). These data highlight the fact that dia mutations were identified randomly in

a forward screen for mutations that disrupt synaptic growth.

Dia is necessary for the maintenance of the presynaptic actin cytoskeleton.

Dia and other formin proteins have been shown to influence actin polymerization.
Therefore, we asked whether impaired synaptic growth observed in the dia mutant
background is correlated with a change in the presynaptic actin cytoskeleton. To visualize
the presynaptic actin cytoskeleton we expressed a UAS-actin-GFP transgene
presynaptically in the dia’ mutant background. Consistent with a recent study (Nunes et
al., 2006) we find that presynaptic actin at the Drosophila NMJ is organized into discreet
foci that are distributed throughout the NMJ (Figure 2-3A,C,E). Post-fixation staining of
the presynaptic nerve terminal membrane allowed us to quantify the distribution of these
presynaptic actin puncta within individual synaptic boutons (Figure 2-3B,D, F).
Quantification of the number of actin foci per bouton reveals an approximate 50%
decrease in the number of organized actin foci at the dia NMJ compared to wild type (wt
= 5.514/-0.2 foci/bouton, n=325; dia’/dia’=2.64+/-0.1 foci/bouton, n=369, p <0.001)
(Figure 2-3G). We also visualized presynaptic actin foci by expressing a GFP-tagged
actin binding protein (Edwards et al., 1997). This transgene controlled for possible
artifacts arising from actin overexpression. When the NMJs of larvae expressing this
transgene were imaged, the GFP pattern was indistinguishable from that observed using
the UAS-actin-GFP (data not shown). These data suggest that loss of Dia within the
presynaptic nerve terminal leads to impaired actin polymerization or stabilization and, as

a consequence, a decrease in the steady-state levels of polymerized actin. This defect
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could reasonably account for impaired synaptic growth. To investigate this possibility
further, we pursued genetic epistasis experiments with genes known to participate in the

regulation of neuronal actin.

Genetic evidence that Dia functions downstream of Dlar and Trio during NMJ
growth.

The dia mutant phenotype is manifest as a decrease in synaptic bouton number
with a corresponding increase in bouton area. A similar phenotype has been documented
at the NMJ of the dlar mutant animals. The dlar gene encodes a receptor tyrosine
phosphatase that has been shown to signal via an associated Rho-GEF encoded by #rio to
control motor axon guidance (Krueger et al., 1996, Bateman et al., 2000; Kaufmann et
al., 2002). By contrast, loss of other putative actin-regulatory proteins present at the
Drosophila NMJ such as NSF (Stewart et al., 2002, 2005), Nervous-wreck (Coyle et al.,
2004), Dap160/Intersectin (Marie et al., 2004) and Profilin (unpublished data) cause a
dramatic change in synapse morphology including an increase in the formation of small,
highly branched synaptic boutons termed satellite boutons. Thus, the phenotypic
similarity of the dlar and dia mutations suggested that these genes might function
together to control synaptic growth. Furthermore, by analysis with DRF function in other
systems, it is reasonable to hypothesize that #rio could signal via a GTPase that
subsequently activates Dia to mediate a change in the underlying synaptic cytoskeleton
necessary for synaptic growth (Watanabe et al., 1999; Li and Higgs, 2003, 2005; Ridley,
2006; Wallar et al., 2006). Therefore, we tested this hypothesis genetically by analyzing

double mutant combinations of dia with dlar and trio.

91



First, we demonstrate that heterozygous null mutations in dia as well as dlar and
trio do not significantly impair synaptic growth at the NMJ. Indeed, the diar
heterozygous animals show a small, but statistically significant, increase in bouton
number (Figure 2-4 A, B, G). We also confirmed prior results demonstrating that
homozygous dlar mutant NMJ have significantly fewer synaptic boutons compared to
wild type (data not shown) (Kaufmann et al., 2002). Next, we analyzed bouton number
in animals that harbor double heterozygous mutations by combining dia’/+ with either
dlar’”/+ (Figure 2-4E, G) or trio'/+ (Figure 2-4D, G). In both cases, the double
heterozygous mutant combinations result in a statistically significant decrease in synaptic
bouton number (Figure 2-4 G; p<0.01). Finally, we asked whether the genetic interaction
between trio and dlar, first identified in the context of Drosophila axon guidance, also
occurs when NMJ growth is assayed (Krueger et al., 1996; Bateman et al., 2000). We
find that the double heterozygous mutant combination of dlar’”/+; trio'/+ resulted in a
significant decrease in NMJ size, similar to that seen for the dia genetic combinations
(Figure 2-4 F, G). Together, these genetic data indicate that dia, dlar and trio all function
in the process of NMJ growth and could function as a single signaling pathway. To
further explore this possibility, we generated animals that are double homozygous
mutations of dia and dlar. If these genes function in the same pathway, then we expect
that the double mutant will be no more severe than the dia’ null mutation alone. Analysis
of the dia’-dlar’” double mutants reveals a decrease in synaptic bouton number that is not
significantly different from either single mutation alone (Figure 2-4C, G). Furthermore,
when we image actin-GFP at the NMJ of the dla’” mutants we find a defect that is

quantitatively identical to that observed in the dia mutant background (Figure 2-3).
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These same experiments could not be repeated with #rio since it is a homozygous lethal
mutation. Together, these data lend support to the conclusion that Diaphanous functions
with Dlar and Trio to control synaptic growth. Since Dia is a Rho-GTPase effector
protein, we propose that Dia functions downstream of Trio to control NMJ growth.
Finally, since Dlar and Trio are expressed only presynaptically at the NMJ (Newsome et
al., 2000; Kaufmann et al., 2002), these genetic data also provide further evidence that
Dia functions presynaptically to specify NMJ growth.

If Dia functions downstream of Dlar and is primarily responsible for mediating
the growth related function of the Dlar receptor, then we might expect that expression of
the activated Dia transgene (UAS-dia®") would be able to rescue the NMJ growth defects

act

observed in the D/ar mutant. Remarkably, neuronal expression of UAS-dia™ not only
rescues boutons numbers in the Dlar mutant (Supplemental Figure 2-1), but also
significantly improves several measures of adult health and viability. In this experiment,
bouton numbers were, once again, statistically significantly decreased in dlar mutant
compared to wild type at muscle 4 (56.9+2.8% of wild type, n=22, p<0.001) and

act

expression of UAS-dia”™" in the dlar mutant significantly increased bouton numbers
toward wild type values (86.29+3.27% of wild type, n=22; the rescue of bouton number
is significant compared to dlar alone, p<0.001). This experiment was repeated with
quantitatively identical results at muscles 6/7 (dlar’”/ dlar'*? = 41.0+3.98% of wild type,
n=18, and expression of UAS-dia™" in dlar’~/ dlar > = 85.77+5.04% of wild type, n=18;
the rescue of bouton number is significant compared to dlar alone, p<0.001). There is no

change in statistical significance if the bouton counts are corrected for muscle size. In

addition, dlar mutants eclose into adults at a lower rate compared with genetic controls
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and those dlar mutants that do eclose, do so with severely impaired health and fail to
inflate their wings (Table 1). By contrast, expression of UAS-dia® in the dlar mutant
increases the percentage of animals that eclose to adults. Furthermore, a much higher
percentage of these animals inflate their wings. Together, these data provide additional
genetic evidence that Dia functions downstream of Dlar during neural development and
during NMJ growth.

Evidence in other systems indicates that Diaphanous can function together with
additional components of the cellular machinery necessary for actin polymerization
including profilin. Therefore, we also tested for genetic interactions between dia’ and
profilin and the tyrosine kinase abl. However, we did not uncover evidence of a trans-
heterozygous interaction between dia and either profilin/+ or abl/+. The early lethality
of both genes prevented us from assaying synaptic growth in double homozygous
mutations. These data are inconclusive regarding how Dia might interact with the actin

regulatory machinery. However, these data serve to highlight the significance of the

observed trans-heterozygous interaction between dia and both dlar and trio.

Diaphanous modulates the behavior of dynamic pioneer microtubules within the
presynaptic nerve terminal.

In addition to their role in regulating the actin cytoskeleton, Diaphanous related
formin proteins have recently been shown to modulate the dynamic behavior of
microtubules. For example, activated mDial and mDia2 lead to the formation of a stable
population of microtubules labeled by glu-tubulin whereas inhibition of mDia activity

prevents the generation of this population of microtubules in cell-wounding and
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migration assays (Palazzo et al., 2001; Palazzo et al., 2004; Wen et al., 2004; Eng et al.,
2006). In mammalian cell culture studies, these effects on microtubules are independent
of the Dia-dependent modulation of actin polymerization. Therefore, we sought to
investigate the function of Dia on the synaptic microtubule cytoskeleton.

As highlighted earlier, it is clear from several studies that disruption of a stable
core of bundled microtubules at the NMJ is correlated with a defect in synaptic growth
(Roos et al., 2000). Recent work however, has demonstrated that a second dynamic
population of microtubules exists at the NMJ (Yan and Broadie, 2007). In contrast
however, previous work on Dia has been shown to primarily influence dynamic
microtubules through signaling at the microtubule plus ends. Recent work has made use
of a fluorescently labeled microtubule plus-end marker to monitor and characterize a
population of dynamic microtubules within Drosophila neurons (Rolls et al., 2007). Here
we make use of this technique to examine the role of Diaphanous in regulating the
dynamic population of presynaptic microtubules at the Drosophila NMJ.

We began the analysis of Dia’s effect on dynamic microtubules by imaging axons
in wild type and dia’/dia’ larvae. Time-lapse series were projected to reveal the extent of
microtubule plus-end displacement over an identical period of imaging for both genetic
backgrounds. We find that the path lengths of EB1-GFP are longer in the did’/did’
background than in wild type (Figure 2-7 A, B arrowheads), suggesting that microtubule
plus-ends are able to move farther in a dia loss of function background than in a wild
type background over the same time period. To quantify this result, the rate of EBI-GFP

puncta movement was measured in both dia’/dia’ and wild type larvae. There is a
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statistically significant shift in the distribution of puncta movement in the dia mutant
toward faster rates compared to wild type (Figure 2-7C).

