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DISSERTATION ABSTRACT
Javier Fierro, Jr.
Doctor of Philosophy
Department of Chemistry and Biochemistry
December 2014

Title: Glutamatergic Synapse Formation in Developing Zebrafish Embryos

In order for a human being to process complex thought, cells within the brain must
communicate with each other in a very precise manner. The mechanisms which underlie
the development of these connections, however, are poorly understood and thus require a
thorough investigation. In this dissertation, we attempt to identify components involved
in stabilizing synaptic contacts and the mechanisms by which synaptic proteins are
trafficked to newly forming contact sites. Interestingly, we also identify a gene involved
in the formation of the myotome.

To identify proteins involved in stabilizing synaptic contacts, we characterized the
function of 4.1B in developing zebrafish embryos. 4.1B is a scaffolding molecule
involved in stabilizing protein complexes at sites of cell adhesion. We identified two 4.1B
genes in the zebrafish genome, 4.1B-a and 4.1B-b, which are differentially expressed and
have evolved divergent functions. 4.1B-a is expressed within the central nervous system,
specifically within primary motor neurons. Knockdown studies show a reduction in the
number of synapses and altered kinetics of touch evoked-responses, suggesting a role in
synaptic stabilization. In contrast, 4.1B-b is primarily expressed in muscle cells.
Knockdown of 4.1B-b results in severe muscle fiber disorganization as well as altered

locomotor behaviors. Together, these data suggest the basic functions of 4.1B are
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evolutionarily conserved, with new roles described in the development of synapses and
muscle fibers.

To determine the mechanisms that underlie protein recruitment to newly forming
synapses, we examined the recruitment of three distinct transport packets in the zebrafish
spinal cord. During presynaptic assembly, we found synaptic vesicle protein transport
vesicles preceded piccolo-containing active zone precursor transport vesicles, which in
turn preceded synapsin transport vesicles. We identified the last transport packet as a
unique and independent mechanism for the recruitment of synapsin, a protein involved in
regulating the reserve pool of synaptic vesicles. Importantly, we found cyclin-dependent
kinase 5 regulated the late recruitment of synapsin transport packets to synapses, thus
identifying kinases as a key signaling molecule in the formation of synaptic contacts.
Together, this work provides new insight into the mechanisms that underlie
synaptogenesis.

This dissertation includes both previously published and unpublished co-authored

material.
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CHAPTER |

INTRODUCTION

Studying the Nervous System

The nervous system is a highly complex molecular computer capable of
processing trillions of computations per second. The central nervous system alone, which
consists of the brain and spinal cord, is composed of approximately 100 billion neurons
that make over 100 trillion connections for higher cognitive functions such as learning
and memory, language acquisition and processing, and consciousness itself. It is no
wonder then that a mutation in any of the vast number of proteins that can be found
within the central nervous system can lead to a number of neurological disorders, as well
as varying degrees of severity for each disorder characterized. The story, of course,
becomes much more complex when we realize the architecture of the nervous system is
highly dynamic, changing constantly over the development of an organism as well as
influenced by environmental factors which cannot be accounted for as of yet. So how
then can we solve the increasing number of cases of dementia, autism, and schizophrenia
when we are dealing with the most complex entity in the universe? The answer is, we
can’t. Our understanding of the nervous system is so minimal, we cannot even begin to
describe the mechanisms which underlie how a neuron finds its target neuron, how
synapses form and mature, or how any of this leads to a conscious being. At the moment,
all we can do is access each individual problem in a minimalistic way, understanding that
every problem is temporally, spatially, and context specific. Neuroscientists take on this

daunting task with the hope that one day we can put the answers to these individual



problems together to achieve our common goal of understanding how we exist as a
conscious being, and how we can treat neurological disorders to enhance our existence as
a species on this planet. In this dissertation, we are concerned with the development of
the nervous system, specifically how the point of communication between two neurons,

called a synapse, develops.

Basic Neurobiology

A neuron is a specialized cell found within the central and peripheral nervous
systems that are capable of sending electrical signals from one neuron to another. The
purpose of this communication is to regulate all functions of the human body including,
but not limited to, simple reflex arcs and higher cognitive thought. In general, the neuron
Is an asymmetric structure with projections extending from either end of the cell body
which allow it to communicate with other cells. At one end of the neuron you will find
the dendrites. The role of the dendrites is to receive information from other cells and
transmit them to the cell body. These structures form a highly complex branching
network which is capable of receiving information from a few hundred to hundreds of
thousands of different sources. At the other end of the cell body is the axon. The role of
the axon is to regenerate that signal and transmit it to the next cell (Kandel, 2012).

The point of communication between two cells is called a synapse. This is a
specialized region within the nervous system where an axon from the presynaptic cell
meets the dendrite of the postsynaptic cell. It is important to note that the two neurons do
not connect to each other directly, but are rather separated by a space called the synaptic

cleft. At the terminal of an axon there are voltage-gated calcium channels, synaptic



vesicles filled with neurotransmitters, hundreds of proteins important for neurotransmitter
release (called the active zone), a reserve pool of synaptic vesicles, endoplasmic
reticulum, and mitochondria (Chia, 2013). At the dendritic membrane there is a
protenacious area called the postsynaptic density (PSD) that is estimated to contain over
ten thousand proteins important for cognitive functions such as learning and memory.
Within this region you will find cell adhesion molecules, scaffolding molecules, motor
proteins, cytoskeletal proteins, kinases, phosphatases, GTPases, receptors, and ion
channels. There are also mitochondria within the postsynaptic terminal which are
necessary for the various energy dependent processes (Sheng, 2011).

When an electrical signal in the presynaptic cell reaches the axon terminal,
voltage-gated calcium channels open up allowing calcium to flow into the cell. This
calcium is recognized by calcium sensing molecules located on synaptic vesicles at the
plasma membrane. When this binding occurs, it causes a conformational change in the
active zone components which allow the synaptic vesicle to fuse with the membrane and
release the neurotransmitter. When the neurotransmitter is released, it binds to receptors
on the postsynaptic terminal. If the receptors are excitatory, they will initiate the
electrical signal in the next cell once bound by neurotransmitter. If they are inhibitory
receptors, they will prevent the cell from initiating the electrical signal, thus regulating
signals transmitted within the nervous system. The time scale of all of these events is
between 1 ms and 10 ms, and thus, a single synaptic connection is capable of transmitting
one to hundreds of signals per second (Sudof, 2013). These events are critical for the
proper functioning of the nervous system, but the mechanisms that underlie how these

connections form is poorly understood.



The Zebrafish as a Model Organism for Studying Nervous System Development

To begin our discussion of how the nervous system develops, we first must
consider the model organism for which we want to conduct our experiments in. Danio
rerio, the zebrafish, provides the best model to study developmental processes as it
combines the best features of all model organisms. The zebrafish is a vertebrate which
develops externally and allows for the manipulation of the organism at all ages of
development. By 24 hours post fertilization (hpf), the characteristic features of an adult
zebrafish can be seen including eyes, ears, functioning heart, forebrain, midbrain,
hindbrain, and spinal cord. Conveniently, the zebrafish is transparent up to 26 — 28 hpf,
making the visualization of these structural elements easy to identify (Lieschke, 2007), as
well as allows for the visualization of synaptogenesis (Jontes, 2000). The generation time
is similar to the mouse (10 — 12 weeks) but the mature zebrafish can produces hundreds
of fish on a weekly basis, whereas an adult mouse can only produce a litter of 6 — 8 pups
5—10 times a year. Finally, for the purpose of our studies, at early developmental stages
they display simple behaviors. In particular, at 19 hpf, zebrafish embryos exhibit
spontaneous coils which allow us to study electrical synapses within the nervous system.
By 24 hpf, zebrafish are able to respond to a mechanical stimulus when applied to the
dorsal region of the spinal cord,; this gives us the opportunity to study the formation of
glutamatergic chemical synapses. These simple reflex arcs involve a limited number of
neurons within the spinal cord (Pietri, 2009) and provide a great model organism for
which to study synapse development as well as other developmental processes (reviewed

in Lieschke, 2007).



The Zebrafish Spinal Cord

The zebrafish spinal cord is a great model system to use for the study of
neurodevelopment as it has a small number of identified neurons. The trunk and tail of
the zebrafish is segmentally arranged, with each segment containing a stereotyped
number of cells. At early developmental stages, the zebrafish spinal cord has a limited
number of spinal neurons that can be easily identified based off of cellular morphology
and axon trajectory. Despite this relatively small number, there are still too many to
discuss in any amount of detail. To limit our discussion of spinal neurons, I will only
discuss those that are involved in the touch response neuronal circuit. This circuit is a
simple reflex behavior observed between 21 — 30 hpf which allows the zebrafish to
contract its tail in resonse to a stimulus.

The first cell in the touch response neuronal circuit in zebrafish is the Rohon-
Beard sensory cell. These cells lie in a double row along the dorsolateral spinal cord and
are not segmentally arranged. They send projections out through the skin to sense touch
via mechanoreceptors, and they send their axons out, emanating from both the rostral and
caudal end of the cell body. Rohon-beard cells begin sending their axons out at 17 hpf, in
which they pioneer the dorsal longitudinal fasical, an important track that other neurons
use to find their neuronal targets. By 24 hpf, Rohon-beard cells have extended their axons
along the entire length of the spinal cord (Metcalf, 1990). Rohon-Beard cells were first
discovered in Xenopus laevis (the African clawed frog) and were found to be involved in
triggering swimming episodes (Clarke, 1984). Interestingly, Rohon-beard cells die
between the first and third day of development and are replaced by dorsal root ganglion

sensory neurons in the peripheral nervous system (Reyes, 2004). It is hypothesized that



these cells are important for mediating hatching behavior in the early embryo. Embryos
are enclosed in a chorion which is a membranous sac consisting of two inner layers and
one outer layer (Hagenmaier, 1973). In order for the embryo to get out of the chorion, the
hatching glad within the ventral yolk sac must release an enzyme that will weaken the
inner layers of the chorion (Kim, 2006). As the zebrafish continues to develop, the
zebrafish will be able to sense the walls of the chorion through the dendrites of the
Rohon-beard cells, and thus they begin to move in response to this stimulus which
ruptures the outer layer (Reyes, 2004).

The next cell within the zebrafish touch response neuronal circuit is the
Commissural Primary Ascending (CoPA) interneuron. The CoPA cell lies just ventral of
the Rohon-beard sensory cell in the dorsal spinal cord and is not segmentally arranged
(Kuwada, 1990). CoPAs begin extending their axon ventrally by 16 hpf before crossing
the midline and extending dorsally and rostrally to meet up with the dorsal longitudinal
fasical extending toward the telencephalon. At early developmental stages, CoPA cells do
not have any dendritic processes, and thus all Rohon-beard cells synapse onto the cell
body. The furthest most caudal cells can extend their axon the entire length of the spinal
cord (Bernhardt, 1990; Hale, 2001) and it is believed the CoPA cell provides the
contralateral switch which is necessary for executing the contralateral coil during touch
evoked behaviors (Pietri, 2009). CoPA cells were originally first identified in Xenopus
laevis, named dorsolateral commissural interneurons, and were found to be an excitatory
neuron involved in local bending circuits by exciting motor neurons contralateral to the
sensory stimulus (Roberts, 1990). This provided the first evidence that CoPA cells may

be involved in exciting motor neurons for producing bends away from the stimulus. Since



then, it has been shown that CoPA cells are involved in the touch response neuronal
circuit (Pietri, 2009) and that a single Rohon-beard cell can make contact with every
CoPA cell in the spinal cord (Easly-Neal, 2013). There has also been evidence to suggest
that muscle contraction on the ipsilateral side (same side as the stimulus) is inhibited at
the level of the CoPA cell, thus synchronizing activity on the two sides of the embryo
(Saint-Amant, 2001). The exact mechanism for how this occurs however has not been
determined.

The next cell in the touch response neuronal circuit is unknown. The criteria for
this cell includes being ventrally located in apposition to the CoPA cell axon. It must
have a descending axon which must synapse onto primary and secondary motor neurons,
and it may be electrically active at early developmental stages. The latter criterion is
based on the idea that spontaneous coiling is mediated by pacemaker activity from an
electrically active cell (Drapeau, 2001; Knogler, 2014; Pietri, 2009). The pacemaker
activity can come from this unknown cell, or it may come from another cell within the
spinal cord. The pacemaker cell within the spinal cord responsible for spontaneous coils
also remains unknown.

The final set of neurons that are involved in the touch response neuronal circuit
are the primary motor neurons. Primary motor neurons develop early and have a large
cell body (Mendelson, 1986). There are four identified primary motor neurons at 24 hpf.
The caudal primary motor neuron (CaP) begins to extend its axon at 17 hpf to form the
ventral root and pioneer the ventral nerve necessary for later axons to navigate (Eisen,
1986; Pike, 1992; Wilson, 1990). The CaP motor neuron extends its axon ventrally along

the medial myotome and is believed to be the first neuron to initiate spontaneous coiling



(Drapeau, 2002; Melancon, 1997). The middle primary motor neuron (MiP) extends its
axon ventrally before pausing at the ventral root and changing directions to grow dorsally
along the medial mytome to form the dorsal nerve (Eisen, 1986; Westerfield, 1986). The
rostral primary motor neuron (RoP) extends its axon ventrally towards the ventral root
and extends laterally within the region that will form the horizontal myoseptum (the area
which separates the dorsal and ventral myotome). Finally, there is the variable motor
neuron (VaP) which is present in only half of the segments and dies by 36 hpf. The axon
grows ventrally and does not pass the horizontal myoseptum (Eisen, 1990). All cells
grow toward the ventral root and pause before diverging and extending their axons to
their specific myotomal targets for muscle contraction after all connections have been
formed (Beattie, 2000). With an understanding of the cells that are involved in the touch-
response neuronal circuit, we can now begin our discussion of synaptogenesis in the

zebrafish spinal cord.

Synaptogenesis in the Zebrafish Spinal Cord

Synaptogenesis is the study of the development of a synapse, from the initial
formation to the maturation of the synaptic contact. In general, a neuron will send out an
axon into the environment in search of its synaptic partner. The growth cone, a hand like
projection at the tip of the axon, will send out fillopodia into the environment (Dent,
2011). At the plasma membrane of these fillopidia are cell adhesion molecules which are
necessary for the axon to find its synaptic target. These cell adhesion molecules will
interact like a lock and key with cell adhesion molecules on the dendrites, thus providing

the specificity needed for proper synapse formation (Washbourne, 2004). When these cell



adhesion molecules interact, a cascade of signaling events occurs which begins the
recruitment of pre and postsynaptic components (McAllister, 2007). Only proteins
discussed within chapters 2 and 3 will be discussed below.

On the presynaptic side, proteins are recruited in very distinct packets with very
distinct time courses. In the zebrafish spinal cord, the first packet to arrive at the synapse
are the synaptic vesicle protein transport vesicles (STV) which contain proteins such as
VAMP2, synaptotagmin, and SV2 (Ahmari, 2000; Takamori, 2006). Synaptotagmins are
calcium sensing proteins, and are important for sensing calcium in the presynaptic
terminal for neurotransmitter release (Stidof, 2013). SV2 (Synaptic vesicle protein 2) is
required for normal transmission and is thought to play a role in regulating exocytosis of
neurotransmitters. VAMP2 (Vesicle associated membrane protein 2) is one of the main
components of the protein complex involved in synaptic vesicle docking and fusion to the
plasma membrane (Vautrin, 2009). Together these proteins regulate important functions
of the presynaptic terminal involved in the release of neurotransmitter, and are all
associated with synaptic vesicles. The next transport packet to be recruited to the plasma
membrane is the piccolo-containing active zone precursor transport vesicle (PTV), which
contains the proteins Piccolo, Bassoon, and SNAP-25 (Shapira, 2003; Zhai 2001).
Piccolo and Bassoon are both scaffolding molecules that are important for organizing
other active zone components involved in regulating neurotransmitter release. SNAP-25
is a t-SNARE protein involved in vesicle docking and membrane fusion. Finally, the last
transport packet to be recruited to the presynaptic terminal is the synapsin transport
packet which its only known protein is synapsin. Synapsin is involved in regulating the

reserve pool of synaptic vesicles, which contains the majority of synaptic vesicles that



can only be released under intense stimulation (Benfenati, 1989; Bonanomi, 2005;
Kuromi, 1998). This transport packet is regulated by cyclin-dependent kinase-5 (Cdk-5),
which has also been shown to regulate the reserve pool of synaptic vesicles (Kim, 2010).
The details regarding the dynamics of these various synaptic transport packets as well as
the role Cdk-5 plays in regulating synapsin recruitment will be discussed further in
Chapter 3. Other proteins at the presynaptic terminal, which constitute several hundred
proteins, have not been studied in zebrafish. Many of these proteins may be recruited
within the three described transport systems, or they may be recruited as independent
packets with their own time course that has not yet been discovered.