We repeated this analysis for EBI-GFP puncta within the presynaptic nerve
terminal. As within axons, the path lengths observed in projection images from the
dia’/dia’ synapses are longer than those observed in the wild type synapses (Figure 2-7
D, E arrowheads). Quantification of the rate of EB1-GFP puncta movement again shows
a statistically significant shift toward faster rates in the dia’/dia’ animals compared to
wild type (Figure 2-7F). Taken together the increased rate of movement seen in axon and
the synapse implies that loss of Diaphanous leads to an increase in the rate of microtubule
polymerization. The length of EB1-comet tails has been used in other studies as a means
of measuring differences in rates of polymerization. As the comet-tail is thought to arise
from the release of EB1 molecules as the GTP-cap is hydrolyzed, a longer comet-tail
represents an increase in polymerization. We measured and compared the length of the
EB1-GFP comet-tails in dia’/dia’ and wild type axons. Consistent with the increased rate
of movement, the comet-tails in the dia’/dia’ larvae are two-fold longer than those in
wild type (wt=0.31 + 0.006pum, dia”*=0.565 + 0.006pum, p=9.7E™'*").

Finally, we asked whether the regulation of dynamic microtubules by Diaphanous
could be generalized to other Drosophila cell types. To do so, we used gene-specific
RNAI to dia to deplete Dia protein from S2 cells. Western blots revealed that Diaphanous
protein level was absent after five days of dsRNA treatment (data not shown). Previous
studies in which Dia has been knocked down with RNAi have shown that S2 cell size
increases and the cells become multinucleate due to a failure to undergo cytokinesis. In

our study we noted that cells treated with dsSRNA against diaphanous showed these same
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phenotypes. Following Dia RNAi, EBI-GFP puncta have longer path lengths relative to
the control cells, consistent with the results from the axon and synapse (Figure 2-7G, H).
A histogram of the rate of EBI-GFP puncta movement in both the RNAI treated and
control cells reveals a statistically significant shift toward faster puncta movement in
diaphanous RNAI cells (Figure 2-71).

One possibility is that the Dia-dependent change in synaptic actin leads to a
change in the rate of microtubule plus end movement. To test this possibility, we
pharmacologically depolymerized synaptic actin and assayed microtubule plus end
movement within the presynaptic nerve terminal. We find that synaptic actin foci were
completely eliminated by incubation in 7.5uM latrunculin A (Figure 2-8A, B). We then
imaged microtubule plus end movement following this treatment. We find that loss of
actin foci has no direct effect on microtubule plus end movement compared to controls
(Figure 2-8C, D, E). Therefore, taken together with our in vivo and in vitro imaging data,
our results are consistent with the conclusion that Diaphanous participates in the
regulation of microtubule plus end polymerization within the axon and the presynaptic
nerve terminal. These data are consistent with results from other systems indicating that
Dia has a stabilizing activity at microtubule plus ends.

It is possible that the change in microtubule plus end behavior has a direct effect
on synaptic growth. Microtubule dynamic instability is essential for growth cone and cell
motility (Rodriguez et al., 2003; Lee et al., 2004; Suter et al., 2004) and has been
proposed to be involved in the detection or relay of signaling events at the cell plasma
membrane (Kalil and Dent, 2005). Another possibility is that the change in microtubule

plus end behavior results in a defect in the assembly or organization of the underlying
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stable microtubule population identified by anti-Futsch staining.  Therefore, we
quantified Futsch staining and compared wild type and dia mutants. We find that Futch-
positive microtubules remain well organized in the dia mutant background (Figure 2-9A,
B, C). However, closer examination reveals a modest, though statistically significant,
decrease in the abundance of Futsch positive microtubules at the distal most regions of
the NMJ. In wild type animals, the caliber of the Futsch-positive microtubule filament
decreases along the length of the NMJ until it becomes a very fine filament in the most
distal bouton. In dia mutant NMJ, the Futsch positive microtubles taper more rapidly
within the NMJ (Figure 2-9B, C). As a consequence, the distal regions of the dia mutant
NMIJ appear to lack a clear core of bundled microtubules. Quantitatively identical results
were obtained imaging Futsch-positive microtubules in the dlar mutant and the dlar; dia
double mutant (p<0.01, data not shown). This effect in the dia mutant is not caused by
decreased numbers of pioneer microtubules in distal regions of the NMJ (Figure 2-9D-E).
When we quantify the number of EB1-GFP plus ends in the distal 50um of the NMJ
there is no statistically significant difference comparing wild type and dia’/dia’ (plus
ends in distal 50pm of NMIJ; elaV“"’; UAS-EBI-GFP/+ = 20+2.5 compared to
elaVC155,'dia2,' UAS-EBI1-GFP/+ = 22.8£2.0; p>0.3). Therefore, we speculate that altered
behavior of these pioneer microtubules could be related to the impaired
incorporation/stabilization of new microtubules into the bundled, MAP-positive core of
microtubules. Live imaging studies have shown that NMJ growth can be achieved, in
part, through the addition of new synaptic boutons at the distal end of the NMJ (Zito et

al., 1999). Since the integrity of the Futsch-positive microtubules is necessary for

98



synaptic growth, it is possible that this defect observed in the dia and dlar mutants

contributes to defective synaptic growth.
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DISCUSSION

Here we advance our understanding of synaptic growth and development in
several fundamental ways. In a forward genetic screen, we identified Diaphanous as an
important regulator of synaptic growth. Immunohistochemical data as well as several
independent genetic experiments demonstrate that Dia functions presynaptically to
influence synaptic growth. We then provide evidence that Dia is necessary for the
normal regulation of both the presynaptic actin and microtubule cytoskeletons, including
a population of newly characterized dynamic pioneer microtubules. Finally, we provide
genetic evidence that Dia functions downstream of the receptor tyrosine phosphatase
Dlar. Based upon our data we propose that Dia functions downstream of Dlar and Trio to
influence either the formation or maintenance of the synaptic actin and microtubule
cytoskeletons. In this way, Dia represents an essential effector that could couple inter-
cellular growth related signaling at the synaptic membrane to the regulation of synaptic
actin and a dynamic population of synaptic microtubules. It has been proposed that
formin proteins such as Dia may be able to coordinate the regulation of the actin and
microtubule cytoskeletons. Although our data do not directly address this topic, it is
interesting to speculate that synaptic growth might require both actin-mediated membrane
extension and a coordinate microtubule-dependent stabilization of newly formed synaptic

boutons.
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Evidence that Dia functions downstream of Dlar and Trio to control synaptic
growth.

A genetic epistasis analysis provides evidence that Dia functions in the same
genetic pathway as Dlar and Trio to control synaptic growth. There are strong trans-
heterozygous interactions of the dia null mutation with mutations in both dlar and trio.
In addition, synaptic growth defects in the dia; dlar double mutant are no more severe
that that observed in either single mutation alone. The placement of Dia downstream of
Dlar is supported by the demonstration that neuronal expression of an activated
diaphanous transgene rescues NMJ morphology and animal health in the d/ar mutant
background. Furthermore, the placement of Dia downstream of Trio is consistent with the
proposed function of Diaphanous related formin proteins as Rho-type GTPase effectors
that link signaling at the plasma membrane to the regulated modulation of the underlying
cytoskeleton (Palazzo et al., 2004; Wen et al., 2004; Pellegrin and Mellor, 2005). Dlar
has been implicated in the mechanisms of synaptic growth in organisms ranging from C.
elegans to Drosophila and mammals (Kaufmann et al., 2002; Wyszynski et al., 2002;
Dunah et al., 2005). For example, disruption of mammalian Lar signaling has been shown
significantly alter synapse and spine morphogenesis in the vertebrate central nervous
system (Wyszynski et al., 2002; Dunah et al., 2005; Hoogenraad et al., 2007). However,
the means by which Lar might influence the synaptic cytoskeleton were not addressed in
these studies. By providing a molecular link between Dlar and the underlying
cytoskeleton, Dia may provide an important advance in dissecting the complex function

of Lar signaling, and formin signaling, in the nervous system.
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Current evidence indicates that Dlar-dependent control of neural development is
complex. In systems ranging from C. elegans to mammals, Dlar has been shown to
interact both biochemically and genetically with the cytoplasmic protein Liprin-alpha
(Zhen and Jin, 1999; Kaufmann et al., 2002; Wyszynski et al., 2002; Dunah et al., 2005;
Hoogenraad et al., 2007). Liprin-alpha may be responsible for the regulated trafficking
of Dlar to specific sites within the cell (Shin et al., 2003) and thereby influence synapse
development. However, genetic analyses demonstrate that Liprin-alpha dependent
signaling mediates effects that are more extensive than can be accounted for by loss of
dlar alone. For example, liprin-alpha mutations strongly perturb active zone architecture
and necurotransmission, whereas dlar mutations have milder effects on active zone
organization and function (Kaufmann et al., 2002). It seems, based on current evidence
from diverse systems, that Liprin-alpha function extends to influence the synaptic particle
web in a manner that is independent of DLar function (Zhen and Jin, 1999; Kaufmann et
al., 2002; Wyszynski et al., 2002; Dunah et al., 2005).

Recently, two studies independently identified ligands for the Dlar receptor in
Drosophila (Fox and Zinn, 2005; Johnson et al., 2006). At the Drosophila NMJ, Dlar
binds to the heparin sulfate proteoglycans (HSPGs) Dally-like (Dlp) and Syndecan (Sdc)
(Johnson et al., 2006). Current analysis indicates that Dlp inhibits Dlar function while
Sdc activates Dlar. Interestingly, mutation of Sdc phenocopies the defect in synaptic
growth observed in the Dlar mutant, but sdc mutants do not have a defect in synaptic
transmission, active zone structure or the distribution of synaptic markers (Johnson et al.,
2006). Thus, while the regulation of Dlar-mediated signaling may be quite complex, it is

possible that the Dlar-dependent synaptic growth is mediated by a specific set of
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signaling interactions that include the ligand Sdc and downstream signaling mediated by
Trio and Diaphanous.

In Drosophila, unlike mammalian systems, Dlar is specifically presynaptic.
Consistently, Dia functions presynaptically to specify NMJ growth and regulation of the
presynaptic cytoskeleton. Thus, the Dia-Dlar genetic interaction presumably reflects the
action of this signaling pathway in the presynaptic nerve terminal. In other systems, such
as mammalian central synapses, LAR is present on both sides of the synaptic terminal
and defects in both AMPA receptor clustering and synapse morphogenesis are observed
(Wyszynski et al., 2002). It is interesting to speculate that Dia may be involved in
synapse morphogenesis downstream of LAR while liprin-alpha related signaling is

involved in the control of AMPA receptor abundance and active zone integrity.