Thirty minutes after the arrival of the transport packets on the presynaptic side,
protein recruitment on the postsynaptic side begins. Much of our knowledge on
postsynaptic recruitment has been determined in rat cortical and hippocampal neurons
(Friedman, 2000; Washbourne, 2002). Despite these studies, extremely little is known
about the dynamics of protein recruitment for the ten thousand proteins that exist within
the postsynaptic density. Two of the major receptors that are recruited to nascent sites are
NMDA and AMPA receptors. These receptors play a vital role in glutamatergic synapse
formation and are involved in learning and memory (Rudy, 2014). For the purpose of this
dissertation, it is important to note that NMDA and AMPA receptors are recruited
independently of each other, with NMDA receptors being recruited before AMPA
receptors. This creates a silent synapse which is an immature synapse (Washbourne,
2002; 2004). Despite our lack of understanding of postsynaptic recruitment, many of the
proteins that exist at the postsynaptic side in other model systems also exist within

zebrafish. Both NMDA and AMPA receptors have been shown to be expressed within the

10



spinal cord (Cox, 2005; Hoppmann, 2008), and have a role in touch-evoked coiling
(Pietri, 2009). The PSD-95 family of membrane-associated guanylate kinases
(MAGUKS) have also been shown to be expressed within the spinal cord of zebrafish.
Specifically, it was shown that zebrafish posses one copy of PSD-95, PSD-93, and two
copies of Sap-97. These are thought to act as scaffolding molecules involved in
stabilizing molecular complexes at the plasma membrane at excitatory synapses (Meyer,
2005). Finally, it is also important to call attention to gephryin, a major component of
inhibitory synapses which mediates the recruitment and stabilization of glycine receptors
and GABA receptors. The zebrafish has duplicated gephryin genes which are expressed
within the spinal cord at 24 hpf and are involved in escape behaviors (Ogino, 2011). The
duplicated genes arose when teleost fish branched off from other vertebrates. Many of the
genes in zebrafish are duplicated, with some duplicates partitioning the function of their
human homologue, while other duplicates have either gained new functions or lost some
of their original functions (Postlethwait, 1998)

As new techniques and data come in, we continue to develop a better picture of
the proteins involved in synaptogenesis in zebrafish. More work will be needed to fully
characterize the expression and function of the thousands of remaining proteins, however,

in order to gain a complete understanding of synapse formation.

Project Overview

As stated previously, the nervous system is quite complex. An understanding of
the material presented above is necessary for understanding the questions we are
addressing, as well understanding the conclusions we are drawing based on the results we

obtained. In this dissertation, we examine the role of 4.1B, a scaffolding molecule that is
11



capable of forming large macromolecular complexes at the plasma membrane. We
identify 4.1B as an important component of excitatory synapses and find that loss of 4.1B
containing synapses leads to altered locomotor behaviors. We also address the dynamics
of protein trafficking to the presynaptic terminal and identify a new transport packet that
gets recruited to the presynapse with its own distinctive time course. These new transport
packets, referred to as synapsin transport packets, are recruited to nascent synapses by
Cdk-5, suggesting a new role for kinases during the development of the nervous system.
We are only beginning to shed light on the mechanisms underlying synaptogenesis, and
these studies help brings us that much closer to our understanding of the inner workings
of the brain.

This dissertation includes previously published and unpublished co-authored
material. Chapter Il contains material that will be published with co-authors Dylan
Haynes, Kathryn Glaspey, and Philip Washbourne. Chapter 111 contains material that was
previously published in Cell Reports in 2013 wit co-authors Courtney Easly-Neal, JoAnn

Bucanan, and Philip Washbourne.
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CHAPTER II
DUPLICATED 4.1B GENES IN ZEBRAFISH EVOLVED DIVERGENT
FUNCTIONS FOR THE DEVELOPMENT OF GLUTAMATERGIC SYNAPSES

AND THE MYOTOME

The work described in this chapter was co-authored by myself, Dylan Haynes,
Kathryn Glaspey, and Philip Washbourne. Kathryn Glaspey carried out the chromogenic
in situ hybridizations. Dylan Haynes performed the initial experiments with 4.1B-a and
helped with data analysis. Philip Washbourne helped in the design of the project as well
as with the editing of the manuscript. | performed the majority of the experiments and

wrote the manuscript.

Introduction

During the development of an organism, proper formation of cell adhesion
contacts are necessary for forming synaptic contacts within the central nervous system, as
well as attaching muscle fibers to the extracellular matrix in the musculoskeletal system.
Mutations in cell adhesion molecules (Bleecker, 1994; Zhiling, 2008), scaffolding
molecules (Boeckers, 2002; Constantin, 2014), and receptors (Campbell, 2006; Hodges,
1997) have been implicated in devastating disorders such as autism and Duchenne
muscular dystrophy, but the mechanisms that underlie how these proteins are recruited
and stabilized at cell adhesion sites is poorly understood. To gain insight into how these
macromolecular complexes may form, we investigated the role of 4.1B during embryonic

zebrafish development.
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4.1B is a scaffolding molecule that belongs to the 4.1 family of proteins. The four
proteins that make up this family were originally named based on their expression
patterns and they include 4.1R (red blood cell), 4.1N (neuronal), 4.1G (general), and 4.1B
(brain), with corresponding gene names epb41, epb41l11, epb41l2, and epb41I3
respectively. It has since been shown that all four of these genes are ubiquitously
expressed and knockdown of any one of these show a wide range of phenotypes. These
studies have suggested that the overall function of the 4.1 family of proteins is to stabilize
transmembrane signaling complexes at the plasma membrane in a distinct temporal and
spatially determined pattern (reviewed in Baines, 2013).

At its N-terminus, all 4.1 proteins contain a FERM (4.1, ezrin, radixin, moesin)
domain that is capable of interacting with the plasma membrane, cell adhesion molecules,
ion channels, and other transmembrane domain containing proteins (reviewed in Baines,
2013). Adjacent to the FERM domain is the FERM adjacent (FA) region that regulates
the activity of the FERM domain (Baines, 2006). At their C-terminus, there is a unique
C-terminal domain (CTD) that defines the 4.1 proteins (Scott, 2001). The function of the
CTD is not well understood, but the CTD of 4.1N and 4.1G has been shown to interact
with the GIuR1 and GIuR3 subunits of the a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) receptor (Coleman, 2003; Shen, 2000). It has also been shown
that 4.1B can directly interact with avp8 integrin through the CTD; this is important for
CNS function (McCarty, 2005). Finally, in between the FA and CTD domains is the
spectrin actin binding domain (SAB) that stabilizes protein complexes at the F-actin-
spectrin cytoskeleton (Gimm, 2002). Various studies have suggested the major function

of the 4.1 proteins is to tether macromolecular complexes to the actin-spectrin
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cytoskeleton (Delhommeau, 2005; Discher, 1995; Gimm, 2002; Shen, 2000) however,
invertebrates do not possess an SAB domain in their 4.1 homologues (Baines, 2010).
Loss of coracle, the 4.1 homologue in the fruit fly, is recessive embryonic lethal (Fehon,
1994). This result suggests the early function of this protein is involved in regulating
multiple membrane proteins through the FERM and CTD domains, independent of SAB
function. It has also been shown that 4.1N has lost the SAB activity throughout evolution
(Gimm, 2002). This provides further evidence that the inclusion of the SAB domain was
a gain of function during evolution, and thus may not be necessary for 4.1B function.
4.1B has long been known to interact with synaptic cell adhesion molecule 1
(SynCAM1), a cell adhesion molecule implicated in initiating synaptogenesis (Biederer,
2002; Yageta, 2002). The interaction occurs through lobe C of the FERM domain in
4.1B, to a cytoplasmic 4.1 binding motif on SynCAML1 (Yageta, 2002). These proteins
are highly expressed within the brain (Fujita, 2005; Parra, 2000) and are enriched at
postsynaptic densities (Scott, 2001). Both proteins play a critical role in the suppression
of tumor formation and metastasis, and have been implicated in gliomagenesis (Gutmann,
2000; Nunes, 2005; Rajaram, 2005; Singh, 2002; Zhang, 2013). SynCAML has also been
directly linked to autism spectrum disorders in profiled patients (Zhiling, 2008), while no
such link has been established for 4.1B or other 4.1 proteins. Microarray studies in
postmortem autistic brains, however, have shown an increase in 4.1N expression levels,
suggesting a possible role for 4.1 proteins in the progression of autism (Purcell, 2001). To
gain insight into the role of these two proteins during synaptogenesis, Hoy et al. (2009)
recently showed SynCAML1 can recruit N-methyl-D-aspartate (NMDA) receptors to

synaptic contact sites via 4.1B in nonneuronal cells. This correlated with an increase in
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the frequency of NMDA receptor mediated activity and localization. They also showed
that overexpression and knock-down of 4.1B in hippocampal neurons affected
synaptogenesis and NMDA receptor mediated transmission, providing further evidence
4.1B can associate with NMDA receptors. Interestingly, SynCAML1 can recruit AMPA
receptors via 4.1N, thus providing independent mechanisms for glutamate receptor
recruitment during synaptogenesis (Hoy, 2009). These data complement data showing
4.1N regulates the surface expression of AMPA receptors in cultured cells (Chen, 2000).
The results from these in vitro cell culture experiments have been challenged,
however, by results obtained from mice with severe knockdown of 4.1N and 4.1G
(Wozny, 2009). These double knock-out mice show no alterations in synaptic structure or
number, and are phenotypically normal. A reduction in the number of GIuR1 and
GIuR2/3 subunits in synaptosome preparations was observed, but electrophysiological
recordings from hippocampal neurons showed no differences in AMPA or NMDA
receptor mediated transmission. Importantly, no deficits during short-term and long-term
plasticity studies were observed, suggesting 4.1 proteins are not involved in proper
neuronal transmission in vivo (Wozny, 2009). It is impossible to know the precise cause
for the differences in these results, but it is possible that the in vivo studies are
complicated by redundant or compensatory mechanisms masking phenotypes that
resemble the data observed in vitro. It is also possible that studies done in vitro allow
protein interactions to occur that are not physiologically relevant. There are many
mechanisms that regulate the stabilization, recruitment and organization of proteins at the
synapse of a living organism. For example, synaptic activity and neuronal depolarization

within a circuit can lead to the induction of new gene synthesis, termed “the genomic
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signaling hypothesis” (Rudy, 2014), thus providing a level of regulation that cannot be
seen in cultured cells. This leaves us with significant questions about the involvement of
4.1B in the formation of glutamatergic synapses.

It is also important to note that in situ hybridization studies of 4.1B in mice have
shown an isoform-specific variant expressed in muscle tissue that possesses a full SAB
domain (Parra, 2000). The necessity of the full SAB domain versus the truncated form
has not been studied, but evidence suggests both the full SAB and the truncated version
are capable of binding to the actin-spectrin cytoskeleton in muscle (Delhommeau, 2005;
Kontrogianni-Konstantopoulous, 2000). There has also been no study done that shows a
direct link between 4.1B and muscle development, although studies have shown that 4.1R
may regulate macromolecular complex formation at the sarcolemma (Delhommeau,
2005). Studies performed on human skeletal muscle tissue revealed an isoform-specific
variant of 4.1R that contains a full SAB domain, similar to the 4.1B variant expressed in
muscle (Delhommeau, 2005; Parra, 2000). Antibody staining shows 4.1R is localized to
the sarcolemma and colocalizes with dystrophin, an important component of the
dystrophin-glycoprotein complex that connects the cytoskeleton of the sarcolemma to the
extracellular matrix (Campbell, 1989). Dystrophin is a key protein whose loss is directly
linked to Duchenne muscular dystrophy (DMD). Analysis of skeletal muscle from
patients who suffer from DMD reveal that 4.1R is completely lost, and correlates to the
loss of dystrophin (Delhommeau, 2005). Thus, it is reasonable to hypothesize that 4.1R is
involved in stabilizing the dystrophin-glycoprotein complex to the cytoskeleton and
sarcolemma in muscle tissues. This study highlights the variability within 4.1 protein

function as well as their importance in physiological diseases.
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To shed more light on the role of 4.1B during development, we decided to
characterize the function of 4.1B in zebrafish. Zebrafish are a great model organism to
study 4.1B function because we can study the initial formation of synapses and muscle
during the development of the embryo. Zebrafish also exhibit very simple behaviors at
early developmental stages that can be attributed to a small number of identified spinal
cord neurons that innervate the myotome. This provides the opportunity to directly
compare our physiological data with our behavioral data to provide a more complete
analysis of 4.1B function. We identified two 4.1B homologues in zebrafish which we
named 4.1B-a and 4.1B-b. The genes that encode these proteins, epb4113a and epb41I13Db,
are differentially expressed. epb4113a is expressed within the central nervous system
specifically within primary motor neurons. Using antisense morpholino technology
(MO), we found that 4.1B-a knock-down caused a reduction in the number of synapses
onto primary motor neurons which correlated with a decrease in kinetics of touch-evoked
responses. Our studies suggest 4.1B-a is required for the formation of glutamatergic
synapses that are necessary for proper circuit formation. Interestingly, epb4113b is
expressed within muscle cells. Knockdown of 4.1B-b results in severe muscle fiber
disorganization as well as altered spontaneous and touch evoked responses. This suggests
4.1B-Db is involved in stabilizing proteins at the sarcolemma of muscle cells, necessary for
muscle fiber organization. Taken together, our data suggest that the basic functions of
4.1B are evolutionarily conserved in mediating macromolecular protein complex

formation with new insights into synapse development and myotome organization.
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Results
Characterization of Zebrafish epb4113 Homologues

To search for zebrafish homologues of epb41I3, we searched the zebrafish
genome database with mammalian 4.1B as a template. We identified two genes with
similar identity, one on chromosome 24 and one on chromosome 2 which we designated
epb41l3a and epb41I3b respectively. The corresponding protein names are 4.1B-a and
4.1B-b. To ensure the identified genes are co-orthologs of mammalian epb41I3, we
performed an analysis of conserved synteny. We determined the putative epb41I3 genes
are related to mammalian epb41I3 (Figure 1A) because the genes surrounding epb4113 on
Mus musculus chromosome 17 are preserved with those genes present on Danio rerio
chromosome 24 and chromosome 2. The genes Lrrc30 and Vapa, appear to be the only
other genes represented as duplicates in our analysis. Within this region of Chromosome
24 in Danio rerio, we observed only one chromosomal rearrangement between genes
zgc:66442 (orthologous to Mus musculus Zfp161) and Vapa. This suggests minimal
rearrangement occurred on this chromosome throughout evolution. In contrast,
chromosome 2 in Danio rerio has many rearrangements. Both epb4113 genes in Danio
rerio are near the end of their respective chromosomes. It has been shown that
chromosomal rearrangements are more likely to occur at chromosomal ends, and thus
may explain why there is less conserved synteny for the epb4113b gene (Bailey, 2006).
No conserved syntenies were found between the zebrafish epb41I3 genes and the other
three mammalian epb41l genes, providing further evidence that the identified epb4113

genes are orthologous with mammalian epb41I3.
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Pairwise alignments of the zebrafish 4.1B proteins with human 4.1B revealed
both proteins contained a FERM domain, a FERM adjacent domain, and a CTD domain
(Figure 1B). Only 4.1B-a possessed a predicted SAB domain, thus structurally, 4.1B-a is
more conserved with human 4.1B. All vertebrate 4.1B proteins examined (data not
shown) have retained an SAB domain, therefore our data suggest 4.1B-b has lost the SAB
function during evolution. These results suggest the two zebrafish 4.1B proteins evolved
divergent functions with a constraint to maintain the function of individual domains.

We next compared the genomic organization of human and zebrafish epb41I3
genes to understand the structure and function of these evolutionarily distant species
(Figure 1D). When focusing our attention only on the coding sequences of these genes,
we found that the exons encoding the FERM and FERM-adjacent domains are nearly
identical in size and are well conserved. For example, the FERM adjacent domain is
translated from a single exon in all genes (Human epb4113: exon 10; Zebrafish epb41I3a:
exon 16; Zebrafish epb4113b: exon 12). Pairwise alignments of these exons performed in
Jalview revealed the FERM adjacent domain in epb4113a is more conserved with human
epb4113 compared to epb4113b (71% vs 65% respectively). The overall percent identity
of the FERM domain encoding exons are 62% between human 4.1B and zebrafish 4.1B-a
and 66% between human 4.1B and zebrafish 4.1B-b. This is quite interesting as the
amino acid sequence of the FERM domain is highly conserved between human 4.1B and
zebrafish 4.1B-a (87%; Figure 1C). We found that many of the single nucleotide
polymorphisms that exist between the two genes occurred at the third position within a
given codon. Because the third position within a codon does not play a major role in

dictating the amino acid incorporated into a protein, the high mutational rate observed at
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the genetic level of the zebrafish epb4113 genes does not affect the overall amino acid
sequence. We also identified an extra exon within the FERM domain of epb4113b (exon
9) that accounts for an additional fourteen amino acids in the protein domain sequence. It
will be interesting to determine if this additional exon provides the protein with a new
function. The SAB is well conserved between human epb4113 and zebrafish epb41i3a
(67%), but there are no exons within epb4113b that resemble this domain, providing
further evidence that 4.1B-b does not contain an SAB domain. The CTD domain is also
well conserved both in structure and size. Interestingly, we found epb41l3a was missing
the last exon (exon 28). The DNA that encodes this exon does exist within the
chromosome, but there is a stop codon immediately after exon 27. To confirm whether
epb4113a mRNA contained exon 28, we designed a forward primer in exon 26 and
reverse primers in exon 26, exon 27, and the putative exon 28. Using cDNA obtained by
RT-PCR from 28 hpf embryos, we were able to amplify products from exon 26 and exon
27, but not from exon 28 (data not shown). This suggests that the truncated version of
epb41l3a is exclusively expressed at 28 hpf.

We next conducted a phylogenetic analysis using Phylogeny.fr to confirm the
relationship between various invertebrate and vertebrate 4.1B proteins (Dereeper, 2008;
Figure 1E). We used predicted sequences of all 4.1 proteins in zebrafish and fugu,
although these sequences have not been confirmed by syntenic analysis. Our analysis
reveals that zebrafish 4.1B proteins are most closely related to all other vertebrate 4.1B
proteins and not to any of the other 4.1 family members. This provides further evidence

of the evolutionary conservation between these proteins. It is important to note that
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zebrafish 4.1B-a is more closely related to fugu 4.1B-b in our phylogenetic analysis; we

believe this is due to a problem with nomenclature.

epb4113a and epb4113b Are Differentially Expressed within the Developing Embryo

We next examined the temporal expression of the duplicated epb41I3 genes to
detect the presence of these genes during embryonic development (Figure 2A). RT-PCR
analysis on cDNA prepared from various developmental stages suggests both genes are
present at all ages of early development. There is very little expression of epb41l3a at 1.5
hpf, but this gradually increases as embryos develop. epb41I3b shows stronger expression
at 1.5 hpf than epb4113a, and also continues to increase gradually throughout
development. We confirmed that the PCR products were specific to each gene by
sequencing the products obtained at 1.5, 16, 24, and 72 hpf. Expression of these genes
before the midblastula stage is an indicator of maternal mMRNA expression and suggests

they may have important roles during early development.

Figure 1 (next page): Characterization of epb4113 Genes in Zebrafish. (A) Syntentic
analysis of duplicated zebrafish epb4113 genes. epb41I3a maps to Dre 24 whereas
epb4113b maps to Dre 2. Several genes surrounding both epb41I3a and epb41I3b are
orthologous to genes surrounding mouse epb4113 on Mmul7. Red boxes and dashed lines
indicate orthologous epb41I3 genes. Distances between genes are not drawn to scale. (B)
Schematic representation of 4.1B structure. All 4.1B proteins contain a four point one,
ezrin, radixin, moesin domain (FERM - purple), a FERM adjacent domain (FA — pink),
and a C-terminal domain (CTD - green). Only 4.1B-a contains a spectrin actin binding
domain (SAB - blue) similar to human 4.1B. (C) Pairwise alignments of zebrafish 4.1B
proteins and domains compared to human 4.1B represented as a percentage of amino acid
identity. (D) Genomic analysis of epb4113 genes. Exons are drawn to scale; introns are
not drawn to scale. Colored exons represent the genetic code for the various protein
domains as in B. (E) Phylogenetic analysis of 4.1 proteins in various invertebrates and
vertebrates. Amino acid sequences were trimmed to include unambiguously aligned
regions and analyzed with Phylogeny.fr (Dereeper, 2008). Scale bar represents 0.5
substitutions per site.
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To determine the spatial expression of epb4113 genes in the trunk of zebrafish
embryos, we performed whole mount in situ hybridization at 19, 28, and 72 hpf (Figure
2B). These ages correspond to specific observable behaviors including spontaneous
coiling, touch-evoked coiling, and free swimming respectively. We were interested in the
trunk at these time points because spontaneous coils are mediated by electrical synapses,
whereas touch-evoked behaviors are mediated by chemical synapses (Pietri, 2009; Saint-
Amant, 1998; 2001). These behaviors are controlled by a subset of neurons within the
spinal cord, and thus expression of either epb41I3 gene in the spinal cord may indicate
they are involved in synapse formation. Since there is high conservation between
different epb41 genes in zebrafish (62% conservation between epb4113a and epb41I3b;
data not shown) we designed antisense probes in regions unique to each gene and
confirmed they could only recognize their respective genes using the BLAST tool from
NCBI. We amplified the template from 24 hpf embryo cDNA and confirmed the identity
of the probe by sequencing, thus providing further evidence that our probes specifically
identify our genes of interest. Results from our in situ hybridization show epb4113a is
expressed within the spinal cord at 19 hpf and 28 hpf. Expression was strongest near the
hindbrain and gradually decreased further caudally. epb4113a is expressed in dorsal and
ventral neurons with equal expression along the dorsoventral axis. No detectable
expression could be seen within the spinal cord at 72 hpf. In contrast, epb4113b showed
expression within the myotome at all ages examined. There is strong expression in both
the dorsal and ventral myotome, with expression remaining proportional to myotome size
along the rostralcaudal axis. Because the expression was so strong within the myotome, it

was difficult to determine if epb4113b was expressed within the spinal cord.
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To resolve whether or not epb4113b was expressed within the spinal cord, we
performed fluorescent in situ hybridization (FISH). We analyzed the expression patterns
of both epb41I3a and epb41I3b in 28 hpf Mnx1:GFP embryos. Mnx1 is a transcription
factor expressed within motor neurons and other ventral interneuons (Zelenchuk, 2011,
Seredick, 2012). We chose to determine the expression patterns in motor neurons because
our initial analysis revealed epb4113a may be expressed within motor neurons. FISH
experiments were carried out for each individual probe followed by
immunohistochemistry (IHC) to label motor neurons with antibodies to GFP.
Interestingly, we determined that the chicken anti-GFP antibody can faintly label the
myotome following FISH, thus providing a method to analyze expression patterns of
epb41I3 genes in muscle. We saw expression of epb41I3a throughout the spinal cord,
with specific expression of epb4113a within primary motor neurons (Figure 2C). No
detectable expression of epb41I3a was found within the myotome (Figure 2D). epb4113b
was not expressed within primary motor neurons or in any other neuronal population
within the spinal cord (Figure 2C), but it was highly expressed within the myotome
(Figure 2D). Consistent with sequence analysis, we conclude from these data that
epb41l3a and epb41I3b are differentially expressed, providing strong evidence that these

proteins have evolved divergent functions.

Knockdown of 4.1B-a Causes a Reduction in the Number of Synapses at Primary Motor
Neurons
Since 4.1B-a is expressed within the spinal cord, we decided to perform

knockdown studies in Mnx1:GFP zebrafish embryos using a MO. We assayed each
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Figure 2: Duplicated epb4113 Genes in Zebrafish Are Differentially Expressed. (A)
Analysis of epb41113 expression levels during development. From left to right, cDNA
samples were prepared from AB/Tubingen at the 16-cell (1.5 hpf), 90% epiboly (9 hpf),
3-somite (11 hpf), 16, 24, 48, 72 hpf, and 7 dpf stages. Primers were designed to unique
regions in each epb41l3 gene as well as for the a-tubulin control. Samples isolated from
1.5, 16, 24, and 72 hpf were sequenced to confirm specificity. (B) Expression patterns of
epb41I3 in the trunk of the developing embryo. Expression patterns were revealed by
whole mount in situ hybridization with probes unique to each individual gene. Images are
displayed as lateral views at 19, 28, and 72hpf corresponding to various locomotor
behaviors. Experiments were carried out in Mnx1:GFP embryos not expressing GFP. (C)
Expression profiles of epb4113 in primary motor neurons and in (D) muscle revealed
through fluorescent in situ hybridization at 26hpf. Experiments were carried out in
Mnx1:GFP embryos expressing GFP. GFP labeling of primary motor neurons and muscle
was performed after completion of the fluorescent in situ hybridization. (C) Scale bar, 5
pm. (D) Scale bar, 50 pm.
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embryo between 26 — 28 hpf for differences in the localization of the presynaptic protein
synapsin (synapsin 1/2 antibody) and the postsynaptic proteins PSD-93, PSD95, and Sap-
97A (pan-MAGUK antibody; Meyer, 2004). Synapsin is an important component of
synapses and regulates the reserve pool of synaptic vesicles (Bonanomi, 2005). It has
been found that synapsin localizes to greater than 99% of synapses in mouse cortex
(Micheva, 2010), and provides a method to label the presynaptic terminals in the
zebrafish spinal cord (Easley-Neal, 2013). PSD-95, PSD-93, and Sap-97A belong to the
membrane associated guanylate kinase (MAGUK) family of proteins and are important
scaffolding molecules at glutamatergic synapses (reviewed in Montgomery, 2004).
Together, the colocalization of these proteins provides information on the number of
glutamatergic synapses present on primary motor neurons (Figure 3A). We found a
significant decrease in the number of pan-MAGUK puncta on primary motor neurons in
4.1B-a MO injected embryos compared to control MO injected embryos (30% decrease,
p < 0.01). This effect was rescued by coinjecting mRNA encoding zebrafish 4.1B-a.
Interestingly, this effect was also rescued by coinjecting mRNA encoding zebrafish 4.1B-
b or human 4.1B. Surprisingly, we also saw a decrease in the number of synapsin 1/2
puncta (58% decrease, p < 0.01; Figure 3B) that was rescued by injection of mMRNA
encoding 4.1B-a, 4.1B-b, or human 4.1B (Figure 3C). This was surprising as no study to
date has described a role for 4.1 proteins at the presynapse. Finally, we found an overall
decrease in the number of colocalized puncta on primary motor neurons (62% decrease, p
< 0.01) that was rescued by injecting each mRNA constructs tested (Figure 3D). No
observable difference was seen in the number of synapsin 1/2, pan-MAGUK, or

colocalized puncta when 4.1B-a was overexpressed (Figure 3B, C, D). These results
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suggest 4.1B-a can affect the localization of pre- and postsynaptic proteins due to either a
direct loss of 4.1B-a function in both pre- and postsynaptic cells, or due to a transsynaptic
effect across the synaptic cleft. These results also suggest the SAB domain may not be
necessary for the function of 4.1B as 4.1B-b, which lacks the SAB domain, can rescue
the phenotypes. It is important to note that although 4.1B-b lacks the defined SAB
domain (Gimm, 2002), we cannot exclude the possibility that other sequences in 4.1B-b
may have evolved the ability to interact with the actin-spectrin cytoskeleton.

To date, studies of 4.1 protein function have focused solely on postsynaptic
protein recruitment and stabilization. It was therefore interesting to see an effect on the
presynaptic marker synapsin when 4.1B-a was knocked-down. To characterize the
presynaptic phenotype further, we examined the localization of the presynaptic proteins
Synaptic vesicle protein 2 (SV2) and Synaptotagmin 2b (Figure 3E and F respectively).
SV2 is required for normal neuronal transmission and is thought to play a role in
regulating exocytosis (Chang, 2009; Schivell, 2005). Synaptotagmins are calcium sensing
proteins involved in synaptic vesicle exocytosis and subsequent neurotransmitter release
(Fernandez-Chacon, 2001). Synaptotagmins can interact with SV2 to regulate calcium
sensing (Pyle, 2000), and thus provides a model of protein complex formation at
presynaptic terminals. We found an overall decrease in the number of SV2 (44%
decrease, p < 0.01; Figure 3H) and synaptotagmin 2b (37% decrease, p < 0.01; Figure 31)
puncta on primary motor neurons. Both phenotypes were rescued by coinjecting each
4.1B mRNAs with no observable difference seen with the overexpression of 4.1B-a.
These results provide evidence that 4.1B-a may be required for the formation of the

active zone at presynaptic terminals.
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Because 4.1B has been found at excitatory postsynaptic densities (Scott, 2001),
we decided to determine whether the effect of 4.1B-a knockdown is specific to excitatory
synapses. To do this, we labeled inhibitory synapses with the inhibitory marker gephyrin
(Figure 3G). Gephryin mediates the recruitment and stabilization of glycine receptors and
GABA receptors at inhibitory synapses (Kneussel, 2000). We found no decrease in the
number of gephryin puncta on primary motor neurons, thus suggesting 4.1B-a is

specifically involved in the formation of glutamatergic synapses (Figure 3J).

4.1B-a Knockdown Causes Kinetic Differences During Touch-evoked Coiling

Our immunolabeling results suggest 4.1B-a knockdown affects the number of
synapses on primary motor neurons at 26 hpf. At this developmental stage, zebrafish
embryos have already developed the touch response neuronal circuit that is dependent on

innervation of dorsal and ventral myotome by primary motor neurons (Westerfield,

Figure 3 (next page): Knockdown of 4.1B-a Causes a Reduction in the Number of
Synapses at Primary Motor Neurons. (A) Lateral view of immunofluorescence
labeling in Mnx1:GFP embryos expressing GFP and labeled with antibodies to synapsin
1/2 and pan-MAGUK. Arrows indicate site of colocalization. (B - C) Quantification of
(B) synapsin 1/2 labeling, and (C) pan-MAGUK labeling at primary motor neurons. Two
primary motor neurons were analyzed per embyo. The data represents the average
number of puncta per individual primary motor neuron. The number of puncta per cell
was quantified with the puncta analyzer plugin for ImageJ developed by Ippolito and
Eroglu 2010. (D) Quantification of colocalized puncta per cell. Analysis of colocalization
was carried out with puncta analyzer plugin in Imagel. (E — G) Lateral view of
immunofluroescence labeling in Mnx1:GFP fish with antibodies to (E) SV2, (F)
Synaptotagmin 2b, and (G) Gephyrin. (H - J) Quantification of immunofluourescence
labeling for (H) SV2, (I) Synpatotagmin 2b, and (J) gephyrin. All fish analyzed for an
individual condition were averaged and standard deviation, standard error, and One-way
ANOVAs were calculated from the data set. Error bars represent standard error. *
indicates p-value of < 0.05 and ** indicates p-value of < 0.01. Data shown represents one
experiment; all experiments were repeated a minimum of three times. n > 8 embryos.
Scale bar, 5 um. Abbreviations: Ctl MO = control morpholino; 4.1B-a MO = 4.1B-a
morpholino; Dr 4.1B-a RNA = Danio rerio 4.1B-a RNA; Dr 4.1B-b RNA = Danio rerio
4.1B-b RNA; Hs 4.1B RNA = Homo sapiens 4.1B RNA.
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1986). We therefore hypothesized that loss of these synapses due to 4.1B-a knockdown
would affect touch-evoked behaviors. It is also important to note that spontaneous coiling
is significantly reduced by this developmental time point, thus reducing the likelihood of
misidentifying touch evoked responses as spontaneous responses. To begin our
assessment, we first needed to ensure that any phenotype we saw was due to loss of
synaptic number and not due to an effect on motor neuron or muscle development. We
first analyzed the structure of caudal primary motor neurons (CaPs) as they are easily
identifiable due to their long ventral projecting axon (Eisen 1986; Westerfield, 1986;
Figure 4A). We used a MATLAB program designed by Kutzing et al. (2010) to
determine if there were any morphological differences in the number and length of
axonal projections. We saw no structural differences between control MO and 4.1B-a
MO injected embryos (Figure 4A; data not shown). We also assessed the structure of
muscle fibers by immunolabeling embryos with Alexa Fluor 488-Phalloidin and saw no
observable differences in the structure or organization of the myotome (Figure 4A).
Finally, we assessed the number of acetylcholine receptor clusters at the neuromuscular
junction by labeling embryos with a-bungarotoxin (Figure 4A). We found no observable
differences in the number of puncta between control morpholino and 4.1B-a morpholino
injected embryos (Figure 4A; data not shown). Together, these results show no deficits in
the structural organization of tissues involved in the touch response neuronal circuit.

To investigate the role of 4.1B-a during touch-evoked behaviors, we performed a
kinematic analysis using high-speed video recordings (Figure 4B). We found a significant
increase in the latency (defined as the time it takes for the fish to respond to a mechanical

stimulus) between control MO and 4.1B-a MO injected embryos (55% increase, p < 0.01;
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Figure 4C). This phenotype was rescued by coinjection of each 4.1B mRNA. We also
saw a significant decrease in the velocity of single C-bends (52% decrease, p < 0.01;
Figure 4D). The velocity is defined as the displacement of the tip of the tail (beginning at
the first observable sign of voluntary muscle contraction until max height is reached)
divided by the time it takes for the embryo to complete one C-bend. This phenotype was
also rescued by each 4.1B mRNA. 4.1B-a overexpression did not alter the latency or the
velocity of touch-evoked behaviors.

We next examined high-speed video recordings of spontaneous coils at 19 hpf.
Spontaneous coiling at 19 hpf is primarily mediated by gap proteins (Saint-Amant, 2000).
This provides a measure of the ability of motor neurons to induce muscle contraction
independent of chemical synapses. We saw no differences in the number of spontaneous
contractions per minute (Figure 4E) nor did we see a difference in the velocity of C-
bends (Figure 4F). Taken together, we conclude 4.1B-a is important for the formation of

excitatory chemical synapses involved in the touch response neuronal circuit.