Synaptic Pioneer Microtubules and the Control of Synapse Morphology.

The importance of the synaptic microtubule cytoskeleton during synaptic
development and neurological disease has been highlighted by many studies (Zhang and
Broadie, 2005; Ruiz-Canada and Budnik, 2006). In particular, essential microtubule
regulatory proteins are linked to diverse neurological disease including spastic paraplegia
and Fragile-X syndrome (Sherwood et al., 2004; Roll-Mecak and Vale, 2005; Zhang and
Broadie, 2005). Although defects in the MAP-stabilized microtubules have been
interpreted to reflect changes in microtubule dynamics (Roos et al., 2000; Ruiz-Canada et
al., 2004), there is no evidence that the Futsch stabilized microtubules represent a
dynamic population of microtubules. By labeling microtubule plus ends with EB1-GFP

we are able to visualize a population of dynamic pioneer microtubules at the Drosophila
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NMJ, allowing us to investigate Diaphanous-mediated regulation of this population
during synapse development.

There are two possible models for how Dia-dependent modulation of pioneer
microtubules could influence synaptic growth. Dia and other formins have been
implicated in microtubule stabilization through plus end binding (Palazzo et al., 2004).
We have previously found that pioneer microtubules are evenly distributed throughout
the NMJ and probe the cortex of the presynaptic membrane (see previous chapter). One
possibility is that Dia-dependent stabilization of the pioneer microtubule plus ends is
involved in relaying signaling from the plasma membrane to the microtubule
cytoskeleton. Consistent with this hypothesis is the observation that microtubule plus
end movement is more rapid in dia mutants, potentially disrupting the signaling relay
between plasma membrane signaling complexes and the dynamic microtubule plus end.
Alternatively, Dia-dependent modulation of pioneer microtubule behavior could
influence the consolidation of dynamic microtubules into the MAP-stabilized, Futsch-
positive core. Impairment of this process could disrupt NMJ growth. This model is
similar to the consolidation of dynamic peripheral microtubules into a MAP-stabilized
central domain of the growth cone, a process necessary for growth cone advance
(Rodriguez et al., 2003). In either case, our data open up a new avenue of investigation

for synaptic development at the Drosophila NMJ.
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MATERIALS AND METHODS

Generation of UAS-EB1-GFP Transgenic Drosophila:

C-terminal fusion of green fluorescent protein with Drosophila EB1 (EB1-GFP) was
obtained from Drs. Steve Rogers and Ron Vale (UCSF, unpublished data) and cloned
into the pUAST vector using standard methodology. Transgenic Drosophila lines were
obtained with homozygous viable UAS-EBI-GFP transgenes inserted on the second and

third chromosomes.

Cell Culture:

All Drosophila S2 cell protocols were performed as described in the Drosophila
Expression System Manual (Stratagene; La Jolla, CA). Briefly, Drosophila S2 cells,
stably expressing the GAL4 transcription factor, were cultured in Schneider’s Medium
supplemented with 10% fetal calf serum at 25°C. For RNA mediated knockdown of
Diaphanous, cells were incubated in serum free media with 19ug dsRNA against Dia.
Cells were incubated in RNA for 5 days prior to transfection with the pUAST-EB1-GFP
plasmid using a standard calcium phosphate transfection protocol. Cells were incubated
for 48 hrs prior to plating on ConA (0.5 mg/ml stock; Sigma) coated coverslips for live

imaging and subsequent analysis (Rogers et al., 2002).

Genetics:

Drosophila were maintained at 25°C on normal food. The following strains were used in

this study: 1) dia’/CyO-GFP 2) Df{2L)TW2/CyO-GFP 3) dlar’”/Cyo-GFP 4) UAS-HA-
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Dia[ANAC]/TM6 (gift of Purnilla Rerth), 5) dlar’?/CyO-GFP, 6) trio'/TM6, 7)
abl'/TM6, 8) chic”®'/CyO-GFP 9) UAS-EBI-GFP 10) UAS-GFP-actin. For CNS
expression of UAS-EBI-GFP, or UAS-GFP-actin, flies were crossed to one of three
GAL4 lines: 1) elaV*">>-GAL4 (pan neuronal), 2) OK6-GAL4 (motor neuron specific;

Aberle et al., 2002) and 3) D42-GAL4 (CNS specific; Parkes et al., 1998).

Live imaging and kymograph analysis

Wandering third instar larvae were dissected in HL3 saline (0.5mM Ca'") and stably
positioned on glass coverslip using pressure pins held in place using a magnetic surface
surrounding the glass slide. EBI1-GFP labeled microtubules were imaged using a GFP
filter set (Chroma) with a 100x Plan-Apochromat (0.97 NA) oil immersion objective
(Zeiss). Images were acquired with a Photometrics CoolSnap HQ cooled CCD camera
(Roper Scientific) and Kodak EEV57 back thinned chip (Roper Scientific) mounted on an
inverted microscope (Zeiss Axiovert 200). The sample was illuminated using a 100W
Xenon light source (Sutter Instruments) and liquid light guide (Sutter Instruments).
Images were acquired with a 500ms exposure and 750 ms frame rate. Images were
collected at room temperature (18°C) for a maximum of one hour per preparation.
Imaging was controlled by Slidebook software (Intelligent Imaging Innovations).

To generate kymographs for rate analysis, axons in the segmental nerve
overlaying muscle four were imaged and the images were deconvolved to remove
background fluorescence. A one pixel wide mask was drawn over a length of axon in the
first time point this mask was copied to all subsequent frames. The smooth curve analysis
function of SlideBook 4 was applied to these masks to generate the kymographs. This

function aligns the masked regions from each time point. Any movement that occurs in
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the masked region over the time imaged appears as a diagonal line through the
kymograph. The slope of this line was measured using Slidebook software to determine
the rate of movement. The synapse on muscle four was selected for imaging and analysis
as it was possible to image several boutons in the same plane of focus. Puncta in the
synapse often took a curved path in a bouton. To generate kymographs for the synapse a
mask was created over the specific path of an individual puncta, resulting in a curved line
for many of the masks. These masks were then converted to kymographs using the
smooth curve analysis function of Slidebook software. For a given segment of axon or
synapse, all puncta that remained in the plane of focus for at least 5 frames were

analyzed.

Pharmacology

Latrunculin A was dissolved in DMSO to a concentration of ImM to create a stock. The
latrunculin A stock solution was diluted to a range of concentrations in HL3 saline
(0.5mM Ca'™"). Wandering third instar larvae were dissected in HL3 (0.5mM Ca"") and
incubated for 15 minutes at room temperature in either DMSO (control) or latrunculin A

(experimental). Larvae were then imaged for GFP-actin or EB1-GFP.

Antibody staining:

Primary antibodies used in this study include mAb 22C10 (1:50; obtained from the
Developmental Studies Hybridoma Bank, University of lowa), Cy3 and FITC conjugated
HRP (1:200; obtained from ICN/Cappel), anti-brp and mAb3C11 (1:10; obtained form

the Developmental Studies Hybridoma Bank). Secondary antibodies used were FITC
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labeled anti-mouse (1:200), and Cy3 conjugated anti-mouse (1:200). All secondary

antibodies were obtained from ICN/Cappel.
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Figure 2-1. Diaphanous is present pre and post-synaptically.

(A) Diagram of the Diaphanous locus with protein coding sequences (CDS) and
untranslated sequences (UTR) indicated. Small deletions associated with the dia’ and dia’
mutants are shown (Castrillon and Wasserman, 1994). (B) Diagram of Dia protein
including the GTP-binding domain (GBD), the coiled-coil region (CC), and the formin
homology domains 1 and 2 (FH1 and FH2, respectively). The % a.a. sequence identity
between Drosophila Dia protein and the mouse Dia2 protein (mDia2) is indicated. (C)
Immuno-fluorescent image of a 3™ instar NMJ from wild type (left two panels) and a dia’
larva (right two panels) stained with anti-Dia (top) and anti-HRP (bottom). The arrow
indicates Dia staining of putative endosomes post-synaptically. Note that staining is
nearly absent at the dia’ mutant NMJ. (D) Three-dimensional imaging demonstrates
colocalization of Dia protein (left panel) and the Futsch protein (center panel) within a
single presynaptic bouton. Right panel represents a merged image of the staining of the
Dia and Futsch proteins. Arrow indicates Dia protein closely associated with presynaptic
Futsch bound microtubules. Insets above represent the z-axis cut as a horizontal line
through the indicated Dia puncta (arrow). Insets to the left represent the z-axis cut as a

vertical line through the same puncta.
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Figure 2-2. Diaphanous is required presynaptically for normal synaptic growth.

(A-E) Immuno-fluorescent images of 3™ instar NMJs on muscles 6/7 (A, B) or muscle 4

(C, D, E) from wild type (A, C), dia®” mutants (B, D), or presynaptic dia rescue animals

(E). The dia®”? mutant phenotypes are rescued by presynaptic expression of UAS-Dia™

in the dia®?

background using a neuronal (e/laV-GAL4) driver (E). Synapses were stained
using the anti-HRP antibody. Scale bar=20um. (F) Quantification of number of boutons

per NMJ normalized to wild type synapses. Error bars represent SEM.
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Figure 2-3. Diaphanous regulates the presynaptic actin cytoskeleton.

Representative projections from larval NMJs expressing an actin-GFP transgene in either
a wild type (A, B), a dia®” mutant animal (C, D), and a dlar’” mutant animal (E, F).
Images show either a live image of actin-GFP or the same NMJ following fixation and
staining with anti-HRP to reveal the presynaptic membrane, as indicated. (G) Graph
represents the number of synaptic actin foci divided by the number of boutons. Error

bars represent SEM. Scale bar = 10 pm, panel B.
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Figure 2-4. Genetic Epistasis analysis of dia with dlar and trio.

(A-F) Immuno-fluorescent images of 3" instar m4 NMJs from wild type (A), dlar’/+
(B), dlar’-did’/dlar’>-dia’ (C), did’/+; trio/+ (D), dlar’’/dia’ (E), dlar’’/+; trio'/+ (F).
Synapses were stained with the neuronal membrane marker HRP (green) and synaptic
vesicle marker synapsin (red). Scale bar, 10um. (G) Quantification of bouton number in
control, transheterozygous and recombinant synapses. Wild type and heterozygous
control genotypes are shown in dark gray bars, genetic combinations that showed an
interaction with dia are shown in red, genetic combinations that showed no interaction

with dia are shown in light gray. In all genotypes, bouton number was normalized to wild

type.
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Figure 2-5. Activated diaphanous rescues synaptic growth in dlar mutant larvae.