4.1B-b Is Necessary for Organizing Muscle Fibers in the Developing Myotome

Our expression analysis of epb41I3b shows this gene is specifically expressed
within muscle tissue. We also showed 4.1B-b was capable of rescuing phenotypes
associated with 4.1B-a knockdown, suggesting that the SAB domain is not necessary for
synapse development involved in touch-evoked behaviors. As a result, we next focused
on the function of 4.1B-b in muscle tissue. We knocked down the function of 4.1B-b with
a MO and immunolabeled 26 hpf embryos with Alexa Fluor 488 Phalloidin to determine

the integrity of the skeletal muscle tissue (Figure 5A). We observed severe muscle
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Figure 4: 4.1B-a Knockown Causes Kinetic Differences During Touch-evoked
Coiling. (A) Lateral view of primary motor neurons, the myotome, and the NMJ in the
trunk of 26 hpf Ctl MO and 4.1B-a MO injected embryos. Motor neuron structure was
analyzed in Mnx1:GFP embryos expressing GFP in primary motor neurons. Scale bar, 10
pm. The myotome and NMJ were analyzed by labeling Mnx1:GFP embryos not
expressing GFP with Alexa Fluor 488 Phalloidin (myotome) and a-BTX (NMJ). Scale
bar, 50 um. (B) Example of touch-evoked response in control and 4.1B-a MO injected
embryos at 26 hpf. The time series represents the full response used in analysis of (C)
latency and (D) velocity. (C) Latency for touch-evoked responses in 26 hpf embryos.
Latency was measured from the time the mechanical stimulus touched the outer surface
of the skin until voluntary muscle contraction was observed. (D) Velocity measurements
of touch-evoked responses at 26 hpf. The first five responses for an individual fish were
analyzed beginning at the tip of the tail at rest to the tip of the tail at max height and
averaged to give a single velocity for each individual embryo. (E) Frequency of
spontaneous coils represented as the number of spontaneous coils per minute at 19hpf.
(F) Kinematic analysis of individual C-tail bends at 19hpf. Error bars represent standard
error. ** indicates a p-value of < 0.01. n > 8 embryos.
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disorganization in 4.1B-b MO injected embryos compared to control MO injected
embryos. Individual segments were irregularly shaped, with some segments narrower
rostral-caudally. Muscle fibers were also detached from each other, creating irregular
patterns of muscle fiber organization. Upon analysis of 3D renderings, it did not appear
that muscle fibers were detached from the myosepta. These phenotypes were rescued by
mMRNAs encoding 4.1B-b, 4.1B-a and human 4.1B (data not shown). This suggests 4.1B-
b has a major role in the formation of muscle fiber attachment to the extracellular matrix.
Motor neuron axons grow toward their muscle fiber targets due to cues within the
environment (Bonanomi, 2010). Loss of these cues within muscle cells prevent targeting
of axonal projections to the muscle and thus loss of the synaptic connection between
them (Eisen, 1991; Kimmel, 1989; Lewis, 1981; Tosney, 1987). We decided to examine
the structure of motor neuron axons and their innervation patterns of muscle tissue. We
found that CaPs in 4.1B-b MO injected embryos had stunted axons with unusual patterns
of axonal outgrowth (Figure 5A). There was a 52% decrease (p < 0.01) in the number of
processes that emanated from the main ventral axon (Figure 5B). These phenotypes were
rescued by zebrafish 4.1B-b or human 4.1B RNA, but were not rescued by zebrafish
4.1B-a RNA (33% decrease compared to control MO injected embryos; p < 0.05). We
also observed a 39% decrease (p < 0.01) in the total cable length of the entire motor axon
(Figure 5C) which was rescued by each of the 4.1B RNA constructs. We next looked at
the number of ACh receptor clusters on muscle fibers as this is an indication of proper
neuromuscular junction (NMJ) formation, and thus proper axonal innervation (Figure
5A). We found a 45% decrease in the number of ACh receptor clusters in 4.1B-b MO

injected embryos which was rescued by each 4.1B RNA (p < 0.01; Figure 5D). 4.1B-b
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overexpression did not cause any observable phenotypes nor did our analysis suggest a
significant difference in the various parameters analyzed. These data suggest two
possibilities for the role of 4.1B-b in motor neuron development. First, 4.1B-b
knockdown disrupts adhesion sites necessary for muscle fiber attachment to the
extracellular matrix. This leads to muscle fiber disorganization and subsequent disruption
of cues within the myotome necessary for motor neuron axon pathfinding. Second, 4.1B-
b knockdown may directly affect motor neuron axon pathfinding. Further studies will be

needed to tease the two possibilities apart.
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Figure 5: 4.1B-b Is Necessary for Organizing Muscle Fibers in the Developing
Myotome. (A) Lateral view of primary motor neurons of Mnx1:GFP embryos, the
myotome, and the NMJ at 26 hpf for Ctl MO and 4.1B-b MO injected embryos. Scale
bar, 50 um (B - C) Quantification of the (B) number of processes per cell and (C) the
total cable length of axonal projections. 10 axons were analyzed for each condition. The
data was analyzed with the BONFIRE program developed by Kutzing et al. 2010. (D)
Quantification of a-BTX per hemisegment. Analysis was conducted with the puncta
analyzer plugin in ImageJ. ** indicates a p-value <0.01.n> 8.
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Knockdown of 4.1B-b Alters Locomotor Behaviors

Our immunolabeling experiments show 4.1B-b may be necessary for the proper
formation of the NMJ, axon pathfinding, and/or muscle development. Since these
structures and processes are important for the proper development of zebrafish locomotor
behaviors, we hypothesized that 4.1B-b knockdown would lead to altered spontaneous
and touch-evoked responses. We first examined the frequency and velocity of
spontaneous coils at 19 hpf. We observed a 31% decrease in the number of spontaneous
coils per minute in 4.1B-b MO injected embryos compared to control MO injected
embryos (p < 0.05; Figure 6B). This was rescued by each 4.1B RNA construct except
4.1B-a (24% decrease compared to control injected embryos; p < 0.05). Surprisingly, we
saw no differences in the kinetics of C-bend velocities at 19 hpf (data not shown). We
next examined touch-evoked coiling at 26 hpf (Figure 6A). We observed a 64% increase
in the latency (p < 0.01; Figure 6C) and a 50% decrease in the velocity of touch evoked
coiling (p < 0.01; Figure 6D). All phenotypes were rescued by 4.1B-b and human 4.1B
RNA but not with 4.1B-a RNA. Embryos rescued with 4.1B-a RNA showed a 57%
increase in the latency compared to control MO injected embryos as well as a 45%
decrease in the velocity of C-bend coiling (p < 0.01). This provides evidence that 4.1B-b
may be functionally different than 4.1B-a, and thus 4.1B-a cannot rescue all phenotypes
associated with myotome development and/or axon pathfinding. Overexpression of 4.1B-
b caused a significant increase in the velocity of C-bend behaviors (p < 0.01 Figure 6D),
with no other significant effects on touch-evoked or spontaneous behaviors. Interestingly,
we also observed abnormal behaviors of muscle contraction in 4.1B-b MO injected

embryos, particularly in their ability to relax the muscle at the apex of the C-bend. 4.1B-b
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embryos exhibited a 60% increase (p < 0.01) in the duration of time the tail remained in a
state of contraction (Figure 6E); this phenotype was rescued by each 4.1B RNA
construct. We also found several examples of embryos who displayed erratic release of
the contraction. Immediately upon relaxation, embryos would contract and remain in a
state of tetanus. This occurred between one and three times before finally relaxing their
tail (data not shown). These data clearly demonstrate that the loss of 4.1B-b affects the
formation of the NMJ, motor neuron axon pathfinding, and muscle development, which

leads to altered locomotor behaviors during early development.
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Figure 6: Knock-down of 4.1B-b Alters Locomotor Behaviors. (A) Representation of
the full touch response from the time of touch with the stimulus to the end of relaxation
of tail contraction. Note the difference in time scales between Ctl MO injected embryos
with 4.1B-b MO injected embryos. (B) Frequency of spontaneous coils at 19hpf. (C)
Latency of touch evoked responses at 26 hpf. (D) Velocity of touch-evoked responses at
26 hpf. (E) Duration of sustained contraction at max height. The length of the sustained
contraction began when the tip of the tail reached max height and ended when muscle
relaxation occurred. * indicates p-value < 0.05 and ** indicates p-value < 0.01. n > 8.



Discussion

In the present study, we characterized the function of 4.1B in developing
zebrafish embryos. We identified two homologues within the zebrafish genome (Figure
1), epb4113a (protein 4.1B-a) and epb4113b (protein 4.1B-b) that display unique
expression patterns within the trunk. epb4113a was expressed within the spinal cord at 19
and 28 hpf, with expression in identified primary motor neurons at 28 hpf (Figure 2B, C).
epb4113b on the other hand, was expressed within the myotome at all ages examined
(Figure 2B, D). The differential expression patterns of these genes allowed us to study
their functions without concern for redundancy, although we cannot rule out that
redundant mechanisms may exist due to the functions of the other 4.1 proteins. First, we
knocked down 4.1B-a protein levels with an antisense MO and immunolabeled embryos
at 26 hpf. We found the markers to the presynaptic proteins SV2, Synaptotagmin 2b, and
Synapsin, as well as the postsynaptic marker pan-MAGUK, were all reduced (Figure 3).
The colocalization of synapsin with pan-MAGUK revealed a reduction in synapse
number, and this correlated with altered kinetics of touch-evoked responses (Figure 4).
To test the function of 4.1B-b, we knocked-down the protein with an antisense MO and
immunolabeled 26 hpf embryos with an antibody to F-actin filaments. This allowed us to
visualize the organization of the myotome which was irregular, not bilaterally
symmetrical, and severely disorganized in 4.1B-b knockdown embryos (Figure 5A).
Further analysis revealed the primary motor neuron axons were highly aberrant and failed
to traverse the stereotyped pathway (Figure 5A, B, C; Eisen, 1986); this lead to a
reduction in the number of ACh receptor clusters at sites of neuromuscular contact

(Figure 5A, D). These results show a relationship to the uncharacteristic kinetics of
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spontaneous and touch evoked behaviors during development (Figure 6). Taken together,
we conclude that the zebrafish 4.1B proteins have retained their function of stabilizing
macromolecular complexes at plasma membranes. We identify 4.1B-a as an important
component for the formation of complexes at synaptic membranes, whereas 4.1B-b is an
important component for the formation of complexes at the sarcolemma of muscle cells.
Together, these data suggest that the 4.1B proteins in zebrafish may be involved in
stabilizing protein complexes at membranes and thus are evolutionarily conserved with

their mammalian homologues.

Model of Synapse Formation

Our studies of 4.1B-a were surprising for two reasons. First, no study to date has
suggested a role for 4.1B at presynaptic sites. It is possible that the effect we see is due to
either direct loss of 4.1B-a at presynaptic terminals, or it could be due to a transsynaptic
effect caused by loss of 4.1B-a on the postsynaptic terminal. Given the relatively wide
expression of 4.1B-a in the spinal cord and developing hindbrain, we cannot rule out the
possibility that 4.1B-a is expressed in presynaptic cells, and thus may be directly
involved in stabilizing macromolecular complexes at the presynaptic terminal. Further
studies will be needed to elucidate the expression and function of 4.1B-a in presynaptic
cells. Second, we were surprised to find that we could rescue the phenotype with 4.1B-b
which lacks the SAB domain. This suggests the SAB domain is dispensable for the
recruitment and/or stabilization of proteins at synaptic contacts, and provides further
evidence that the main function of 4.1 proteins is to interact with its binding partners

through the FERM and CTD domains. It is likely the SAB domain evolved as a
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mechanism to further enhance the stabilization of these contacts, but is not the only or
main mechanism that exists at these contact sites.

4.1B has been shown to interact with the cell adhesion molecule SynCAML to
specifically recruit NMDARs to synaptic sites in nonneuronal and neuronal cultured
assays (Hoy, 2009). It has also been shown that recordings from motor neurons in
zebrafish (Ali, 2000) and in Xenopus (Li, 2003) display either mixed AMPA/NMDA
receptor or just NMDA receptor currents at newly formed synapses. The latter are
considered to be silent synapses and are characteristic of an immature synapse. It was
shown that blocking NMDA receptor mediated transmission with the antagonist MK-801
caused an increase in the latency and a decrease in the velocity of 24 hpf embryos (Pietri,
2009). The authors conclude that their data is consistent with the presence of silent
synapses within the spinal cord. Given this information, we propose a model for 4.1B-a
function at the postsynapse. We hypothesize 4.1B-a is involved in stabilizing NMDA
receptors at mixed synapses. First, a mixed synapse contains both gap junctions and
synaptic vesicles/neurotransmitter receptors (reviewed in Pereda, 2014). Given the fact
that there is a transition between spontaneous coiling, which is dependent on electrical
synapses, to touch evoked coiling, which is dependent on chemical transmission (Pietri,
2009), it is reasonable to hypothesize that the synapse between the presynaptic cell and
the primary motor neuron is a mixed synapse. Second, our data show an increase in the
latency and a decrease in velocity similar to the data obtained from the pharmacological
knockdown of NMDA receptors. Immunoprecipitation studies have also shown that

human 4.1B can interact with NMDA receptors (unpublished data), and given the fact
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that human 4.1B mRNA can rescue all phenotypes in this study, we can conclude that
4.1B-a may stabilize NMDA receptors at this particular synapse.

In our model, we propose that at 19 hpf, an electrical synapse between the
presynaptic cell and the primary motor neuron has formed, thus allowing spontaneous
contractions to occur. NMDA receptors may or may not be present at this time. Blockers
of NMDA and AMPA receptors do not affect spontaneous coils at 19 hpf (Pietri, 2009;
Saint-Amant, 2000) thus suggesting there is no chemical transmission at this time. It is
possible NMDA receptors are present at this time, however, but they remain silent. A
silent synapse is an immature chemical synapse consisting of only NMDA receptors; the
synapse remains nonfunctional. As the synaptic contact develops, an accumulation of
NMDA receptors begin to cluster at the synaptic site between 19 and 21 hpf, when touch-
evoked responses can first be observed (Saint-Amant, 1998). For NMDA receptors to
become active during neuronal transmission, two things have to occur. The
neurotransmitter glutamate has to bind to the receptor, and the cell has to be sufficiently
depolarized to overcome the magnesium block that resides within the pore of the NMDA
channel (Seeburg, 1995). Depolarization through the gap junction should be sufficient to
remove the magnesium block from NMDA receptors. Glutamate can come from several
sources. Formation of the presynaptic terminal in a chemical synapse usually occurs
within 30 minutes after initial contact. During this time, synaptic vesicles are being
stabilized at the presynapse by various active zone components, and the mechanisms that
underlie neurotransmitter release are being established (Friedman, 2000). As early as 45
minutes after the initial contact is made, NMDA receptors begin to cluster at the

postsynapse. It can take up to 120 minutes after the initial contact to recruit a large
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number of NMDA receptors to postsynaptic sites (Friedman, 2000). Since the presynaptic
terminal has already formed and is electrically active, glutamate can be released from the
presynaptic terminal, and therefore may provide the glutamate necessary for NMDA
receptors to become active. The time course of these events correlates with the transition
from spontaneous coils (19 hpf) to touch evoked coils (21 hpf).Other sources of
glutamate may come from release of glutamate from the vesicular glutamate transport
protein, vGlutl, during synaptic vesicle recycling (Sabo, 2003; 2006), although we
suggest it is more likely that glutamate is being released from the presynaptic terminal.
As continued depolarization and glutamate release occurs from the presynaptic cell, both
calcium and sodium can rush into the primary motor neuron. Calcium initiates a signaling
cascade that allows the recruitment of AMPA receptors to synaptic contact sites (Opazo,
2011); this allows the synapse to mature and become fully functional. Therefore,
activation of the NMDA receptor drives AMPA receptor recruitment to these synaptic
sites, and thus establishes the touch evoked neuronal response at 21 hpf. This supports
Pietri et al. (2009) who showed the touch response was dependent on AMPA mediated
transmission.

In further support of this model, we would expect that during the transition from
electrical to chemical transmission, the number of NMDA receptors would increase. At
19 — 21 hpf, there may be very few NMDA receptors present. As the contact continues to
mature however, more NMDA receptors are recruited to the synapse. At the same time,
competition between the electrical and chemical synapses can drive synapse elimination,
thus allowing the chemical synapse to outcompete the electrical synapse and ultimately

cause its decline (Coleman, 1993). As NMDA receptors are recruited and gap junctions
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are eliminated, depolarization through the NMDA receptor begins to be more important.
Thus, when NMDA receptors are blocked at 24 hpf, a small observable decrease in
conductance occurs that causes an increase in the time constant and thus an increase in
the time it takes the cell to reach threshold. This correlates with the increase in latency
observed in the work done by Pietri et al. (2009). If it is also true that 4.1B-a interacts
with NMDA receptors to stabilize them at synaptic sites, then loss of 4.1B-a would cause
the same result: an increase in the latency of touch-evoked responses. Also, if
depolarization in the presynaptic cell is not sufficient to release enough neurotransmitter
at the neuromuscular junction, individual motor units may not be activated. Each motor
unit, consisting of a single muscle fiber innervated by a single primary motor neuron, has
their own threshold of which they must overcome to allow contraction of that fiber; this
provides smooth muscle contraction. If fewer motor units are being recruited, then the
velocity of overall muscle contraction would be reduced, consistent with NMDA and
4.1B-a knockdown. Thus, we suggest the synapse between the presynaptic cell and
primary motor neuron provides a model to study long term potentiation, which is the
persistent strengthening of synaptic contacts due to patterns of electrical activity. Further,
these data suggest that long term potentiation itself may be a general mechanism of
synapse formation.

It is important to note that the model presented is based off of an accumulation of
data gathered from various studies using various model systems and looking at various
time points. It is therefore very possible that this may not be the function of this synapse.
An enormous amount of work is needed to establish this synapse as a model to study long

term potentiation, but we suggest there is a lot of promise in characterizing this synapse
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further. Even if this synapse is not involved in long term potentiation, this synapse gives
us the ability to study electrical synapse formation, chemical synapse formation, mixed
synapses, and synapse competition, which can be directly correlated to simple motor
behaviors. Thus, it provides an elegant model to study the initial events of synapse
formation.

We must also note that it is possible that the effects we see in our studies are due
to defects at the presynapse. Our evidence showed Synaptotagmin 2b and SV2 were
downregulated at 26 hpf; these proteins are important for calcium sensing and subsequent
neurotransmitter release. With fewer quanta released at the presynaptic terminal, it may
activate fewer neurotransmitter receptors to cause a smaller depolarization, producing the
same behavioral phenotypes we observed. We did not propose this as a hypothesis
however, because no data suggest 4.1B is involved in forming the presynaptic terminal. It
is more likely that because 4.1B also interacts with cell adhesion molecules through the
FERM domain (Hoy, 2009), important for stabilizing synaptic contacts, loss of 4.1B may
have a transsynaptic effect, thus affecting the formation of the active zone and subsequent
mislocalization of SV2, synaptotagmin 2b, and synapsin. Further studies will be needed
to resolve the role of 4.1B at pre- and postsynapses.