(A-C) Immuno-stained images of the NMJ at muscle 4 from mutant dlar’/ dlar 3:2(A),
C155/+; dlar’/ dlar *?; dia®'/+ (B), and wild type (C). NMJ were stained with the o-
DV-glut antibody to visualize the presynaptic nerve terminal. Scale bar=10pum. (D)
Quantification of bouton number at muscle 4, normalized to wild type (dlar’”/ dlar > =
56.9442.85% of wild type, n=22; C155/+; dlar’’/ dlar **; dia®//+ = 86.29+3.27% of
wild type, n=22). (E) Quantification of number of boutons per m6/7 NMJ normalized to
wild type synapses. dlar’’/ dlar 7 = 41.0+3.98% of wild type, n=18. dlar’’/ dlar '**

rescue=85.77+5.04% of wild type, n=18. Error bars represent SEM.
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Figure 2-6: Microtubule plus end movement rates are altered in diaphanous.

(A, B) Projections of time-lapse series illustrate the displacement of EB1-GFP labeled
microtubule plus-ends for axons in wild type (A) and dia’/dia’ (B) over 30s. Arrowheads
mark the start and end of displacement over the period of imaging. Scale bar=5pum. (C)
Histogram of the EB1-GFP puncta velocities within the axons in wild type (diamonds)
and dia’/dia’ (squares). There is a significant increase in the EB1-GFP puncta velocities
in the dia’/dia® compared to wild type (wild type = 4.12um/min + 0.038, n=1121;
dia’/dia® =5.62um/min +0.09, n=687). Statistical significance was determined by
Kolmogorov-Smirnov and Student’s T-tests to a 99% confidence interval. (D and E)
Projections of time-lapse series illustrate the displacement of the EB1-GFP labeled plus-
ends at the NMJ of wild type (D) and dia’/dia’ (E) over a 30s interval. Arrowheads mark
the start and end of displacement over the period of imaging. Scale bar=5um. (F)
Histogram of the EB1-GFP puncta velocities within the synapses as in (C). There is a
significant increase in the EB1-GFP puncta velocities in the dia’/dia’ compared to wild
type (wild type = 4.66um + .11, n=337; dia’/dia’ = 6.71pm/min + 0.13, n=539). (G)
Representative projection images of time-lapse images acquired in a wild type S2 cell
transfected with EB1-GFP. (H) Image as in (G) for an S2 cell treated with dsRNA
against diaphanous. Scale bars=10um. (I) Histogram of the EB1-GFP puncta velocities
in control S2 cells (diamonds) and dia dsRNA treated S2 cells (squares). There is a
significant increase in the velocities of puncta in the dSRNA compared to the control cells
(control= 6.9pm/min + 0.25, n=189; Dia dsRNA knockdown= 10.9um/min + 0.31,

n=256).
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Figure 2-7: Behavior of synaptic microtubule plus-ends is not altered by disruption

of synaptic actin.

(A,B) Representative images of 3" instar m4 NMJs in animals expressing UAS-GFP-
actin driven by elavGAL4“"’ incubated in vehicle (DMSO) alone (A) or in 7.5uM
latrunculinA (B). (C,D) Representative projections of time-lapse images at m4 in animals
expressing UAS-EBI-GFP driven by elavGAL4“"> incubated in vehicle alone (C) or in
7.5uM latrunculinA (D). Arrowheads highlight the paths of individual EB1-GFP puncta
over the same time frame. Scale bars=5um. (E) Average EB1-GFP puncta velocities in
DMSO (gray bars) and latrunculin A (red bars) treated animals for the concentrations
tested (2.5uM: DMSO=3.18+0.08 pm/min, n=194. LatA=3.34+0.1 pm/min, n=136, p-
value=0.23. 5uM: DMSO=3.3+0.05 pm/min, n=351. LatA=3.44+0.06 pm/min, n=340,
p-value=0.07. 7.5uM: DMSO0=3.04+0.05 pum/min, n=368. LatA=2.99+0.05 pm/min,
n=291, p-value=0.57. 10uM: DMSO0=2.92+0.05 pm/min, n=254. LatA=2.62+0.05
um/min, n=217, p-value=3.6x10”). There is no significant difference in the average
puncta velocity at most of the concentrations tested. At 10uM latrunculinA, EB1-GFP
movement is slightly but significantly (*) slower than vehicle alone. Statistical

significance was determined by Student’s T-test.
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Figure 2-8: The density of stable microtubules is disrupted at dia mutant synapses.

(A and B) Immuno-fluorescent image of 3" instar NMJ at muscle 4 from wild type (A)
and dia’/dia’ (B) larvae. Stable microtubules labeled by the 22C10 antibody are shown in
red, presynaptic membrane is labeled with the HRP antibody shown in green. Scale
bar=10pm. Shown next to each panel is the magnified and isolated 22C10 staining from
the distal 50um of each NMJ (rotated 90° counterclockwise). The region shown in inset is
highlighted by brackets in the image at left. (C) Quantification of 22C10 average staining
intensity in wild type and dia’/dia’ m4 synapses. (D-E) EB1-GFP puncta are shown in a

projected image of wild type (D) and dia’/dia’ (E) over a 30 s interval.
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Table 2-1: Pupation, eclosion, and wing inflation defects in Lar mutant
backgrounds

larvae # # wing % % % wing

Genotype® seeded” pupae | adults | defects | pupation | eclosed | defective
c d e f

C155/+; 116 115 115 0 99.1 100 0
Lar"*%/+
C155/+; 96 79 25 25 82.3 31.6 100
Lar5.5/13,2
C155/4; 113 110 99 7 97.4 90 6.1
Lar5.5/13.2;
UAS-
Dia*'/+

“Strains generated by crossing virgin C155-elavGal4; Lar">~/ Cyo-GFP flies to either
w8 Lar’?/ Cyo-GFP, or Lar’’/Cyo-GFP; UAS-Dia®". Desired Lar mutant
backgrounds were selected from the progeny based on the lack of GFP expression.

®1st and 2nd Instar larvae of the indicated genotypes were isolated and raised on apple
plates seeded with yeast paste at 25°C.

‘Represents the number of adults with uninflated wings, determined by inspection of
adults 24h post-eclosion for wing inflation defects.

Determined by dividing the number of pupae formed by the number of larvae selected.
‘Determined by dividing the number of eclosed adults by the number of pupae formed. It
should be noted that pharate pupae accounted for 95.5% of the observed pupal lethality.
Determined by dividing the number of adults with uninflated wings by the total number
of eclosed adults.
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Kin-DAD: A formin-activating construct that disrupts the

microtubule cytoskeleton and NMJ growth.
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INTRODUCTION

The normal development and remodeling of synaptic connections requires the
precise regulation of both the microtubule and actin cytoskeletons. Despite the clear
importance of both cytoskeletal elements, few proteins have been identified that are
capable of coordinating the regulation of both actin and microtubules during synapse
development.

The proteins from the formin family are well known regulators of the
cytoskeleton (Palazzo et al., 2001; Wallar and Alberts, 2003; Eng et al., 2006). Classical
formins are known to regulate actin, generally by promoting nucleation and growth of
unbranched actin filaments (Pruyne et al., 2002; Sagot et al., 2002; Evangelista et al.,
2003; Kovar and Pollard, 2004; Wallar et al., 2006). Recent work however, has
demonstrated that Diaphanous and related formin proteins (DRFs) also have an important
role in regulating microtubules (Ishizaki et al., 2001; Palazzo et al., 2001; Eng et al.,
2006; Bartolini et al., 2008; DeWard and Alberts, 2008). Specifically, members of this
family have been demonstrated to regulate the generation of a subset of stable
microtubules in response to signaling through the Rho type GTPases (Ishizaki et al.,
2000; Palazzo et al., 2001; Wen et al., 2004). The ability of formin family proteins to
regulate both the actin and microtubule cytoskeletons in response to intercellular
signaling raises intriguing questions about the potential role of DRF proteins in synaptic
development.

Recent work has identified the formin protein Diaphanous as being an important
regulator of synapse growth at the Drosophila NMJ (See previous chapter). Genetic

disruption of either diaphanous or its putative upstream regulator dlar, results in a
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significant decrease in bouton number at the NMJ (See Figure 2-2, 2-4). This defect
appears to correlate with disruptions in cytoskeletal regulation. For example, there is a
significant reduction in polymerized actin observed at the NMJ in a diaphanous null
background. In addition, Diaphanous regulates the behavior and organization of synaptic
microtubules.  Live-imaging of EBI-GFP, a marker of dynamic microtubules,
demonstrated that microtubule growth is significantly enhanced in a diaphanous null
background relative to wild type. Further evidence suggests that Dia may play a role in
stabilizing dynamic microtubules at the NMJ. These results clearly demonstrate that
Diaphanous mediated regulation of the synaptic cytoskeleton is essential for synapse
development.

To further probe the role of Diaphanous and potentially other DRFs at the NMJ a
formin activating construct was designed. Expression of this activator, termed Kin-DAD,
resulted in disruption of the morphology and growth of the synapse. Interestingly this
phenotype is not ameliorated by Kin-DAD expression in a Dia null background,
suggesting that there are other formin proteins involved in regulated synapse growth.
Further, microtubule organization and behavior are dramatically altered in the presence of
Kin-DAD. Surprisingly very little effect was observed on the actin cytoskeleton,

suggesting that actin regulation is not the main role of the Kin-DAD target.
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Materials and Methods

Genetics:

Drosophila strains were maintained at 25°C on normal food. The following strains were
used in this study: 1) dia’/CyO-GFP 2) UAS-Kin-DAD/TM6 3) dia’/CyO-GFP; UAS-Kin-
DAD-UAS-EBI-GFP/TM6 4) UAS-actin-GFP; UAS-Kin-DAD/TM6 and 5) elalV-

Gal4®",

Generation of pUAS-Kin-DAD construct:

To create the Kin-DAD construct primers containing the DAD sequence fused at the 3’
end with the FLAG epitope were generated and are listed below. EcoRI and Xhol half
sites were included in the primers, shown in bold below. This allowed direct ligation of
the annealed primers into EcoRI-Xhol digested pBS-Kinesin (VanBerkum and Goodman,
1995), a plasmid containing the isolated motor domain of kinesin. The resulting Kin-
DAD-Flag fragment was inserted into pUAST according to standard methodology.
Transgenic Drosophila lines were obtained with UAS-Kin-DAD transgenes inserted on
the first and third chromosomes and were placed over balancer chromosomes.
DADFLAGI 5’:

(phosp) AATTCTGGGCGTGATGGACAGTCTGTTGGAGGCGCTGCAAACGGGCT
CAGCCTTTGACTACAAAGACGATGA CGACAAGTAGC

DADFLAG?2 3’: TCGAGCTACTTGTCGTCATCGTCTTTGTAGTCAAAGGCTGAG

CCCGTTTGCAGCGCCTCCAACAGACTGTCCATCACGCCCAG (phosp).
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Antibody staining:

Primary antibodies used in this study include mAb 22C10 (1:50; obtained from the
Developmental Studies Hybridoma Bank, University of lowa), Cy3 conjugated HRP
(1:200; obtained from ICN/Cappel), anti-Flag (1:50 obtained from Sigma), anti-a-tubulin
(1:200 obtained from Sigma). Secondary antibodies used were FITC labeled anti-mouse
(1:200), and Cy5 conjugated anti-rabbit (1:200). All secondary antibodies were obtained

from ICN/Cappel.

Live imaging and path trace analysis:

Wandering third instar larvae were dissected in HL3 saline (0.5mM Ca'") and stably
positioned on glass coverslip using pressure pins held in place using a magnetic surface
surrounding the glass slide. EB1-GFP labeled microtubules were imaged using a GFP
filter set (Chroma) with a 100x Plan-Apochromat (0.97 NA) oil immersion objective
(Zeiss). Images were acquired with a Photometrics CoolSnap HQ cooled CCD camera
(Roper Scientific) and Kodak EEV57 back thinned chip (Roper Scientific) mounted on an
inverted microscope (Zeiss Axiovert 200). The sample was illuminated using a 100W
Xenon light source (Sutter Instruments) and liquid light guide (Sutter Instruments).
Images were acquired with a 500ms exposure and 750 ms frame rate. Images were
collected at room temperature (18°C) for a maximum of one hour per preparation.
Imaging was controlled by Slidebook software (Intelligent Imaging Innovations).

Path traces of individual EB1-GFP puncta were generated using the Multi-Track
application of ImageJ. Only puncta present for the majority of the imaging session were

selected for this analysis to allow a representative view of the plus end movement.
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Cell Culture:

All Drosophila S2 cell protocols were performed as described in the Drosophila
Expression System Manual (Stratagene; La Jolla, CA). Briefly, Drosophila S2 cells,
stably expressing the GAL4 transcription factor, were cultured in Schneider’s Medium
supplemented with 10% fetal calf serum at 25°C. Transfection of S2 cells with the
pUAST-Kin-DAD plasmid and DS-Red was accomplished using a standard calcium
phosphate transfection protocol. Cells were incubated for 24 hrs prior to plating on ConA
(0.5 mg/ml stock; Sigma) coated coverslips for staining and subsequent analysis (Rogers

et al., 2002).
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RESULTS

The defining feature of the Diaphanous related formin family is the presence of a
C-terminal autoinhibitory domain and an N-terminal activation domain. Prior to
activation of the protein the C-terminal Diaphanous autoinhibitory domain (DAD) is
bound to the N-terminal GTPase binding domain (GBD) (Alberts, 2001; Otomo et al.,
2005). This interaction blocks the interactions of profilin, actin and other FH1 and FH2
domain binding proteins, with DRFs (Sagot et al., 2002; Higgs, 2005). Upon stimulation,
an active Rho-type GTPase binds to the N-terminal GBD. This interaction displaces the
intra-molecular GBD-DAD interaction, thereby revealing the FH1 and FH2 domains to
their cellular binding partners. Together these domains mediate the actin regulatory
abilities common to formin proteins (Sagot et al., 2002; Kovar and Pollard, 2004;
Romero et al., 2004; Higgs, 2005; Pellegrin and Mellor, 2005). Thus, manipulation of
this intra-molecular interaction provides a possible mechanism by which to activate
formin proteins in a given tissue. Indeed, a number of studies in mammalian cell culture
have made use of the expression of an isolated DAD peptide to activate Diaphanous
homologs mDial and mDia2 (Eng et al., 2006). The exogenous DAD peptide acts in
place of an activated Rho-GTPase, binding in trans to the GBD of the endogenous Dia
protein. The expression of an exogenous DAD peptide therefore acts to constituitively
activate the endogenous Diaphanous protein by blocking the intra-molecular inhibitory
interaction. However, it is noteworthy that the presence of a GBD and DAD domain are

common to all members of the DRF sub-family. It is therefore likely that systemic

132



expression of an isolated DAD peptide would activate not only Diaphanous, but also any
other DRFs present.

To utilize the ability of the isolated DAD domain to activate endogenous DRFs, a
transgenic construct was designed and expressed in Drosophila motoneurons. The
isolated DAD domain was amplified from a full diaphanous cDNA. The resulting
fragment was placed under the control of the UAS promoter to allow for tissue specific
and temporal regulation of expression (Brand and Perrimon, 1994). Additionally, a Flag
epitope was added to the C-terminus of the peptide to allow for visualization of the
localization of the peptide, as well as to indirectly monitor the activation of DRFs.
Finally, the DAD peptide was fused to the motor domain of the plus-end directed
microtubule motor, kinesin, to ensure the protein localized to the synapse. This
modification allows for the efficient delivery of the peptide to the synapse, as
microtubules within the axon and synapse are highly polarized with their plus-ends
directed away from the cell body. To study the role of DRFs in synapse development,

this construct was used to create transgenic Drosophila lines.

Kin-DAD Expression Alters Microtubule Organization in vitro.

The cellular activity of the Kin-DAD construct was first tested by expression in
S2 cell culture. As a means of identifying positively transfected cells a DS-red construct
was co-transfected into the culture. Cells were collected and stained at various time
points following transfection according to the methods of Rogers et al. (2002).
Expression of the Kin-DAD construct in S2 cells proved highly cytotoxic as few DS-red

and Kin-DAD positive cells could not be identified more than 24 hours post-transfection.
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Additionally, at 24 hours post-transfection, many of the Kin-DAD positive cells were
unhealthy and failed to form a lamella or adhere to coverslips for imaging (Rogers et al.,
2002). The high level of cell death in the presence of the Kin-DAD construct precludes
live imaging of these cells.

It was next of interest to examine the effect of DRF activation on the cytoskeleotn
of S2 cells. In mammalian cells, activation of mDia has been shown to lead to the
generation of a subset of stable microtubules (Ishizaki et al., 2001; Palazzo et al., 2001,
2004; Wen et al., 2004; Eng et al., 2006, Bartolini et al., 2008, DeWard and Alberts
2008). Further, RNAi mediated knockdown of Dia in S2 cells was recently shown to
disrupt microtubule regulation (See previous chapter, Figure 2-6). For these reasons it
was of particular interest to examine the effects of Kin-DAD on the microtubule
cytoskeleton. To this end cells were fixed and stained with a-tubulin antibody after 24
hours of expression. Tubulin staining in non-transfected control cells displayed the mesh-
like microtubule array typically observed in S2 cells prepared for imaging (Rogers et al.,
2002) (Figure 3-1B). This array was severely disrupted in the presence of the Kin-DAD
construct. In these cells individual microtubules were not observed. Rather, microtubules
were tightly bundled into structures resembling the spokes of a wheel originating at the
cell center, presumably within the microtubule organizing center, and terminating with a
tangle or knot at the cell periphery (Figure 3-1C). This morphology was never observed
in non-transfected cells. As an additional control, the kinesin motor domain alone was
expressed in S2 cells to determine whether the disruption in the microtubules was due to
this domain. In these cells the organization of the microtubule array was unaffected (data

not shown). These data are consistent with the hypothesis that DRF family proteins play
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an important role in regulating the microtubule cytoskeleton within isolated cells. It was
next of interest to examine the role of this family within the context of the development

of the NM1J.

Kin-DAD Expression Disrupts Synapse Growth.

Presynaptic expression of a UAS-Kin-DAD construct under the control of the
elaV-Gal4“"> driver resulted in changes in the growth and morphology of the synapse.
Morphologically the Kin-DAD synapse appeared significantly undergrown compared to
wild type (Figure 3-1D, F). Quantification of bouton number at muscle four confirmed
that bouton number was significantly decreased in this background (Figure 3-1H). The
expression of Kin-DAD also resulted in a dramatic change in the overall morphology of
the synapse. Specifically, the uniformity of bouton architecture was disrupted in the
presence of Kin-DAD (compare Figure 3-1D with Figure 3-1F). A typical wild type
NMIJ consists of spherical boutons with largely regular size and shape. Apart from
nascent bouton buds, typically found at the distal terminus, little variation in the average
area of boutons at a wild type NMJ is observed (Figure 3-1D) (Marie et al., 2004). In
contrast the Kin-DAD NMIJs are typified by the presence of an enlarged bouton (Figure
3-1F, asterisks) followed by a string of unusually small boutons (Figure 3-1F arrow).
Quantification of the variance in bouton size in both backgrounds reveals a significantly
wider range of bouton size in larvae expressing Kin-DAD (wild type variance=17.4,
n=516: Kin-DAD variance=76.6, n=343. F<0.001). Analysis of the distribution of
bouton sizes revealed a shift to smaller boutons in Kin-DAD relative to wild type

synapses, with approximately half off all the boutons in Kin-DAD synapses falling below
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2um?® (Figure 3-11). Immuno-staining of the NMJ reveals these smaller boutons may be
functional as they are positive for brp staining and oppose GIuRIIA staining (not shown).

To address the specificity of Kin-DAD activity the construct was expressed in the
dia’ null and wild type backgrounds. If the only synaptic target of the Kin-DAD
construct is Diaphanous at the NMJ then expression of the activating construct in a dia’
null background should ameliorate the Kin-DAD phenotype (Figure 3-1F). However, a
comparison of the NMJs from both genotypes revealed that the effect of Kin-DAD
expression in the dia’ background was qualitatively and quantitatively indistinguishable
from its expression in a wild type background (Figure 3-1F,G,H). Furthermore,

act

expression of an activated Diaphanous construct, UAS-dia™ did not show the same
dominant effect on synapse development observed with Kin-DAD expression. This was
true even when both constructs were expressed under the control of the same Gal4.
These data support the conclusion that the activation of Diaphanous is not responsible for
the synaptic phenotype associated with Kin-DAD expression. Thus Kin-DAD does not
interact exclusively with Dia, but also appears to target other proteins at the NMJ. While
the exact identities of these proteins remain to be determined with certainty, the most
likely candidates are other Diaphanous-related formin proteins. A search of the
Drosophila genome using the conserved GBD domain of diaphanous identified two other
potential DAD interactors. It is possible that one or both of these proteins are targets of
the Kin-DAD construct.