Interestingly, 4.1B has also been shown to contribute to the stabilization and
organization of membrane proteins in peripheral myelinated axons (Cifuentes-Diaz,
2011). This fact, however, does not affect our model as studies have shown zebrafish
axons are not myelinated at early developmental stages. The first genes associated with
myelin formation are observed at 2 dpf, and actual myelin wrapping around axons begins

at 4 dpf (Brosamle, 2002). Our observations, and thus our proposed model, all occur
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before 30 hpf, before axons have been myelinated. This gives us the opportunity to study
the role of 4.1B-a during synaptogenesis without confounding results due to its role in

myelination.

Model for Muscular Dystrophy

Our knock-down studies of 4.1B-b show severe muscle fiber disorganization
within the myotome of early developing embryos as well as aberrant motor neuron axons
and reduced NMJ synapses (Figure 5); these data correlated with erratic motor behaviors
seen at 26 hpf (Figure 6). It is interesting to note that 4.1B-b does not contain the SAB
domain as discussed above. We suspect that in muscle, loss of this domain prevents 4.1B-
b from interacting with actin filaments important for the contraction of the muscle fiber.
Expression studies of 4.1R and 4.1B in muscle however, suggest that an isoform with a
more complete SAB domain exists. The necessity of this longer isoform, however, has
not been studied, and therefore we cannot draw any conclusions as to the evolutionary
basis of this domain or the necessity of it in other vertebrate muscle tissue.

We also found 4.1B-b knockdown affects the frequency of spontaneous coils but
not the velocity. It has been shown that muscles are tightly electrically coupled at early
developmental stages and is thus a syncitium of muscle fibers (Buss 2000; Drapeau,
2002). We suspect then that when the muscle is activated, the muscles contract more like
a single unit, and therefore differences in velocity measurements may be harder to detect.
This is suggested by the data as the average tail velocity and standard error are very
similar (Ctl MO: mean = 3.67 um/ms + 0.2 pm/ms, n = 11; 4.1B-b MO mean: 3.65

pm/ms £ 0.3 um/ms, n = 10). As for the frequency, there are two possibilities as to why

45



the frequency may be reduced. First, disorganization of the muscle at 19 hpf may have
disrupted the cues in the environment for the motor neuron axons to find their target. This
would lead to less depolarization of the muscle cell and therefore reduced frequency. It is
also possible that loss of communication between muscle cells within this syncitium
would cause a decoupling of the electrical signal and a reduced frequency. Given our data
at 26 hpf, we suspect it may be a combination of both. Taken together, we propose loss of
4.1B-b prevents correct muscle communication between muscle fibers as well as between
motor neurons which causes the embryo to contract its muscles less often. Once the
contraction has been initiated, the muscle contracts in an apparent all or none fashion
with no quantifiable effects seen on velocity.

In addition, we observed that 4.1B-a cannot rescue all phenotypes associated with
4.1B-b knockdown. Considering our data that show 4.1B-b can rescue all phenotypes
associated with 4.1B-a knockdown, we suggest that 4.1B-b has either gained specific
interacting partners that allow it to form a network of proteins at the sarcolemma, or
4.1B-a lost the ability to interact with proteins at the sarcolemma. This provides evidence
of tissue specific functions for these genes. From our data, we can conclude that 4.1B-b is
necessary for muscle fiber attachment to the extracellular matrix at the sarcolemma.
Phenotypes associated with axon pathfinding and NMJ formation will need to be
investigated further.

Several myopathies, such as Duchenne and Becker muscular dystrophies, arise
from disruptions in cell adhesion between muscle fibers (Goody, 2011). Specifically,
proteins localized to the sarcolemma of a muscle fiber will interact with components of

the extracellular matrix, which are imperative for forming organized muscle structures.
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Loss of this complex weakens the interaction between the muscle fibers and the
extracellular matrix, and causes the muscle fiber to eventually atrophy after repeated
cycles of contraction. Two macromolecular complexes important for this process include
the dystrophin-glycoprotein complex and integrin o731 heterodimers (Campbell, 1989;
Hodges, 1997). Studies of 4.1R in skeletal muscle show distinct colocalization with
Dystrophin, a protein involved in stabilizing protein complexes at the sarcolemma of
muscle fibers (Delhommeau, 2005; Ervasti 2006). Complete loss of Dystrophin leads to
Duchenne muscular dystrophy (DMD), whereas a reduction of Dystrophin leads to
Becker muscular Dystrophy (BMD). DMD and BMD patients experience weakness and
loss of muscle tissue over time with phenotypes more severe in DMD patients.
Delhommeau et al. (2005) found that 4.1R was completely lost in muscle tissue from
DMD patients, and was slightly reduced in BMD muscle tissue. This is consistent with
Dystrophin expression levels seen in these tissues. Further, 4.1R was colocalized with the
low levels of Dystrophin expressed within BMD muscle tissue. The authors suggest 4.1R
may be a critical component for stabilizing dystrophin to the sarcoleamma, although no
direct evidence has been shown. Interestingly, phenotypes associated with DMD/BMD
have not been seen in 4.1R knockout mice or in patients who suffer from hereditary
elliptocytosis due to mutations in 4.1R (Conboy, 1993; Shi, 1999).

Integrins have also been associated with muscular dystrophies and are important
for connecting the muscle fiber to the extracellular matrix (Hodges, 1997; Vachon, 1997).
4.1R associates with B1-integrin in keratinocytes, where loss of 4.1R causes a reduction
of the surface expression and the activity of f1-integrin (Chen, 2011). Studies of 4.1B

have also shown an association with B1-integrin important for integrin-mediated cell
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spreading in Cos7 cells (Jung, 2012). Jung et al. also found, however, that loss of 4.1B in
astrocytes does not cause a reduction in integrin surface expression as is seen for
keratinocytes (Chen, 2011). Differences in results could lie within the model systems
used as many protein interactions are spatially and temporally regulated by the proteins
that exist within a given cell. Differences can also lie within the specific proteins (4.1R vs
4.1B) and isoforms used within these studies as sequence differences allow for unique
interactions. Finally, 4.1B has also been shown to directly interact with avB8 integrin
through the CTD, and this is important for CNS function (McCarty, 2005). Thus, it may
be possible for 4.1B to directly interact with integrins to support adhesion between
muscle fibers and the extracellular matrix.

Studies of dystrophin and integrin have also shown that loss of dystrophin can
lead to an up regulation of a7B1 integrin (Burkin, 2001; Hodge, 1997; Vachon, 1997),
suggesting the two pathways are in tight association with each other. Given that various
4.1 proteins have been shown to associate with both dystrophin and integrin, it is likely
that 4.1B-b aids in the process of stabilizing one or both of the complexes at the
sarcolemma. This can occur either through direct interactions with 4.1B-b and
dystrophin/integrin or through interactions with other proteins that exist within the
macromolecular complexes that these two components constitute. We cannot rule out the
possibility that 4.1B-b can interact with other proteins that do not exist within these
complexes for support of the sarcolemma with the extracellular matrix, although no
evidence has suggested this. It will be necessary to further study the interactions of
dystrophin and integrin with 4.1 proteins to determine the exact role of 4.1 in stabilizing

these protein complexes. Our studies may provide a model to study their direct
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relationship with respect to muscle fiber organization, and possibly as a model for

studying various muscular dystrophies.

Summary

Taken together, our data suggest that the functions of the duplicated 4.1B proteins
in developing zebrafish are conserved with their mammalian homologue; they are
important for stabilizing protein complexes at sites of adhesion. We identified the protein
4.1B-a as an important component of synapses. The loss of synapses correlated with
altered kinetics of touch evoked responses, and thus suggests 4.1B-a is required for
establishing functional neuronal circuits. These data, coupled with a variety of studies of
synapse formation and zebrafish behaviors and development, allowed us to propose a
model for various aspects of synapse formation, including electrical synapses, chemical
synapses, synapse competition/elimination and long term potentiation. We also identified
protein 4.1B-b as an important component of individual muscle fibers, presumably by
stabilizing protein complexes at the sarcolemma necessary for adhesion to the
extracellular matrix. The loss of muscle fiber organization correlated with various
disruptions observed during locomotor behaviors, and thus may provide a model to study
myopathies such as DMD. These data also suggest the two proteins have partitioned the
function of 4.1B (subfunctionalization) since human 4.1B can rescue all phenotypes
associated with 4.1B-a and 4.1B-b knockdown. This gives us the opportunity then to

study the function of human 4.1B within the zebrafish.
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Experimental Procedures
Identification of epb4113 Genes

To obtain transcripts of the zebrafish epb41I3 genes, predicted sequences were
identified from the zebrafish genome assembly Zv9 from the Sanger Institute

(http://uswest.ensembl.org/Danio_rerio/Info/Index) using mouse epb4113 mRNA

sequence for comparison (NM_013813.1). This search revealed two epb4113 genes that

we confirmed by syntenic analysis (http://teleost.cs.uoregon.edu/acos/synteny db/)

(Catchen, 2009) and named epb4113a and epb41I3b in accordance with the guidelines
published by the Zebrafish Model Organism Database (www.zfin.org). Deduced mRNA
and protein sequences were aligned to 4.1B, 4.1N, 4.1G, and 4.1R from various
organisms using ClustalW to predict nucleic acid and amino acid sequence homology of
individual exons and domains respectively (Subramaniam, 1998). To generate the
phylogenetic tree, sequences were trimmed to include unambiguously aligned regions
and were analyzed by Phylogeny.fr (Dereeper, 2008). Image clones of both epb4113
genes were obtained (Open Biosystems; epb4113a: NM_001003987.1; epb4113b:
NM_214812.1) and subsequently cloned into pXT7 for capped mRNA synthesis. mRNA
was transcribed with the nMESSAGE mMACHINE T7 transcription kit (Life

Technologies, Grand Island, NY)

In Situ Hybridization
Zebrafish embryos (AB/Tiibingen and Mnx1:Gal4:UAS:GFP (Mnx1:GFP)
strains) were raised at 28.5°C according to standard protocols (Westerfield, 2007) and

treated with 0.003% 1-phenyl-2-thiourea to prevent pigmentation. Embryos were staged
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according to Kimmel et al. (1995) at 19, 28, and 72 hours post fertilization (hpf). Sense
and antisense probes were synthesized from cDNA of 24 hpf embryos (AB/Tlbingen)
with primers that contained T7 or T3 promoter sites. Probes were designed to unique
regions of the epb4113 genes that were confirmed for specificity by BLAST analysis. The
probes were subsequently tagged with digoxigenin and whole mount in situ hybridization
was carried out as previously described with minor modifications (Pietri, 2008). Briefly,
embryos were hybridized with digoxigenin labeled probes at 65°C overnight (O/N) in
Pre-Hyb solution (50% formamide, 5X SSC, 100ug/mL yeast RNA, 50ug/mL Heparin,
0.125% tween-20, citric acid to pH 6). Digoxigenin antibodies conjugated to alkaline
phosphatase were used and detected with NBT/BCIP (Roche, Mannheim, Germany).
Images were acquired on a Leica M165 FC stereomicroscope using a Leica DFC425 C
digital microscope camera. Fluorescent in situ hybridization was carried out as in Welten
et al. (2006) with minor modifications. Briefly, embryos were hybridized with
digoxigenin labeled probes at 65°C O/N in Pre-Hyb solution. Digoxigenin antibodies
conjugated to horse radish peroxidase were added to embryos at 1:1000 and developed
with 1:50 Tyr-Cy3. Following the in situ, embryos were incubated with either Rb-GFP
(1:500; Life Technologies, Grand Island, NY) or Ck-GFP (1:500; Abcam, Cambridge,
MA) and labeled with Rb-488 or Ck-488 (Life Technologies, Grand Island, NY) for
visualization. Images were acquired on an Olympus FVV1000 confocal microscope and

processed in Adobe Photoshop.
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Reverse Transcriptase PCR

RNA was isolated from AB/Tibingen embryos at the 16-cell, 90% epiboly, 3-
somite, 16, 24, 48, 72 hpf, and 7days post fertilization (dpf) stages using Trizol Reagent
(Invitrogen, Carlsbad, CA). cDNA was synthesized with the SuperScriptlll First-Strand
Synthesis system (Invitrogen, Carlsbad, CA). Concentrations of the cDNAs were
determined and adjusted using primers specific to the tubulin-alpha gene (forward primer
5" - CTGTTGACTACGGAAAGAAGT - 3’ and reverse primer 5 —
TATGTGGACGCTCTATGTCTA —3”). Primers were designed to unique regions of
epb41l3a (forward primer 5 — TGGATACGCAGGAGAACAACAG — 3’ and reverse
primer 5> — CGGCCGCTCCTCTTCT — 3”) and eph4113b (forward primer 5° —

CCAGCTGCGGGATGA — 3’ and reverse primer 5’ —

GGAGAGTTTCTTTGCGTTTTCC — 3”). PCR products for 16-cell, 90% epiboly, 24
hpf, and 7 dpf embryos were sent for sequencing to confirm the epb4113a and epb41I3b

genes were being expressed.

4.1B-a and 4.1B-b Morpholino Knockdown

An antisense morpholino oligonucleotide (MO) was designed to each gene
(epb4113a: AGAGGTGCAGATGTTACCTGATCCT,; epb4113b:
ATATGTGGGAATCTCACCTTTCTGT,; Gene Tools, Philomath, OR) and was injected
into embryos at the one cell stage using a MPPI-2 pressure injector (ASI, Eugene, OR).
MOs were injected at a concentration of 0.8mM. This concentration did not have any
adverse effects on overall embryonic development and was determined to give the least

amount of cell death based on an acridine orange stain assay (Williams, 2000).
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Confirmation of knockdown was performed by RT-PCR from 28 hpf embryos using
primers designed to exon 1 and exon 7 for epb41l3a (forward primer 5° —
CAGAGGGTAAAGCAGAGC — 3’ and reverse primer 5’ —
CTGATTCTCCACATCGCG - 3’) and exon 1 and exon 2 for epb4113b (forward primer
5" — CCAGAACCGGACGTCCATA — 3’ and reverse primer 5’ —
CACAGTGCAGGTGTAGTCG — 3°). PCR products were sent for sequencing to confirm
inclusion of intron 1. All comparisons were made to embryos injected with a control MO
(Gene Tools, Philomath, OR). Rescue of morpholino-mediated knock-down was
performed by co-injecting in vitro transcribed mRNA encoding zebrafish image clones of
epb4113a or epb4113b or encoding human epb4113 at 8ng/uL; overexpression
experiments were performed by injecting epb41I3a or epb4113b zebrafish image clone

RNA at 8 ng/pL.

Immunolabeling and Quantification

Immunofluorescence labeling was performed with the following primary
antibodies and dilutions: mouse anti-panMAGUK (1:100; NeuroMab, Davis, CA), rabbit
anti-Synapsin 1/2 (1:1000; Synaptic Systems, Goettingen, Germany), chicken anti-GFP
(1:500; Abcam, Cambridge, MA), mouse anti-Synaptotagmin2b (znp-1; 1:750;
Developmental Studies Hybridoma Bank, University of lowa), mouse anti-SV2 (1:1000;
Developmental Studies Hybridoma Bank, University of lowa), mouse anti-Gephyrin
(1:500; Synaptic Systems, Goettingen, Germany), Tetramethylrhodamine a-Bungarotoxin
(1:500; Life Technologies, Grand Island, NY), and Alexa Fluor 488 Phalloidin (1:20;

Life Technologies, Grand Island, NY). Secondary antibodies used were anti-Chicken
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488, anti-mouse 1gG 546, and anti-rabbit 633 (Molecular Probes, Eugene, OR). Embryos
were staged at 28 hpf and fixed for either 1.5 hrs at 4°C (panMAGUK, Synapsin 1/2,
GFP), for 3 hrs at 4°C (Gephyrin, Phalloidin, a-Bungarotoxin, GFP) or overnight at 4°C
(SV2, Synaptotagmin, GFP) in 1X Fish Fix Buffer (Westerfield, 2007) and 4%
Paraformaldehyde. Embryos were then washed in PBDTx (10% PBS, 0.01% BSA, 0.01%
DMSO, 0.1% Triton-X 100; pH 7.3) and blocked in PBDTx plus 2% normal goat serum.
Embryos were incubated overnight with respective primary antibodies at 4°C. The next
day, embryos were washed in PBDTx and then incubated in respective secondary
antibodies in the dark for 5 hrs at room temperature. Embryos were then washed in
PBDTx and stored in 80% glycerol overnight at 4°C. Images were taken of the spinal
cord from somites 12 — 16 on an Olympus Fluoview FV1000 confocal microscope with a
63x oil-immersion objective. Images acquired through the Olympus FVV1000-ASW
software were opened in ImageJ version 1.43 with the loci tools plugin. Images were
processed into a flattened RGB composite as a maximum intensity projection and saved
as tiff files. These images were then opened in ImageJ version 1.29 and analyzed using
the puncta analyzer plugin graciously given to us by Dr. Cagla Eroglu (Ippolito, 2010).
All data were analyzed in Excel using the data analysis tool pack to perform an analysis
of variance test (F-test), a two-tailed unpaired student t-test, and one way-ANOVA to test
the significance between data sets; p < 0.05 was considered to be significant. All results

are expressed as the mean + standard error.
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Video Recording and Kinematic Analysis

Analysis of embryos was done as previously described (Pietri, 2009). Briefly, embryos
were anesthetized in 0.003% MS-22 and mounted in 1.5% low melt agarose. The
embryos were then submerged in embryo media and the agarose surrounding the tail was
removed. The movements of embryos were recorded under a stereomicroscope (Leica
LZMFII1) using a Phantom v4.2 camera at a rate of 200fps. We recorded 20 hpf embryos
for 1 minute and counted the frequency of tail swings. Velocity measurements were taken
using the Image Pro Plus software (Media Cybernaetics, Bethesda, MD) on the first five
tail swings of each embryo. For touch evoked responses, the experiment was carried out
as above on 28 hpf embryos. These embryos were subjected to a mechanical stimulus
(insect pin attached to a micromanipulator) five times. Latency and velocity
measurements were taken in Image Pro Plus. Statistical analysis including F-tests, student
t-tests, and one-way ANOVA’s were carried out in Excel. All graphs and images were

prepared in Adobe illustrator.