Interestingly, there is a clear proximal to distal distribution of morphological

defects in all Kin-DAD synapses imaged, mirroring the chronology of synapse growth

(Zito et al., 1999). In some cases the initial growth of the NMJ appears normal with wild
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type boutons developing first in the most proximal regions of the synapse. However, at
some point in development, one bouton becomes overgrown. This event appears to
interfere with normal NMJ expansion as typically only abnormally small boutons,
referred to here as boutonlets, are observed distal to this point. Thus, the block of growth
in the Kin-DAD synapse appears to correlate with the development of a single, enlarged
bouton. It was therefore of interest to determine whether there was a measurable

disruption of the cytoskeleton in the overgrown boutons.

Kin-DAD Expression does not Alter the Organization of Synaptic Actin.

As formins are known regulators of the actin cytoskeleton, it is possible that
expression of the Kin-DAD alters the organization of synaptic actin. Regulation of actin
is essential for normal NMJ growth and it is thus possible that changes in actin
organization could underlie the changes in NMJ growth (Stewart et al., 2002; Coyle et
al., 2004; Marie et al., 2004; Stewart et al., 2005). To visualize the presynaptic actin
cytoskeleton a UAS-actin-GFP transgene was expressed presynaptically in the
background of Kin-DAD expression. As previously demonstrated (Nunes et al., 2006 and
see previous chapter, Figure 2-3), actin is localized throughout the synapse as patches or
foci. Loss of Diaphanous activity was shown to result in a significant decrease in the
number of actin foci at the NMJ (See previous chapter, Figure 2-3). Although the data
indicate that Kin-DAD does not act exclusively on Dia, it is reasonable to think that
activation of other DRFs at the synapse may similarly disrupt the regulation of the actin
cytoskeleton. Thus it was anticipated that Kin-DAD expression would result in a

significant increase in the number of actin foci at the synapse. Surprisingly however,
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only a very slight increase in the density of actin foci was observed in the background of
Kin-DAD expression relative to a wild type synapse (CI55/+; UAS-actin-
GFP/+=2.21+0.08 foci/um®; CI155/+; UAS-actin-GFP/+; UAS-Kin-DAD/+=2.55+0.08
foci/um®. P<0.01). While this increase was significant it is likely that is largely
attributable to the presence of individual actin foci within the small distal most boutons
(Figure 3-2B asterisk) of the Kin-DAD synapse creating an artificially high read out of
actin density. Despite the clear importance of Diaphanous and other DRFs in regulating
the actin cytoskeleton, the activation of this family of proteins does not significantly

disrupt actin polymerization or organization at the Drosophila NM1J.

Kin-DAD Expression Alters Microtubule Organization and Behavior at the NMJ.

In addition to their role as actin regulators, some formins have been shown to play
an important role in regulating the microtubule cytoskeleton (Wallar and Alberts, 2003;
Eng et al., 2006; Bartolini et al., 2008; DeWard and Alberts, 2008). Activation of
Diaphanous has been demonstrated in mammalian cell culture to result in cortical
microtubule capture and stabilization (Alberts, 2001; Ishizaki et al., 2001; Eng et al.,
2006). To determine the effect of Kin-DAD expression on the stable microtubule
cytoskeleton at the NMJ larvae were stained with the anti-Futsch antibody. In the
proximal most regions of the synapse where the boutons are of wild type size and shape,
the organization of the stable core is normal. However, within the characteristic
overgrown bouton the microtubule core becomes splayed and in many cases disintegrates
completely. Distal to this enlarged bouton, specifically within strings of abnormally

small boutons, Futsch staining is typically absent. Additionally, quantification of Futsch
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staining reveals no significant change in the level of Futsch in the background of Kin-
DAD expression. Taken together these data indicate that unlike the activation mDial or
mbDia2 in vitro (Ishizaki et al., 2001; Eng et al., 2006), the in vivo activation of DRFs at
the synapse does not result in an increase in the stability of microtubules as measured by
Futsch staining.

Although it is tempting to speculate that the presence of Kin-DAD results in the
disruption of the microtubule cytoskeleton, it is not clear as yet where Kin-DAD is
localized within the synapse. Thus, to determine the localization of the Kin-DAD
construct and therefore the location of DRF activation, larvae were stained with the anti-
Flag antibody. Curiously, despite being fused to the kinesin motor domain, Flag staining
reveals the majority of the Kin-DAD construct found at the NMJ does not localize to the
microtubule core. Instead the staining fills the volume of the bouton, suggesting a
cytosolic distribution. Interestingly the distribution of Flag staining appeared to have a
pattern opposite to that of Futsch staining. For example in the proximal most region of
the synapse Futsch staining levels were high. In contrast Flag staining levels were
correspondingly low in these regions of the NMJ. However, in the enlarged bouton,
where Futsch staining was weak or absent, Flag levels were consistently high. This was
also true of the string of small distal boutons (Figure 3-3E). Thus in areas of the synapse
where Kin-DAD levels, and therefore presumably DRF activity, were high, Futsch
staining was low (Figure 3-3 F-I). These observations suggest that the promiscuous
activation of the Kin-DAD target or targets interferes with the normal interaction between

Futsch and microtubules.
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It was next of interest to determine whether dynamic microtubule invasion was
altered in the background of Kin-DAD expression. To accomplish this EB1-GFP labeled
plus-ends were imaged in wild type and Kin-DAD backgrounds. In wild type synapses
EBI-GFP puncta move processively throughout all boutons of the NMJ (see previous
chapters, Figure 3-3A). In contrast in the Kin-DAD background the pattern of plus-end
advance largely mirrored the pattern of Futsch staining. For example, the behavior of
plus-ends was not significantly altered within the normal proximal most boutons.
However, a dramatic disruption in this behavior was observed in the enlarged bouton of
the Kin-DAD synapse (Figure 3-3B, arrow and asterisk). Time-lapse imaging revealed
that in this bouton, dynamic plus-ends make little forward advance. Further, EB1-GFP
comets are only rarely observed to exit this bouton and invade the small distal boutons
(Movie 3-1). The decreased forward advance is particularly obvious in side-by-side
comparisons of projection images generated from time-lapse series of wild type and Kin-
DAD muscle four synapses (compare Figure 3-3A, B). To more closely examine the
advance of EB1-GFP puncta within the swollen bouton path traces were generated for
both wild type and Kin-DAD synapses (Figure 3-3C). In the synapses of wild type
larvae, EB1-GFP puncta followed a clear path, sometimes curving around the periphery
of a bouton but never changing direction. In contrast, EB1-GFP puncta in the Kin-DAD
background frequently change direction and typically fail to advance out of the
overgrown bouton. In some cases the plus-ends appear to become trapped at the cortex
and oscillate around a single point (See Figure 3-3C, bottom right panel). The total
displacement of EB1-GFP over an identical time period was measured in wild type and

Kin-DAD synapses to quantify the apparent decrease in forward advance. This analysis
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revealed that over an identical period of time there is a significant decrease in the
distance covered by EB1-GFP labeled plus-ends in a Kin-DAD synapse compared to wild
type (C155/Y; +/+; UAS-EBI-GFP/+ puncta displacement=1.23+0.019 pum, n=472
puncta; CI155/Y;, +/+; UAS-Kin-DAD/UAS-EBI-GFP puncta displacement =
0.69+0.018um, n=671) (Figure 3-3D). These observations raise the possibility that a
defect in the microtubule cytoskeleton, and not actin, underlies the disruption in NMJ

growth seen in the Kin-DAD background.
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Discussion

In this study, the role of the Diaphanous related formin (DRF) family of proteins
in synapse development was examined. To allow activation of endogenous formin
proteins at the synapse, the C-terminal Diaphanous auto-inhibitory was fused to the
Kinesin motor domain. This construct, referred to as Kin-DAD was then expressed in
larval motoneurons. Presynaptic expression of Kin-DAD resulted in a defect in synapse
growth and a dramatic change in synapse morphology. Genetic evidence suggested that
Kin-DAD was not a specific activator of Diaphanous as neither the synaptic morphology
nor growth defects were ameliorated when Kin-DAD was expressed in the background of
dia’ null larvae. This data raised the possibility that Kin-DAD targets other potential
DRFs at the synapse. Next a combination of genetics and imaging studies were used to
demonstrate that misregulation of Diaphanous and related proteins results in severe
disruptions of the organization of the stable microtubule cytoskeleton. Additionally, Kin-
DAD expression altered the behavior of the newly described pioneer microtubule
population within the synapse. Interestingly, despite the common role of formin proteins
as regulators of the actin cytoskeleton (Kovar et al., 2003; Kovar and Pollard, 2004;
Higgs, 2005), little change was observed in this population in the background of Kin-
DAD expression. In the future genetic experiments to identify all targets of Kin-DAD
would be worthwhile. Although the source of the synaptic growth defect is not clear, the
data acquired in this study suggest that the regulation of the microtubule cytoskeleton by

one or more unknown DRF proteins is required for normal synaptic development. In
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future it will be essential to identify the specific target or targets of the Kin-DAD

construct to better understand the role of DRFs in synapse development.

Kin-DAD Expression Reveals a Role for Multiple DRFs in Synaptic Development.

In this study a DRF activating construct was designed and expressed in the
motoneurons of Drosophila third instar larvae. Activation of Diaphanous and DRFs
requires the disruption of an inhibitory intra-molecular bond between the N-terminal
GBD and C-terminal DAD domains (Alberts, 2001; Li and Higgs, 2003; Li and Higgs,
2005; Otomo et al., 2005; Wallar et al., 2006). In a cellular context this is
accomplished by the binding of an active Rho-type GTPase to the GBD, displacing the
C-terminal DAD (Higgs, 2005; Otomo et al., 2005; Wallar et al., 2006). This changes
the conformation of the DRF and allows other binding partners to interact. In many
studies expression of an isolated Diaphanous DAD domain has been shown to mimic
this activation by binding the GBD of the endogenous protein. The construct used
here was designed to mimic the binding of a Rho-type GTPase to the GBD of
Diaphanous. Although this construct was designed using the C-terminal
autoinhibitory domain from Diaphanous, this domain shows strong homology between
DRF family members. Thus, due to the common mechanism of regulation of DRF
activity, it was likely the Kin-DAD construct would activate other DRF family
members found at the NMJ.