Bridge

Synaptogenesis is a very complex process involving the recruitment and
stabilization of thousands of proteins at pre- and postsynaptic sites. In the previous study,
we identified the protein 4.1B-a as being a necessary component for the proper formation
of synapses, possibly aiding in the formation and stailization of macromolecular
complexes. We next turn our attention to the initial formation of synapses and how

various proteins get recruited to the presynaptic terminal.
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CHAPTER 111
LATE RECRUITMENT OF SYNAPSIN TO NASCENT SYNAPSES IS

REGULATED BY CDK5

This work was previously published in Cell Reports, Volume 3, pages 1199-1212
in April, 2013. The work described in this chapter was co-authored by myself, Courtney
Easly-Neal, JoAnn Buchanan, and Philip Washbourne. | carried out the Cdk5
experiments and contributed to the writing and editing of the manuscript. JOoANnn
Buchanan carried out the electron microscopy experiments and Courtney Easly-Neal
performed the live imaging experiments and wrote the manuscript. Philip Washbourne

contributed to the design of this project and the preparation of the manuscript.

Introduction

Chemical synapses are highly complex sites of neuronal contact at which
unidirectional communication occurs. Both pre- and postsynaptic sides of the contact
contain up to 1000 distinct proteins (Valor and Grant, 2007), that must be correctly
assembled for the synapse to function. Understanding the mechanisms by which these
components are transported and then stabilized at synapses is critical to unraveling
developmental disorders such as autism, mental retardation and schizophrenia (Zoghbi,
2003).

Synapsins are an important component of mature synapses, based on their
localization to >99% of synapses in mouse cortex (Micheva et al., 2010). In mammals,

these proteins are encoded by three genes, Synapsinl, 2 and 3 (Fornasiero et al., 2010).
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The Synapsins regulate the releasable pool of SVs (Bonanomi et al., 2005), and are
phosphorylated by at least six kinases including Cyclin dependent kinase 5 (Cdk5) and
Calcium/calmodulin kinase Il (CaMKII) (Fornasiero et al., 2010). Phosphorylation can
regulate the association of these cytosolic proteins with synaptic vesicles (SVs) and actin
(Fornasiero et al., 2010). Although the Synapsins were the first SV-associated proteins
identified (Fornasiero et al., 2010), the transport of these proteins to synapses has
remained understudied. Due to the strong association between SVs and Synapsins
(Huttner et al., 1983), it has been assumed that they are transported together (Ahmari et
al., 2000). Recent imaging studies show that this can be the case (Scott et al., 2011), but
quantitative analysis of Synapsin transport and an understanding of the mechanisms
governing transport and recruitment of Synapsins to synapses still remain elusive,
especially in vivo.

There are four possible modes of transport by which the Synapsins could be
conveyed to presynaptic terminals: (1) cytosolic diffusion (Scott et al., 2011), (2)
association with SV protein transport vesicles (STVs) (Ahmari et al., 2000; Scott et al.,
2011), (3) association with Piccolo-containing active zone precursor transport vesicles
(PTVs) (Tao-Cheng, 2007; Zhai et al., 2001) or (4) with an as yet unknown transport
complex. STVs transport an array of SV proteins including VAMP2/Synaptobrevin2
(VAMP?2), Synaptotagmins, and SV2 (Ahmari et al., 2000; Takamori et al., 2006). STVs
vary widely in size from clusters the size of a few SVs to larger tubulovesicular
aggregates of SV material (Ahmari et al., 2000; Kraszewski et al., 1995). In contrast,
PTVs are more uniform 80nm dense-core vesicles that carry active zone cytomatrix

proteins, as well as proteins involved in calcium sensing and vesicle fusion, such as
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Piccolo, Bassoon, N-cadherin, and SNAP-25 (Shapira et al., 2003; Zhai et al., 2001).
Both STVs and PTVs are transported bi-directionally along axons, pausing for varying
lengths of time (Ahmari et al., 2000; Bury and Sabo, 2011; Kraszewski et al., 1995; Sabo
et al., 2006; Shapira et al., 2003; Zhai et al., 2001). Co-transport of Synapsins with either
STVs or PTVs would constitute an efficient delivery mechanism for the Synapsins to
synapses.

Previous studies examining the trafficking of presynaptic components to CNS
synapses have almost exclusively been performed in vitro, due to the lack of an
appropriate in vivo model for synapse assembly. Recent live imaging studies in zebrafish
(Danio rerio) (Jontes et al., 2000; Jontes et al., 2004) have suggested that this organism
possesses the characteristics necessary to facilitate examination of synaptogenesis in a
living vertebrate. Rohon-Beard (RB) sensory neurons in the zebrafish spinal cord lend
themselves to live-imaging studies as their central axons are linear, allowing fast imaging
within a narrow range of focus (Figure 1A and 1B) (Jontes et al., 2004). These cells
transduce the sense of touch (Douglass et al., 2008) to mediate touch-evoked coiling
behavior by one day postfertilization (dpf) (Saint-Amant and Drapeau, 1998). RB cells
form synapses with commissural primary ascending (CoPA) interneurons (Figure 1B)
(Downes and Granato, 2006; Gleason et al., 2003) and these AMPA-type glutamate
receptor-dependent synapses are sufficient to sustain sensory-motor behavior (Pietri et
al., 2009).

In this study, we examined the mechanisms by which Synapsin traffics to sites of
nascent synapses between RB and CoPA cells in vivo. Live imaging demonstrated that

Synapsinl is transported in discrete puncta. Synapsin transport packets moved
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independently of STV and PTV markers, thus presenting a novel transport packet to
consider during presynaptic assembly. Synaptic recruitment of all three transport packets
was in a defined sequence: STVs arrived at nascent synapses first, followed by PTVs
after a ~30 minute delay, and then Synapsin after an additional ~30 minutes had elapsed.
We found that Cdk5 was instrumental in regulating recruitment of Synapsin to nascent
synapses. Thus, our study examines the kinetics and molecular mechanisms of synaptic
recruitment of Synapsin transport packets in vivo and demonstrates that presynaptic

assembly proceeds in a sequential fashion.

Results
Synapsin Localizes at Synapses Between RB and CoPA Cells

We began our examination of synapses between sensory RB axons and CoPA
cells in the spinal cord of zebrafish embryos at 25 hpf (Figure 1A), a developmental stage
at which embryos can respond to touch (Saint-Amant and Drapeau, 1998). By this stage,
RB central axons expressing GFP from a neurogeninl:GFP transgene (ngnl:GFP; Tg[-
3.1ngnl1:GFP]sb2) extend along the length of the dorsal longitudinal fascicle (dIf; Figure
1B, arrow in Figure 1C). These axons lie directly adjacent to CoPA interneuron cell
bodies, as visualized by immunolabeling with con-1 antibody (Figure 1B, arrowhead in
Figure 1C) (Bernhardt et al., 1990).

Immunolabeling with antibodies to Synapsins 1 and 2 and postsynaptic density
membrane associated guanylate kinase proteins (MAGUKS) PSD-95, PSD-93 and
SAP102 (pan MAGUK antibody) (Meyer et al., 2005) was used to examine the

localization of Synapsins at synapses between RB axons and CoPA cells at this stage of
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development. To identify and visualize CoPA cells, we expressed Tau-GFP fusion
protein in a mosaic distribution by injecting a neuronal expression vector into fertilized
eggs at the one cell stage. The preferential targeting of Tau-GFP to axons facilitated the
identification of CoPA cells by virtue of their ascending, commissural axon (Bernhardt et
al., 1990). We observed punctate labeling of both Synapsin 1/2 and pan MAGUK
antibodies at the cell bodies of CoPA cells at 24-26 hpf (Figure 1D, left panel). For
considerations of MAGUK labeling specificity see Extended Results. When we examined
images in which Synapsin and MAGUK immunolabeling was overlayed (Figure 1D), we
saw colocalization in distinct puncta at CoPA cell bodies, demonstrating that Synapsins
localize at synapses on CoPAs in the developing zebrafish spinal cord.

As axons from several neuronal populations project in the dlIf, including the
contralateral axons of CoPA cells, it was conceivable that the synapses located on CoPA
cell bodies might represent a mixed population of synapses from RBs, CoPAs, and other

neurons. The narrowminded mutation (nrd, prdm1a™8%>/™8%

) disrupts the prdmZla gene,
resulting in a deficit in neural crest cell development, including loss of the RB cells
(Hernandez-Lagunas et al., 2005), while sparing all other neurons examined in the spinal

cord (data not shown). prdm1a™8%>/m8%

embryos showed no punctate immunoreactivity
for MAGUKS or Synapsin on CoPA cell bodies (Figure 1D, WT n = 4, prdm1a™®%mé% p
= 3). We conclude that all synapses containing Synapsins that impinge on CoPAs are
from RBs at this stage of development.

There are between 50 and 78 RB cells along each side of the entire spinal cord

(Eisen and Pike, 1991), but on average only 23 CoPA interneurons (Eisen and Pike,

1991). For our further studies of synapse assembly, it was important to take into account
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the overall connectivity between RBs and CoPAs. For example, if a given RB synapses
with only a subset of CoPA cells, it would be challenging to distinguish the region of
axon that synapses with a CoPA cell of interest. To address this, we examined embryos
that had been injected with a RB-specific GFP expression vector and in which only a
single RB was fluorescently-labeled. Immunolabeling with Synapsin 1/2 and pan
MAGUK antibodies revealed that, at 25 hpf, 87.1% of CoPAs (n = 31 CoPAs from 13
embryos; arrowheads in Figure 1E) had formed synapses with single labeled RB axons as
indicated by Synapsin immunoreactivity in the RB axon adjacent to the MAGUK puncta.
Furthermore, on average, a single synapse (1.3 £ 0.1; n = 18 CoPAs from 8 embryos) was
observed between a RB axon and each CoPA cell. By 28 hpf, we observed as many as 39
postsynaptic puncta at a single CoPA (average = 18.7 £ 2.3; see Figure 3), suggesting that
eventually every RB may synapse onto every CoPA within a hemi-spinal cord.
Importantly for our studies, these results suggest that every RB contacts the
overwhelming majority of CoPAs in one side of the spinal cord and that a single synapse

forms at each contact site.

Ultrastructure of Immature Synapses on CoPA Cell Bodies

We next examined the ultrastructure of RB-CoPA synapses to determine whether
the classical hallmarks of synapses between RB and CoPAs could be resolved at this
early developmental time point. We performed transmission electron microscopy on
transverse sections of embryos at 25 and 28 hpf. We found that CoPA cells could be
identified in cross section due to (1) their cell body shape, (2) their dorso-lateral location

within the spinal cord, and (3) their proximity to the dIf (Figure 2A). At 25 and 28 hpf,
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Figure 1. RBs Synapse onto CoPA Interneurons (A) Diagram of a lateral view of a 25
hpf zebrafish embryo. Studies were performed between segments 11 and 15. Red box
outlines segment 12, the region represented in (B). (B) Diagram depicting the cell body
location and axon trajectories of an RB cell and a CoPA cell, in a lateral view of the
developing spinal cord. The dotted axon represents a contralateral projection. (C) CoPA
cell bodies (white arrowhead), labeled with con-1 antibody (magenta), were in close
proximity to RB axons expressing GFP (white arrow), in ngn1:GFP transgenic embryos.
Scale bar represents 10 mm. (D) pan MAGUK (magenta) and synapsin 1/2 (cyan)
immunolabeling on WT and prdmm805/m805 embryos with Tau-GFP-labeled CoPA
cells. Top panel: shows axon projections and cell body of a CoPA cell in WT embryo.
The cell body is shown at higher magnification in bottom left 4 panels, to highlight
overlap of pre and postsynaptic puncta. Lower right four panels: no pre- or postsynaptic
puncta were seen on CoPA cell bodies in prdmm805/m805 embryos, lacking RB cells.
Scale bar represents 10 mm. (E) Composite image of a RB cell expressing GFP (green),
including the entire central axon extending rostrally, with labeling for synapsin 1/2 (cyan)
and pan MAGUK (magenta). Distinct clusters of colocalized pan MAGUK and synapsin
1/2 immunofluorescence were at CoPA cell bodies, see arrowheads. Inset shows distinct
MAGUK and synapsin 1/2 puncta, arrowhead indicates a MAGUK puncta adjacent to a
synapsin 1/2 puncta that is within a varicosity in the GFP-expressing RB axon. Scale bar
represents 10 mm.
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we were able to identify axons forming the dIf lying lateral to CoPA cell bodies. Many of
these axons contacted the lateral face of a CoPA cell body (Figures 2B,C). At 25 hpf,
some axons were contacted by small filopodial extensions from the CoPA cell body, and
these contact sites showed accumulations of SVs (Figure 2D, in 3/3 CoPA-like cells
examined). Filopodial extensions from the cell bodies of CoPA cells were not observed at
28 hpf (Figure 2B,C, 4/4 CoPA-like cells).

At 28 hpf, a few axon profiles directly in contact with the cell body (in 4/4 cells
examined) demonstrated accumulations of SVs (Profiles 1 and 2 in Figure 2B). Analysis
of contacts with accumulations of SVs at higher magnification revealed an even
apposition and a thickening of the pre- and postsynaptic membranes (Figure 2E, F).
Furthermore, we noted weakly labeled postsynaptic densities, suggesting that these
contacts are immature synapses (Ahmari and Smith, 2002). Upon overlay of multiple cell
body profiles together with their impinging presynaptic axon terminals, we noticed that
synapses were clustered within the region of the lateral face of the CoPA cells contacted
by the dIf (Figure 2C). From these experiments, we conclude that at 25-28 hpf synapse
formation is ongoing between axons of the dIf, which we previously identified as being

from RBs, and CoPA cells in the zebrafish spinal cord.

Delayed Recruitment of Synapsins

We next examined the time course over which Synapsins and SVs accumulated at
RB-CoPA synapses. Embryos from transgenic ngn1:GFP zebrafish, which express GFP
in RBs, were immunolabeled with antibodies to Synapsins and Synaptotagmin2b

(Synaptotagmin), to label SVs and STVs, and to postsynaptic MAGUKS.
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Figure 2. Axosomatic Synapses on CoPA-Like Cells (A) Electron micrograph of a
transverse section of the zebrafish embryo at 28 hpf. CoPA-like cells were identified
based on their cell body shape and dorso-lateral location in the spinal cord. The plasma
membrane and nuclear envelope were traced in blue and green for clarity, respectively.
The basal lamina of the spinal cord is in red. (B) Synapses (orange tracing) from axons in
the dIf were identified on the CoPA-like cell body in (A) (see E and F for higher
magnification). (C) Synapses were found on the lateral face of CoPA-like cells in a
stereotypical location, as demonstrated by an overlay of three cell profiles with their
synapses (black). (D) At 25 hpf, synapses were located on small filopodial extensions
from the cell body. (E and F) Higher magnification images of synapsel (E) and synapse2
(F) in (B), with accumulations of synaptic vesicles (arrows), smooth apposed synaptic
membranes and weakly labeled postsynaptic densities.
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Embryos were fixed and labeled at 19, 22, 25, and 28 hpf. These ages flank the onset of
the touch response at 21 hpf (Pietri et al., 2009; Saint-Amant and Drapeau, 1998), when
we would hypothesize that RB-CoPA synapses form and become functional.

At 19 hpf, punctate immunoreactivity for Synaptotagmin was seen along the dIf.
Co-labeling with antibodies that label CoPA cells (con-1) revealed that punctate
aggregates of Synaptotagmin were adjacent to CoPA cell bodies where they contacted the
dIf (Figure 3A). We found an average of 2 (= 0.27, n = 8 CoPAs) puncta per CoPA with
Synaptotagmin immunoreactivity, and this number increased at each developmental time
point examined (Figure 3B,D). These results suggest that STVs are present in axons at
these stages of development and that the number of STVs adjacent to CoPA cell bodies
increases over time.