The use of the Kin-DAD construct provides evidence that multiple DRFs are
present at, and may play a role in the development of, the NMJ. Pre-synaptic

expression of Kin-DAD resulted in a dramatic change in the growth and morphology
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of the NMJ. Specifically, the synapses of Kin-DAD expressing larvae showed a 50%
decrease in bouton number compared to wild type (Fig. 3-1F, H). Additionally, the
morphology of these synapses was notably altered, showing an increase in the
variation of bouton size and the presence of both abnormally small and abnormally
large boutons (Fig. 3-1F, I). Interestingly, these phenotypes were not altered when
Kin-DAD was expressed in a diaphanous null background, suggesting that Kin-DAD
activity is not targeted specifically to this formin. This is further supported by
evidence from a previous study demonstrating that expression of an activated
Diaphanous construct (A-GBD) did not result in the same synaptic phenotype (See Fig.
2-2 E,F). Together these data argue that Kin-DAD is able to target other proteins at
the synapse. Due to the specificity of the GBD-DAD interaction it is most likely these
other proteins are members of the DRF family. A search of the Drosophila genome
reveals two additional DRFs potentially expressed at the NMJ, Dishevelled Associated
Activator of Morphogenesis (DAAM) and a previously uncharacterized GBD-DAD
containing protein, CG32138. Future studies will focus on the role of these proteins in

synapse growth.

Kin-DAD Mediated Activation of DRFs has no Effect on the Actin Cytoskeleton.
Formin proteins such as Diaphanous and other DRF proteins are well-
characterized regulators of the actin cytoskeleton (Evangelista et al., 2003; Li and
Higgs, 2003; Kobielak et al., 2004; Kovar and Pollard, 2004; Higgs, 2005).
Specifically, the association of Profilin and g-actin with the FH1 and FH2 domains of

the DRF results in the nucleation of new, unbranched actin filaments (Pruyne et al.,
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2002; Kovar et al., 2003; Romero et al., 2004; Higgs, 2005). These proteins have also
been shown to increase the rates of actin polymerization and induce filopodia
formation in a number of systems. At the Drosophila NMJ, the loss of Diaphanous
results in a significant decrease in the level of actin at the synapse and consequently a
reduction in synapse size. Surprisingly however, the presynaptic activation of DRFs
using Kin-DAD did not dramatically affect the number of polymerized actin structures
or their organization at the NMJ (Fig. 3-2 A,B,C). The effect of DRF expression on
the actin polymerization rates was not addressed in this study and awaits future in vitro
studies. While a small increase in the density of actin structures in the background of
Kin-DAD expression (Fig. 3-2 C), this is likely a reflection of the presence of a single
actin structure within the boutonlets, rather than a legitimate increase in synaptic actin.
It is also possible the relatively minor effect on the actin cytoskeleton is due to a
compensatory up-regulation of actin de-polymerizing mechanisms. In future, it will be
interesting to examine the effect of Kin-DAD expression in the background of a loss

of actin filament severing activity.

DRF Activation Regulates NMJ Growth Through Modification of the
Cytoskeleton.

The pre-synaptic expression of the Kin-DAD construct resulted in a dramatic
change in the growth and morphology of the synapse. Typically, the proximal most
boutons are normally formed. However early in synapse development a characteristic
enlarged bouton forms. Distal to this enlarged bouton, synapse development is halted

with only a few very small boutonlets forming (see Fig. 3-1F,H). Interestingly, Kin-
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DAD expression, and therefore DRF activity, is highest within the characteristic
enlarged bouton at the NMJ, and in the distal boutonlets. In contrast, Kin-DAD levels
are low within the normal proximal boutons. Therefore constituitively high levels of
DREF activity impair bouton formation and thus synapse growth. Examination of the
effect of Kin-DAD expression on the cytoskeleton provided insight into the underlying
defect in synapse growth.

DRFs are unique among formin proteins in that they have been shown to
regulate both the microtubule and actin cytoskeletons in a variety of systems (Ishizaki
et al., 2004, Higgs, 2005; Eng et al., 2006; DeWard and Alberts, 2008). The activation
of Diaphanous and its homologs leads to the generation of a stable subset of
microtubules through the capture and stabilization of pioneer microtubule plus-ends
(Eng et al., 2006). In contrast, in this study presynaptic expression of Kin-DAD
resulted in a severe disruption of the stable, Futsch-labeled core of microtubules.
Specifically the Futsch core was severely fragmented or absent within the
characteristic enlarged bouton. Additionally, no Futsch core was observed within the
distal boutonlets. These findings raise the possibility that one or more DRFs regulate
the formation of the stable microtubule core, possibly by regulating the association of
Futsch with synaptic microtubules. Such a role has recently been shown to be
important for the development of the NMJ (Ruiz-Canada et al., 2004). A second
possibility is that high levels of DRF activity compromise the integrity of the stable
microtubule core at the NMJ. In future studies, it will be of interest to identify the

DRF responsible for regulating this interaction.
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Changes in the behavior of the newly identified synaptic pioneer microtubules
may also provide some insight into the possible roles of DRFs in synapse growth.
Recent work has demonstrated that pioneer microtubule plus ends advance in a
processive manner, often tracking the membrane cortex, throughout the length of a
wild type synapse (Fig. 3-3C). This behavior has been proposed to be important for
the relay of information from active cell surface receptors to the cytoskeleton, a role
filled by pioneer microtubules in other systems (Tanaka et al., 1995; Gundersen, 2002;
Suter et al., 2004). Interestingly, in the presence of the high levels of DRF activity
found within the enlarged bouton of Kin-DAD the plus-ends of the pioneer
microtubule population appear to become trapped at the cortex of the bouton. As a
result very few pioneer microtubules are able to advance beyond this bouton. These
data raise the possibility that the activation of one or more DRF is required for the
capture of pioneer microtubule plus-ends in response to trophic signaling. To test this
hypothesis, it will be necessary to identify the DRF or DRFs responsible for the
membrane trapping of pioneer microtubules in the background of Kin-DAD
expression. Future studies will focus on the role and regulation of microtubule capture

downstream of DRF signaling.
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Figure 3-1: Expression of a formin activating construct disrupts normal

growth in vitro and in vivo.

(A) Schematic diagram of the Kin-DAD construct and its predicted interactions with
microtubules and DRFs, using Diaphanous as an example. (B,C) Representative
images of tubulin staining (green) in control (B) and UAS-Kin-DAD transfected (C)
S2 cells stably expressing Gal4. Note the extensive microtubule bundling and tangles
in transfected cells. Kin-DAD expressing cells were identified by co-transfection of
DS-Red (C, asterisk). (D-G) Representative images of third instar muscle 4 NMJs in
wild type (D), dia’ (E), C155/+,; UAS-Kin-DAD/+ (F) and C155/+; dia’; UAS-Kin-
DAD/+ (G) backgrounds, stained with the presynaptic membrane marker HRP. Note
the characteristic overgrown bouton (F, G arrow) and mini-boutons (F, G asterisks)

1% and dia’ backgrounds. Scale

are present when Kin-DAD is expressed in both w
bar=5um. (H) Quantification of number of boutons per NMJ normalized to wild type
synapses. Error bars represent SEM. (I) Histogram of the distribution of bouton areas

in wild type and Kin-DAD expressing larvae. Note the large increase in small boutons

the background of Kin-DAD expression.
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Figure 3-2: Kin-DAD expression does not alter the organization of the actin

cytoskeleton at the NMJ.

(A,B) Representative projection images generated from live imaging of actin-GFP
expression at muscle 4 synapses in C155/+,; UAS-actin-GFP/+ (A) or C155/+; UAS-
Kin-DAD/UAS-actin-GFP (B) backgrounds. Scale bar=5um. (C) Graph represents the
number of synaptic actin foci normalized to synapse area (C155/+,; UAS-actin-GFP
foci/um*=2.2140.08, n=51 synapses. C155/+; UAS-Kin-DAD/UAS-actin-GFP
foci/pm*=2.55+0.08, n=58 synapses). Error bars represent SEM. (D,E)
Representative images of third instar muscle 4 NMJ stained with 22C10 (green) and

155
4€

Flag (blue). Kin-DAD expression is under the control of elaV-Gal . Note that in

the presence of high levels of Flag staining, 22C10 staining is disorganized or absent.
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Figure 3-3: Expression of Kin-DAD construct dramatically alters the

organization and behavior of the microtubule cytoskeleton at the NMJ.

(A,B) Representative projection images generated from time-lapse series in the
muscle 4 NMJ of EB1-GFP advance in the backgrounds of elaV-Gal4'*/+; EBI-
GFP/+ (A) and elaV-Gal4“"”’/+; UAS-EB1-GFP/UAS-Kin-DAD (B). (C) Composite
path traces of individual plus ends within the muscle 4 synapses of elaV-Gal4“">’/+;
EBI-GFP/+ (left column) and elaV-Gal4“'>/+; UAS-EBI-GFP/UAS-Kin-DAD (right
column) larvae. Each composite trace is composed of a minimum of three individual
microtubule plus ends from a single synapse. (D) Histogram of the total displacements
of EB1-GFP in elaV-Gal4“">’/+; UAS-EB1-GFP/+ (diamonds) and elaV-Gal4“'/+;
EBI-GFP/UAS-Kin-DAD (squares). (E) Representative image of a muscle 4 NMJ
from the elaV-Gal4“”’/+; UAS-EBI1-GFP/UAS-Kin-DAD background stained with
anti-HRP (red), anti-Futsch (green) and anti-Flag (blue). Below the merged image the
individual channels are shown. Note that Futsch staining is severely disrupted upon
entering the characteristic overgrown bouton, while in contrast it is in this area that
Flag staining intensifies. (F-I) Representative images of four of muscle 4 synapses
from the elaV-Gal4“"”’/+; EBI-GFP/UAS-Kin-DAD background stained with anti-
Futsch (green) and anti-Flag (blue) demonstrate a consistent exclusion of Futsch