In contrast to the early appearance of STV immunoreactivity, immunolabeling for
Synapsin was first seen at 22 hpf (Figure 3C,D), 3 hours later than SV protein
Synaptotagmin. A portion of the Synapsin labeling was diffuse throughout the dIf, but
large, intense puncta were occasionally seen in axons, especially at sites adjacent to
CoPA cell bodies (Figure 3C). The numbers of Synapsin puncta steadily increased with
development (Figure 3C,D). To determine what fraction of Synapsin puncta were indeed
synaptic, we examined MAGUK immunoreactivity. This postsynaptic marker was
detected earlier than Synapsin, at 19 hpf, and an increasing number of MAGUK puncta
were seen in CoPA interneurons at each later time point (Fig. 3C, D). Importantly,
adjacent Synapsin and MAGUK puncta were seen at CoPA cell bodies at around 22 hpf
(arrowhead, Fig. 3C-F), a time at which these synapses are presumed functional (Pietri et

al., 2009). Only a small proportion (4.79% + 2.21%, n = 16 CoPAs) of the many
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MAGUK puncta were adjacent to Synapsin at 22hpf, but this proportion steadily grew to
over 25% over the next 6 hours of development (Figure 3E). In contrast, the proportion of
Synapsin puncta that were adjacent to MAGUK proteins was much higher and remained
relatively constant over time, averaging 69% - 91% (19 hpf, n = 16 CoPAs; 22 hpf, n =
15; 25 hpf, n = 21; 28 hpf, n = 18) over the ages examined (Figure 3F). Based on the
different developmental time points at which markers for STVs and Synapsin appear, our
immunolabeling studies suggest that there is a sequential arrival of synaptic proteins at
the RB-CoPA synapse. These results also imply that Synapsins and STVs are trafficked
independently to synapses. At this level of analysis, it is important to consider that the 3
hour delay in the arrival of Synapsin at RB-CoPA synapses as compared to
Synaptotagmin may not be soley due to differential trafficking. This delay could also

depend on the developmental expression pattern of synapsin genes in the zebrafish

Figure 3 (next page). Presynaptic Components Arrive Sequentially During Development
(A) Left panel: lateral view of three segments of a 25 hpf embryo expressing ngn1:GFP
(green) labeled with antibodies to synaptotagmin2b (magenta) and CoPA neurons (con-1,
cyan). Notice synaptotagmin2b puncta were colocalized with CoPA cell bodies at the dlIf.
Right panels: zoom of box in left panel. Inset shows single plane of boxed region at the
level of the dIf and the contacting region of the CoPA cell. Scale bar represents 10 mm.
(B) Dorsal view of IF labeling for synaptotagmin2b (magenta) colocalized with CoPA
cell bodies (cyan) in ngnl:GFP embryos from 1-28 hpf. Asterisk labels RB cell bodies.
Scale bar represents 10 mm. (C) Dorsal view of IF labeling for MAGUKSs (magenta) and
synapsin 1/2 (cyan) from 19-28 hpf. Asterisk labels RB cell bodies. White arrowheads
show sites of colocalization of synapsins and MAGUKS, white arrows indicate
localization of synapsins only, and yellow arrowheads indicate localization of MAGUKSs
only. Outlines of CoPA cell bodies were generated by increasing the gain of the MAGUK
IF. Scale bar represents 10 mm. (D) Histogram shows the number of synapsin 1/2,
synaptotagmin2b, and MAGUK puncta per CoPA cell from 19-28 hpf. (E and F)
Histograms show the percentage of MAGUK puncta colocalized with synapsin puncta,
and the percentage of synapsin puncta colocalized with MAGUK puncta, respectively,
from 19-28 hpf. Error bars show SEM.
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embryo. We identified and isolated the coding regions of the three zebrafish synapsin
genes synapsinsl, 2a and 2b. No ortholog of mammalian Synapsin3 was identified in the
zebrafish genome, although Synapsin2 was present as duplicate co-orthologs. In situ
hybridization at 17, 19, 22 and 25 hpf, revealed that transcripts for these genes did not
appear until 19 hpf (Figure S1; appendix). Based on our immunolabeling studies (Figure
3C), we conclude that there appears to be a ~3 hour delay in the generation of Synapsin
protein. While the developmental expression pattern explains the late arrival of Synapsins
at RB-CoPA synapses, it nonetheless underscores the possibility of independent,

sequential arrival of STVs and Synapsins at the presynaptic terminal.

Synapsinl Is Transported in Axons Independently of STVs and PTVs

Although previous studies have suggested that Synapsin is trafficked to synapses
with STVs (Ahmari et al., 2000; Scott et al., 2011) or PTVs (Tao-Cheng, 2007), our
immunolabeling data suggest that Synapsin may arrive at synapses independently of
STVs, and with a delay. To examine how Synapsin is transported in RB axons relative to
both STVs and PTVs, we imaged fluorescently-tagged fusion proteins in RBs in the
spinal cords of living zebrafish embryos. We co-expressed Synapsin with either
fluorescently-tagged VAMP2, a membrane protein of SVs, or fluorescently-tagged
Ncadherin, an integral component of PTVs (Bury and Sabo, 2011; Zhai et al., 2001). We
used both GFP and mKate2, a red fluorescent protein, as fluorescent tags to enable
imaging of two different constructs simultaneously. For validation of our fluorescently-

tagged constructs see Supplementary Experimental Procedures and Figure S2.
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We examined the transport of Synapsin-GFP in axons of RB cells between 24 and
26 hpf. We noticed diffuse Synapsin-GFP fluorescence throughout the axon and strongly
fluorescent puncta of Synapsin-GFP, some of which were stabile, but many of which
were motile. On average the diffuse pool of Synapsin1-GFP represented only 17.81% +
3.75% of the total pool of Synapsinl-GFP fluorescence. This suggests that the majority
of Synapsin-GFP is transported as part of a transport packet. We then expressed all
chromatically-distinct combinations of VAMP2-mKate2, Ncadherin-GFP, Synapsinl-
GFP and Synapsinl-mKate2 to determine whether Synapsin may be transported with
STVs or PTVs. When RBs expressing Synapsinl-GFP and VAMP2-mKate2 were
imaged, we found that the two were transported independently (Figure 4A,D), confirming
that Synapsinl is not transported by STVs. Puncta expressing only one of the
fluorescently-tagged markers could be seen moving along the axon (arrowheads Figure
4A). Paused puncta were often observed where both VAMP2 and Synapsinl were
colocalized, however, in many instances (n = 14), one of the two fusion proteins moved
away while the other remained paused (white and yellow arrows in Figure 4A). This
same pattern was seen with the other pairs of presynaptic markers. Ncad-GFP and
Synapsinl-mKate2 never trafficked together (Figure 4B), and Ncad-GFP and VAMP2-
mKate2 rarely did (Figure 4C), suggesting that Synapsin, STVs and PTVs are all
transported independently. To quantify this effect, we calculated the numbers of puncta
that were motile during a 30 minute imaging session. For each of the singly-labeled
presynaptic markers, on average 96.2% of the puncta observed during an imaging session

were motile, while very few two-color puncta moved (Figure 4D; n = 58 puncta).
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We further examined the kinetics of puncta movement. The instantaneous velocities of
Ncad-GFP, VAMP2-mKate2, and Synapsinl-GFP displayed a wide range as seen in the
population histogram (from 0.01- 1.44 pum/sec, Ncadherin: n = 74 puncta, VAMP2: n =
71 puncta, Synapsin n = 55 puncta; Figure 4E). However, the maximal velocities of
Synapsinl-GFP puncta were significantly below those of Ncad-GFP or VAMP2-mKate2
puncta. Synapsin1-GFP puncta did not move faster than 0.57 pm/sec, whereas more than
8% of VAMP2 and Ncad puncta moved with higher velocities (VAMP2 = 8.4%, Ncad =
8.1%; Figure 4E), reaching 1.14 and 1.44 pm/sec, respectively. This result suggests that
Synapsin may be transported by motor proteins distinct from those used by STVs and
PTVs. Together with the analysis of co-transport, our data demonstrate that PTVs, STVs

and Synapsin are transported independently in axons.

Synapsin Is Recruited 1 Hour After STVs

We next investigated the order and timing of Synapsin recruitment with respect to
STVs and PTVs at individual synapses. We monitored the transport and stabilization of
STVs and PTVs over time and then examined colocalization of endogenous Synapsins
with paused and motile transport packets. Our results suggest that Synapsin is transported
independently of STVs and PTVs (Figures 4) and that Synapsin might be recruited with a
delay when compared to STVs (Figure 3). Thus, we predicted that live imaging of STVs
or PTVs and subsequent immunolabeling of Synapsins should reveal: (1) that motile
transport packets do not colocalize with endogenous Synapsins, and (2) that STVs or
PTVs, which have stabilized at synapses during imaging, colocalize with Synapsins by

the end of the imaging period. Furthermore, the average time between stabilization of
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Figure 4. Synapsinl, STVs, and PTVs Are Transported Independently of Each Other (A—
C) Selected sequence of five frames, 1 min apart, from 30 min time-lapse movies
showing differential transport of synapsin1-GFP and VAMP2-mKate2 (A), synapsinl-
mKate2 and N-cadherin-GFP (B), and N-cadherin-GFP and VAMP2-mKate2 (C) in RB
axons. Movies acquired between 24-26 hpf. Arrows and arrowheads highlight motile
puncta that were positive for only one of the two fluorescent fusion proteins. A VAMP2-
mKate punctum was initially paused (yellow arrow in A) and colocalized with a
synapsin1-GFP punctum (white arrow), but then moved away (t = 3.0). Scale bars
represent 10 mm. (D) Histogram showing the number of two color puncta versus single
color puncta that are motile over a 30 min imaging period. Two color puncta are those
labeled for both transport packet markers imaged in a given pair, single color puncta are
those expressing only one of the two markers. Error bars represent SEM. *p < 0.005.

(E) Distribution of the number of each type of puncta (N-cadherin, VAMP2, synapsin) at
each velocity. The maximum velocity measured for a synapsinl puncta was 2.49- and
1.98-fold slower than the maximum velocity for an N-cadherin or a VAMP2 puncta,
respectively.
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transport packets and the fixation and labeling of Synapsin at those puncta would inform
us of the time between recruitment of STVs/PTVs and Synapsins.

We performed this analysis by recording STV transport and pausing over a 2 hour
time period starting at ~24 hpf (Figure 5A). The movies were used to generate a
retrospective stability map; a ‘heat’ map that indicates the length of time that each
punctum was paused prior to the end of the imaging period and fixation (Figure 5B). This
analysis revealed a wide variety of stabilities, ranging from puncta that were not paused
at the end of imaging (0 hours, dark blue), puncta that paused during imaging and
remained there until the end of imaging (e.g. 0.5 hours, arrow, light blue in stability
map), to puncta that were paused for the entire imaging period (>2 hours, arrowhead,
magenta).

We used labeling of MAGUKS to determine whether paused fusion-protein
positive puncta had stabilized at bona fide synaptic sites. When colocalization between
MAGUK protein IF and VAMP2-mKate2 puncta was analyzed, we did not find any
instances in which VAMP2-mKate2 puncta, that had been paused for less than 1.5 hours
or that were not paused at the end of the imaging period, colocalized with MAGUK
puncta (arrow in Figure 5A-C; n = 7 RB axon segments). Further, we found that only
VAMP2-mKate2 puncta that had been paused for at least 1.5 hours prior to fixation were
stabilized adjacent to MAGUK puncta (average stability with MAGUK localization =
94.8 min £ 14.7 min, n = 7 RB axon segments and 74 puncta; Figure 5C). Interestingly,
the total fluorescence intensity was highest for VAMP2-mKate2 puncta that had been
paused for the longest amount of time (Figure 5D), ~50% of which are synaptic sites, as

indicated by the presence of postsynaptic MAGUKS. This 2.7 - 7.3 fold increase in
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intensity of long-term paused puncta over newly paused puncta suggests that additional
VAMP2-mKate2 positive STVs are added to synaptic sites more than 2 hours after initial
pausing. These data suggest that STVs stabilize at nascent synaptic sites and that
stabilization precedes accumulation of postsynaptic MAGUK scaffolding proteins by
about 1.5 hours.

We next examined whether endogenous Synapsin was transported with VAMP2-
positive STVs. While many VAMP2-mKate2 transport packets were moving at the end
of the imaging session or had paused up to 30 min before the end of the imaging period
(62% of all puncta analyzed), none of these were colocalized with Synapsin (arrow
Figure 5B,E). This confirms that endogenous Synapsin does not transport with VAMP2-
mKate?2 positive STVs.

However, Synapsin was colocalized with VAMP2-mKate2 clusters that had been
paused for at least one hour (arrowhead Figure 5A,B and E; n = 13 RB axon segments,
and 118 puncta). In addition, ~100% of stable VAMP2-mKate2 puncta that had stabilized
at MAGUK puncta were also colocalized with Synapsin (arrowhead Figure 5A,B; n=7
RB axon segments). As CoPA cells have not yet established dendrites and their cell
bodies do not monopolize the dIf, we focused our analysis on potential synaptic sites by
examining axonal regions adjacent to CoPA cell bodies (within 2 um). This analysis
revealed that only 30% of motile puncta (t = 0) were in proximity to a CoPA at the time
of fixation (Figure 5F). In contrast, the probability that a VAMP2-positive punctum was
immobilized at a CoPA was above 50% if it was paused for at least 30 min (Figure 5F).
Puncta that had paused for over 2 hours had over 70% probability of being colocalized

with a CoPA cell (Figure 5F). We analyzed the percentage of puncta that had paused at
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CoPAs and that were colocalized with Synapsins. 100% of long-term paused puncta at
CoPA cells (>2hrs) and ~43% of puncta that had been paused at CoPA cells for around 2
hours were colocalized with Synapsin (Figure 5E, grey bars). These data suggest that
Synapsin is recruited to synaptic sites that have already assembled STVs. Furthermore,
we conclude that Synapsin and postsynaptic MAGUK proteins are recruited to new

synapses with a similar time course.

PTVs Are Recruited before Synapsin
We next examined the time course of Synapsin recruitment to the RB-CoPA
synapse as compared with PTVs. Live imaging of Ncad-GFP and post-imaging IF

labeling for Synapsin and MAGUKSs were performed as previously described. Again, we

Figure 5 (next page). Delayed Synapsin Recruitment to Paused VAMP2-mKate2 Puncta
(A) Selected frames from a 2 hr time-lapse movie (from 24-26 hpf) of VAMP2-mKate2
expressed by a RB cell. Although some puncta remained stable for the entire imaging
period (arrowheads) others stabilized during imaging (arrow). Scale bar represents 10
mm.(B) Postimaging IF labeling demonstrates the presence of MAGUKS (green) at a
VAMP2-mKate2 punctum that was paused for at least 2 hr (arrowhead), but not at a
punctum paused for 29 min (arrow). The stability map uses a color code to report the
time each punctum was paused before the end of imaging. Bins were as follows:
nonpaused puncta (0.0, dark blue), paused for 0-0.5 hr (0.5), 0.5-1 hr (1), etc. to puncta
paused for the entire imaging period (>2.0, magenta). Scale bar represents 10 mm. (C)
Stability histogram shows quantification of the percentage of VAMP2-mKate2 puncta
colocalized with MAGUKS over the total of all axon segments analyzed. Bins are as
described for the stability map above. n = 7 RB axon segments analyzed. (D) Intensity
histogram shows the total fluorescence intensity for VAMP2 puncta. A significant
increase in total fluorescence intensity was seen at puncta paused for >2 hr. Error bars
show SEM. (E) A stability histogram quantifying the percentage of synapsin 1/2 that
colocalized with VAMP2-mKate2 puncta reveals that, on average, recruitment of
VAMP2-mKate2 preceded that of synapsin by 83.7 min (x12.5 min). n = 13 RB axon
segments analyzed. (F) A stability histogram quantifying the percentage of VAMP2-
mKate2 puncta that are localized within 2 mm of a CoPA cell.
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analyzed puncta that were in close proximity to CoPA cells. Puncta that had been actively
trafficking at the end of the imaging period almost never colocalized with Synapsin and
MAGUKSs (Figure 6A-C), suggesting that endogenous Synapsin is not transported with
PTVs. We found that Ncad-GFP puncta colocalized with Synapsin, on average, 37.6 =
8.0 min after stabilizing at CoPAs (see arrows Figure 6D; n = 13 RB axon segments and
92 puncta). In comparison, the average time of colocalization after stabilization for
VAMP2 was 73.8 £ 12.5 min (Figure 6D; p<0.05, n = 13 RB axon segments and 118
puncta). 100% of Ncad-GFP puncta that colocalized with Synapsin were also found to be
adjacent to MAGUK puncta. These data suggest that PTVs arrive at synapses around 30

minutes prior to Synapsin, and with a distinct time course to VAMP?2 transport packets.

Neuronal Activity Does Not Regulate Synapsin Recruitment
Synapsin localization at mature synapses is tightly regulated by neuronal activity

(Lazarevic et al., 2011). To examine the effect of activity on Synapsin recruitment to

Figure 6 (next page). N-Cadherin Recruitment Precedes Synapsin (A) Selected frames
from a 2 hr time-lapse movie (from 24-26 hpf) of Ncad-GFP expression in a RB cell.
Some puncta were paused for the entire imaging period (arrowhead), whereas others
paused during imaging (arrow). Scale bar represents 10 mm. (B) Postimaging IF labeling
demonstrates the presence of synapsin 1/2 (cyan) and MAGUKSs (magenta) at an N-
cadherin-GFP (green) punctum that was paused for the entire imaging period (arrowhead)
and for 34.5 min preceding the end of imaging (arrow), but not at a punctum that was
paused for only 29.5 min preceding the final frame (yellow arrow). A stability map (with
bins as described in Figure 5) reports the time each puncta was paused preceding the end
of imaging. Scale bar represents 10 mm. (C) A stability histogram quantifying the
percentage of synapsin 1/2 puncta that colocalized with N-cadherin-GFP (white bars)
reveals that recruitment of N-cadherin precedes synapsin by 37.6 min (£8.0 min). Gray
bars show data for VAMP2-mKate2 from histogram in Figure 5C to emphasize the
difference in the time delay with which synapsin colocalization is first seen. Bins were as
described for Figure 5. (D) Histogram quantifying the average amount of time (in min.)
NCad and VAMP?2 puncta were stable prior to the end of imaging and colocalized with
synapsin. n = 13 RB axon segments analyzed. Error bars show SEM. *p < 0.05.
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nascent synapses, we immunolabeled Synapsin1/2 and MAGUKSs in zebrafish carrying

the macho mutation (mao?8Y/t261

)- This mutation results in a lack of action potentials in
RB cells and other sensory neurons due to a reduction in voltage-gated sodium currents
(Pineda et al., 2005). Homozygous mutants, as identified by a lack of touch response
(Ribera and Nusslein-Volhard, 1998), demonstrated similar numbers of Synapsin puncta
at CoPA cells (3.9 £ 0.8 versus 3.2 £ 0.8, p>0.5, n = 5 embryos each) and equivalent
colocalization of MAGUK puncta with Synapsin (21.3 + 4.4% versus 25.1 + 5.6, p>0.5, n
=5 embryos), as compared to sibling embryos with touch sensitivity (data not shown).