staining in synaptic regions with high levels of Flag.
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Supplemental Movie 3-1: EB1-GFP movement within the synapse of Kin-DAD
expressing larvae. This movie accompanies Figure 3-3. The synapse at muscle 4 is
shown with EB1-GFP movement. Note the disruption in processive forward microtubule

advance that occurs within the characteristically enlarged Kin-DAD bouton.
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DISCUSSION
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In the preceding chapters the importance of the dynamic population of
microtubules in synapse growth was examined. Previous work has convincingly
demonstrated that a population of microtubules bundled and labeled by the MAP, Futsch,
is required for normal synaptic growth and stability (Roos et al., 2000; Eaton et al., 2004;
Ruiz-Canada et al, 2004; Pielage et al. 2005, 2008). However, the importance of
dynamic microtubules in the growth and maintenance of synaptic connections is as yet
unclear. Although the dynamic behavior of microtubules has been studied in cell culture,
these studies have been limited to the study of microtubules in neurite extension and
growth cone advance and have not addressed the behavior or regulation of this population
in synapses. Here, a fluorescently tagged microtubule plus-end binding protein was
expressed in motoneurons to allow examination of dynamic microtubules at the NMJ
(Rolls et al., 2007; Yan and Broadie, 2007). Using this tool, dynamic microtubules were
frequently observed to invade regions of the synapse previously thought to be devoid of
microtubule infiltration due to a lack of Futsch staining in this region (Roos et al., 2000,
Ruiz-Canada et al, 2004). Additionally, the invasive behavior and dynamics of the
pioneer microtubule population were largely unaffected by the loss of Futsch. These data
suggested that the MAP plays little or no role in the regulation of microtubule dynamics
at the NMJ. In a second study, Dia function was found to be required for the regulation
of both the actin cytoskeleton and the pioneer microtubule population. These disruptions
correlated with a significant reduction in synapse growth in the background of a loss of
Dia activity. Interestingly, while the pioneer microtubule population was dramatically
altered, there is only a subtle dis-organization of the stable Futsch-labeled core in the

background of a loss of Dia. Finally, EB1-GFP was used to probe the role of a sub-
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family of formin proteins, the Diaphanous related formins (DRFs) in synapse growth. In
this study the expression of a DRF activating construct resulted in a striking defect in
synapse growth and morphology. This defect corresponded to dramatic changes in the
advance and behavior of EB1-GFP-labeled microtubule plus-ends at the NMJ. Together,
the data from these studies strongly suggest that a pioneer population of microtubules
plays an important role in the continued growth of synaptic connections throughout
development. More studies will be needed to further elucidate the mechanism by which

pioneer microtubules support new synaptic growth.

Analysis of Synaptic Pioneer Microtubules Using EB1-GFP.

Many previous studies of synaptic microtubules have focused on the pattern of
fixed tissue staining of a stable, microtubule core. These studies revealed a common
correlation between disruption of this core and defects in synaptic growth across a variety
of systems (Roos et al., 2000; Pennetta et al., 2002; Zhang et al., 2002; Lu et al., 2004;
Pannetta et al.,, 2004). At the Drosophila NMJ the microtubule core requires the
bundling and stabilizing activity of the MAP, Futsch (Hummel et al., 2000; Roos et al.,
2000). In this system, it has been hypothesized that disruption of the organization of
Futsch staining reflects changes in the dynamics of the underlying microtubules (Roos et
al., 2000; Ruiz-Canada et al., 2004). Due to technical limitations, however, this
hypothesis had never been tested. Here it was demonstrated that EB1-GFP could be used
to monitor a population of synaptic pioneer microtubules in vivo. The findings in these
studies largely support an alternate hypothesis that is that the stable microtubule core and

microtubule dynamics are regulated independently. It was observed for example, that the
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dynamic properties and invasive behavior of pioneer microtubules were largely
unaffected by the loss of Futsch, a background with a fragmented and disorganized
microtubule core. Additionally, a significant change in microtubule behavior was
observed in the NMJs of Diaphanous null larvae, while the stable core was only subtly
affected (Fig. 2-8). Thus, to gain a better understanding of the regulation of microtubules
at the NMJ, it will be important to re-examine the behavior of pioneer microtubules in
other backgrounds known to alter the organization of the stable microtubule core. The use
of EB1-GFP will in future allow a more thorough study of the regulation of microtubule

cytoskeleton at the NMJ.

Regulation of Synapse Growth by Pioneer Microtubules

Examination of pioneer microtubules in other systems may provide some insight
into the mechanisms by which this population may regulate synapse growth. It was
demonstrated that pioneer microtubules within the third instar Drosophila NMJ invade all
regions of the synapse and frequently track the membrane cortex. This behavior is
remarkably similar to the behavior of pioneer microtubules in a variety of other systems
such as the growth cone, migrating fibroblasts and budding yeast (Tanaka et al., 1995;
Dent and Kalil, 1999; Adames et al., 2000: Gundersen, 2002; Salmon et al., 2002;
Schaeffer et al., 2002; Gundersen et al., 2004; Suter et al., 2004). In these systems, a
population of dynamic plus ends has been shown to constantly explore the cell cortex
thereby allowing the identification of rare targets, such as activated signaling receptors or
other cell surface proteins. For example, in the growth cone, invasion of filopodia by

pioneer microtubules is required for normal and efficient guidance signaling. In the
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nervous system, successful transmission of trophic signals is required for the growth and
maintenance of synapses (Aberle et al., 2002; Marques, 2005; Zweifel et al., 2005; Bamji
et al., 2006; Reichardt, 2006). Thus, a potential role for the pioneer microtubule
population at the synapse may be to target and relay trophic signaling at sites permissive
of new growth. A number of recent studies have demonstrated that the BMP signaling
pathway acts as trophic support for the Drosophila NMJ (Aberle et al., 2002, Eaton et al.,
2005). In future, it will be of interest to determine whether changes in the behavior of
pioneer microtubules alters the efficiency or levels of BMP signaling at the synapse. It
will be particularly interesting to address this question under conditions of impaired
microtubule advance. For example the pre-synaptic expression of Kin-DAD results in
the trapping of dynamic plus-ends at a particular point in the synapse (See Fig.3-3 B).
Additionally, it would be worthwhile to examine the effect of expression of an activated
BMP receptor, such as Wit, on the behavior of pioneer microtubules. Together these
studies will aid in further elucidating the contribution of pioneer microtubules in synapse
growth.

The pre-synaptic expression of EB1-GFP may also be of use in dissecting the
contribution of dynamic microtubules and actin in synapse growth. The regulation of
both actin and microtubules are required for the normal development of the NMJ,
although it is likely that each element is required for different aspects of bouton addtion
(Roos et al., 2000; Stewart et al., 2002; Pannetta et al., 2002; Marie et al., 2004; Ruiz-
Canada et al., 2004; Stewart et al., 2005). Actin is required in many systems for the
membrane protrusion required for the formation of new synaptic connections (Stewart et

al., 2002; Coyle et al., 2004; Marie et al., 2004; Stewart et al., 2005), while it is

159



hypothesized that pioneer microtubules are required to identify sites permissive of new
bouton addition (see Fig. 1-11). Thus the addition of a new bouton would require the
coordinated regulation of both cytoskeletal elements and disruption of either function
would be expected to result in synaptic growth defects. Interestingly, in these studies
Diaphanous was demonstrated to regulate both actin polymerization and the rate of
pioneer plus-end advance (See Fig. 2-3 and Fig. 2-6). As expected, disruption of both of
these elements resulted in decreased synapse growth (See Fig. 2-2B,D,F). While it is
clear that the mis-regulation of actin contributes to this growth defect, the extent to which
defects in pioneer microtubule growth contribute to this phenotype was not examined.
To address this question, the expression of a Diaphanous construct lacking the ability to
regulate pioneer microtubules, while maintaining actin regulation could be informative.
This study will require mapping the tubulin interaction domain of Diaphanous. Thus, in
future, the use of EBI-GFP can be used to probe the interplay of microtubule and actin

regulation in the development of the synapse.

Regulation of Synapse Stability by Pioneer Microtubules.

The loss of extant synaptic connections underlies the pathology of
neurodegenerative diseases. While the mechanisms underlying synapse loss are not
clear, there have been a number of hints that the normal regulation of dynamic
microtubules may be required for synapse maintenance. For example, loss of p150/Glued
activity is correlated with synapse loss in systems from Drosophila to humans (Eaton et
al., 2002; LaMonte et al., 2002; Puls et al., 2003; Munch et al., 2004). It is interesting to

note that this dynactin complex member is also required for normal pioneer microtubule
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advance and growth (Ligon et al., 2003 and Figl-7B,D,F,G,J). Together these facts raise
the possibility that microtubule dynamics play a role in synapse maintenance, perhaps
through the efficient relay of trophic signaling. However, the stable microtubule core is
also disrupted in a number of retraction backgrounds, suggesting that synapse loss may
be the result of loss of protein trafficking and physical support. To further probe the role
of dynamic microtubules in synapse retraction, the behavior of pioneer microtubules
should be examined in other retraction backgrounds, for example in the background of
pre-synaptic disruption of a-spectrin activity (Pielage et al., 2005, Pielage et al., 2008).
Live imaging of dynamic plus-ends in a synapse actively undergoing a retraction event
could provide some insight into the behavior of pioneer microtubules at sites of synapse
loss. However, such a study presents a number of technical challenges. To identify an
individual retraction event will require that the pre-synaptic membrane be marked,
perhaps using pre-synaptic expression of a fluorescently labeled CD8 molecule or
through use of an FM dye, as well as pre-synaptic EB1-GFP. Additionally, this study
would require the observation of a single synapse over a period of hours, presenting a
challenge to keeping the larval preparation alive for the period of study.

In the preceding studies presynaptic expression of EB1-GFP was used as a tool to
characterize the behavior and regulation of a newly described population of pioneer
microtubules at the Drosophila NMJ. In these studies it was revealed that the behavior
and regulation of pioneer microtubules is largely independent from the regulation of the
well-studied Futsch-labeled core. In future it will be important to examine the behavior of
both the dynamic and stable microtubules when assessing the function of molecule

affecting synapse growth. In the above studies the behavior of pioneer microtubules in a
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variety of genetic backgrounds has suggested potential roles for this population in the
growth of the synapse. Further it is possible that mis-regulation of microtubule dynamics
could affect synapse stability. Future studies will be required to continue to probe the role

of dynamic microtubules in the growth and maintenance of synaptic connections.
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