This analysis suggests that the transport and stabilization of Synapsins at synapses is not

dependent on the activity level of RB cells.

Cdk5 Regulates Synapsin Recruitment

A key function of Synapsin is to maintain the SV reserve pool, a role that is
shared with Cdk5 (Kim and Ryan, 2011). Cdk5 is expressed in zebrafish embryos from
the beginning of development, and Cdk5 expression has been shown in the spinal cord at
24hpf (Kanungo et al., 2007). Furthermore, Cdk5 is highly expressed in RB cells
(Kanungo et al., 2009), so we hypothesized that Synapsinl recruitment might be
regulated by Cdk5. We tested this hypothesis by inhibiting Cdk5 activity with roscovitine
and examined Synapsinl transport or stabilization at synapses. Since Synapsins are
tightly associated with the actin cytoskeleton at synapses (Fornasiero et al., 2010), we
considered other kinases that regulate actin. Thus, we tested an inhibitor of Focal
Adhesion Kinase (FAK14), a kinase that stabilizes the presynaptic cytoskeleton (Fabry et

al., 2011). We also tested an inhibitor of p38 MAPK (SB203580), a kinase involved in
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synapse development through cadherins (Ando et al., 2011), which also stabilize the
presynaptic actin cytoskeleton (Bozdagi et al., 2004).

We imaged embryos expressing Synapsinl-GFP in RB axons that were treated
with the inhibitors for 1-3 hours and found that roscovitine treatment caused a significant
decrease in the number of paused puncta and a concomitant increase in the number of
motile puncta (Figure 7A, B; control n = 5 axons and 42 puncta, roscovitine n = 5 axons
and 48 puncta). None of the other kinase inhibitors affected transport or pausing of
Synapsinl-GFP (Figure 7B; SB203580 n = 6 axons and 59 puncta, FAK14 n = 5 axons
and 38 puncta). There was no significant difference in the total number of puncta in any
condition. Roscovitine treatment did not perturb puncta motility or pausing of VAMP2-
mKate2 and Ncadherin-GFP (Figure 7C, D), suggesting that Cdk5-regulated stabilization
is specific to Synapsin transport packets.

To characterize the effect of roscovitine on endogenous Synapsin and STVs, we
examined immunoreactivity for Synapsinl/2, Synaptotagmin2b, and MAGUKS in WT
embryos treated with roscovitine from 23-26 hpf. The colocalization of MAGUK puncta
with Synapsin puncta was significantly decreased in the roscovitine treated embryos
(Figure 7E, F; control n = 9 embryos, roscovitine n = 10 embryos). The average number
of puncta per CoPA in the roscovitine treatment condition was not significantly affected
for any of the markers (Figure 7G; control: Synapsinl/2 n = 29, Synaptotagmin2b n =6,
MAGUKSs n = 29, roscovitine: Synapsin 1/2 n = 42, Synaptotagmin2b n = 10, MAGUKS
n = 42), although there was a small, but insignificant, decrease in the total number of

Synapsin puncta in the roscovitine treatment condition (p = 0.096; Figure 7G). These
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results implicate Cdk5 kinase activity in the stabilization of Synapsin transport packets at
nascent synapses.

Roscovitine can also inhibit Cdk1 and 2 (Knockaert et al., 2002), so to further
characterize the role of CdkS5 in the recruitment of Synapsin to synapses we used
morpholine-modified antisense oligonucleotides (MOs) to specifically knock-down Cdk5
levels (Tanaka et al., 2012). We monitored the transport of Synapsinl transport packets in
RB axons in the presence of MO. Cdk5 knock-down caused a reduction in the ratio of
immotile to total puncta (Figure 7H; control = 0.5 + 0.07, MO =0.3 £ 0.01, p<0.05,n =7
axons for all conditions), similarly to roscovitine treatment (Figure 7B). This effect was
rescued by co-injecting mRNA encoding human Cdk5 (MO+RNA = 0.5 £0.04, p<0.05).
Furthermore, knock-down reduced the colocalization of endogenous Synapsins and
postsynaptic MAGUKS, as revealed by immunolabeling of Cdk5 MO-injected embryos
(Figure 71; p<0.05; control n =12, MO n =11, MO + RNA n = 14 CoPAs). Cdk5 knock-
down also resulted in a significant reduction in the number of Synapsin puncta on CoPA
cells (Figure 7J; p<0.001), but did not result in a significant reduction in the other
presynaptic marker, Synaptotagmin (Figure 7J; p>0.05). Taken together these data
suggest that Cdk5 specifically regulates the stabilization of Synapsin transport packets at
synapses.

Cdk5 could play a permissive role in allowing Synapsin transport packets to stop
at synapses. Alternatively, Cdk5 might take on an instructional role in the recruitment of
Synapsin to nascent presynaptic terminals. In this case, local activation of Cdk5 would be
necessary for stabilization of Synapsins. To distinguish between the two possibilities, we

ectopically and constitutively activated Cdk5 by expressing RNA encoding human Cdk5

80



and human p25C in developing zebrafish embryos and analyzed localization of Synapsins
at synapses. p25C is a cleavage fragment of p35, an activator of Cdk5. Association of
p25C with Cdk5 results in prolonged, ectopic activation of Cdk5 (Cheung and Ip, 2007).
Expression of Cdk5 or p25C alone had no significant effect on the localization of
Synapsins at synaptic sites (Fig. 71, p > 0.05). In contrast, coexpression of Cdk5 and
p25C resulted in a significant reduction in the colocalization of Synapsin with
postsynaptic MAGUKS (Fig. 71, p < 0.005). The localization of MAGUK puncta at CoPA
cells was not affected by these manipulations (Fig. 7J, p > 0.05). While Cdk5 knock-
down did not affect the localization of Synaptotagmin puncta at CoPA cells, all
manipulations resulting in Cdk5 hyperactivity (i.e. Cdk5 RNA or p25C RNA injection)
resulted in a ~25% decrease in Synaptotagmin puncta number (Fig. 7J). This suggests
that Cdk5 activity may be sufficient, but not necessary, to restrict STV recruitment. This
mechanism is distinct from the role of Cdk5 on Synapsin localization at synapses in that
it persists when Cdk5 activity is ectopic. Our data suggest that the activation of Cdk5 is
tightly controlled, and that the localization of Cdk5 activity is critical for Synapsin
localization to synapses.
Discussion

In the current study, we have made three important advances in understanding the
recruitment of presynaptic components to nascent synapses. (1) We have shown that
Synapsinl, an important regulator of SV release and the SV reserve pool, is transported
as part of a distinct complex to nascent synapses, independently of STVs and PTVs. (2)
Our studies have revealed a defined sequence in the recruitment of presynaptic transport

packets to a nascent synapse. (3) We identify Cdk5 as a specific regulator of Synapsin
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Figure 7. Cdk5 Regulates Synapsin Stabilization at Synapses (A) Selected frames from 1
hr time lapse movies of synapsin1-GFP expressing RB axons treated with either vehicle
(control, left panel) or roscovitine (right panel). Scale bar represents 10 mm. (B)
Histogram quantifying the number of stable and unstable puncta per micron for each
treatment condition. (C and D) Histograms showing the number of stable puncta per
micron in control and roscovitine treatment conditions in VAMP2-mKate2 expressing
RB axons (C) and in N-cadherin-GFP expressing axons (D). (E) Dorsal view of IF
labeling in 26 hpf ngn1:GFP (green) expressing embryos with antibodies for pan
MAGUK (magenta) and synapsin 1/2 (cyan). Scale bar represents 10 mm. (F) Histogram
showing the percentage of MAGUK puncta colocalized with synapsin puncta. (G)
Histogram showing the average number of synapsin 1/2, synaptotagmin2b, and MAGUK
puncta per CoPA cell for both control and roscovitine treatment conditions. (H)
Histogram showing the ratio of stable to total synapsin1-GFP puncta in control, Cdk5
MO, and Cdk5 MO and RNA-injected embryos. (I) Histogram showing the percentage of
MAGUK puncta colocalized with synapsin puncta in control, Cdk5 MO, Cdk5 MO and
RNA, Cdk5 RNA, p25C RNA, and p25C and Cdk5 RNA-injected embryos. (J)
Histogram showing the average number of synapsin 1/2, synaptotagmin2b, and MAGUK
puncta for control, Cdk5 MO, Cdk5 MO and RNA, Cdk5 RNA, p25C RNA, and p25C
and Cdk5 RNA-injected embryos. Error bars show SEM. *p < 0.05 and **p < 0.005 as
compared to control condition.
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recruitment to nascent presynaptic terminals. Using the RB-CoPA synapse in zebrafish
spinal cord as a model glutamatergic synapse (Figure 1, 2), we first showed a time delay
between the recruitment of STV proteins and Synapsin to presynaptic terminals by IF
labeling (Figure 3). We demonstrated using three independent methods that Synapsin is
transported in discrete puncta independently of STVs and PTVs: by live 2-color imaging
of Synapsinl with STV and PTV markers (Figure 4), by live imaging of STVs or PTVs
with post-imaging IF labeling of endogenous Synapsins (Figures 5 and 6), and through
the specificity of Cdk5 regulation of Synapsin stabilization (Figure 7).

To date, the presynaptic terminal has not been described to assemble with a
defined sequence of recruitment. Our experiments using time-lapse imaging with post
hoc immunolabeling (Figures 5 and 6) and immunolabeling at different developmental
times (Figure 3) argue for a defined sequence in presynaptic assembly. We present
evidence that a primary step in synaptic assembly is the recruitment of STVs. PTVs are
then added with about a ~30 minute delay. Subsequently, Synapsin transport packets,
also with a ~30 minute delay, are recruited to the nascent terminal. Additionally, our
studies suggest that a later step in assembly (> 2h) may be the aggregation of additional
STVs (Figure 5D). Given the role of Synapsins in tethering synaptic vesicles at synapses
(Fornasiero et al., 2010) and pause sites (Sabo et al., 2006), it is possible that the
accumulation of synaptic vesicle components over two hours after initial STV
recruitment is dependent on the prior accumulation of Synapsin transport packets at
synapses.

Our results concerning the method of Synapsin transport were surprising for two

reasons: (1) Synapsin is tightly associated with SVs at mature synapses (Huttner et al.,
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1983), suggesting that Synapsin could be transported by STVs during synapse formation
(Scott et al., 2011); (2) if Synapsin were not transported with STVs, it would be expected
that this cytosolic protein might diffuse and then aggregate at synapses (Scott et al.,
2011), much like PSD-95 (Barrow et al., 2009; Bresler et al., 2001). While it is important
to note that our techniques may not detect the entire pool of available Synapsin, our
studies do suggest that a certain proportion of Synapsinl is associated either with a
distinct vesicular transport organelle or with a complex of cytosolic proteins which may
be transported by a discrete set of motor proteins (Figure 4E). Scott et al. (2011) suggest
that Synapsin can traffic along axons either slowly as part of molecular motor-driven
cytosolic protein aggregates, or quickly by associating with transport packets carrying the
integral SV protein Synaptophysin. The slow cytosolic transport of Synapsin in cultured
hippocampal neurons was diffuse and not clearly punctate, and was much slower than
that which we have observed here (Scott et al., 2011). While it is unclear what proportion
of Synapsin clusters are co-transported with Synaptophysin (Scott et al., 2011), it will be
interesting to determine whether this is also a rare event (that we observed less than 10%
of the time; Figure 4D) in hippocampal neurons, or whether this represents a difference in
transport mechanisms between cultured hippocampal neurons and sensory neurons in
Vivo.

Previous studies of the transport of presynaptic components to new synapses have
remained contradictory. Two reports suggest that all of the proteins necessary to form a
presynaptic terminal, including STV proteins, active zone proteins, and Synapsins are co-
transported (Ahmari et al., 2000; Tao-Cheng, 2007). On the other hand, immunoisolated

PTVs containing only active zone proteins, but not VAMP2 or other SV proteins such as
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Synaptotagmin and Synaptophysin, are transported to synapses (Shapira et al., 2003; Zhai
et al., 2001). Recently, Bury and Sabo showed that a significant fraction of STVs and
PTVs co-transport along axons of neurons in culture (Bury and Sabo, 2011). While we
see that STV and PTV markers can co-transport in our system, we find that the majority
of the time, STVs and PTVs traffic separately in vivo (Figure 4). Similarly to the study by
Bury and Sabo (2011), we also found that STVs and PTVs co-pause at the same sites.
Further, our data suggest that at certain times during transport, all three transport packets,
STVs, PTVs and Synapsin transport packets, pause at common sites along the axon
(Figure 4A-C). This would explain the colocalization of a wide variety of presynaptic
proteins in post-imaging IF and immuno-EM studies (Ahmari et al., 2000; Tao-Cheng,
2007). In fact, interaction between all three transport packets, STVs, PTVs and Synapsin
transport packets, at such reservoirs may regulate their pausing, as deletion of the
Synapsins significantly decreases pause duration of STVs (Sabo et al., 2006). One would,
thus, predict that a decrease in pausing of Synapsin transport packets (Figure 7) might
result in a decrease in STV pausing. However, based on our data regarding the
localization of Cdk5 activity (Figure 71), we conclude that pausing of Synapsin transport
packets is only compromised at synaptic sites when Cdk5 activity is reduced, and not at
non-synaptic pause sites.

Transport properties of STVs and PTVs were indistinguishable in our experiments
(Figure 4). This is in line with a similar study also performed in RB cells using Ncadherin
and VAMP fusion proteins (Jontes et al., 2004). In that study, the authors examined the
deposition of Ncad-GFP and VAMP-GFP puncta in RB axons in the wake of an

extending growth cone and found that both were transported with similar kinetics (Jontes
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et al., 2004). Since the postsynaptic component was not identified in these experiments, it
is possible that these depositions were just paused, an occurrence that was frequently
observed in our current study (Figures 5 and 6), and not stabilized at a synapse. This
presynaptic precursor material may be deposited behind the advancing growth cone at
predefined sites along the axon such as those described by Sabo et al. (Sabo et al., 2006).
From these sites, STVs and PTVs could then be recruited to developing synapses, before
these sites eventually also become synapses (Sabo et al., 2006).

In addition to regulating axonal transport of various cargoes, including
neurofilament monomers (Cheung and Ip, 2007), Cdk5 has been implicated in regulating
a number of aspects of synapse formation. Here, we now show that Cdk5 specifically
regulates presynaptic recruitment of Synapsin transport packets. In nematodes, Cdk5 was
shown to regulate presynaptic assembly (Park et al., 2011), but, in contrast to our data,
Cdk5 appears to play a more comprehensive role in these invertebrates. Perhaps this
difference suggests that regulation of the Synapsin transport packet by Cdk5 may be an
evolutionarily conserved mechanism; and that subsequent millennia of evolution have
brought additional layers of complexity in the assembly and in the regulation of the
assembly of synapses in vertebrates. It is also possible that our manipulations did not
entirely abrogate Cdk5 activity and that STV or PTV recruitment may require minimal
CdkK5 activity. However, our data suggest, that STV recruitment might be negatively
regulated by Cdk5, as Cdk5 overexpression or Cdk5b activation resulted in less
Synaptotagmin puncta at CoPA cells (Figure 7J).

In trying to understand the underlying molecular mechanism of Synapsinl

recruitment, it is important to consider that Synapsinl is highly phosphorylated
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(Fornasiero et al., 2010). Cdk5 can phosphorylate two serine residues in mammalian
Synapsinl (S549, S551) (Matsubara et al., 1996) and one of these sites is conserved in
zebrafish Synapsinl (S512). Thus, it may be tempting to assume that direct
phosphorylation of Synapsin by Cdk5 regulates its recruitment to synapses by
dissociation from the carrier proteins. However, close examination of live imaging of
Synapsin transport (Figure 4 and data not shown) suggests that Synapsin transport
packets stop, rather than disassemble. Therefore, we propose that Cdk5 regulates
Synapsin recruitment by phosphorylating one of its many other substrates, such as motor
proteins or cargo adapters, for example CASK (Samuels et al., 2007).

Importantly, our data shines a spot-light on a potential local mechanism by which
presynaptic transport packets may be stabilized at synapses. Activation of a cascade of
kinases in the axon, triggered by upstream synaptogenic events, might regulate the
sequential recruitment of individual presynaptic components at nascent synaptic sites. It
will be critical to unravel these regulatory mechanisms governing synapse assembly to

completely understand synapse formation and the pathologies that affect this process.

Experimental Procedures
Analysis of Zebrafish Synapsin Genes

To obtain transcripts for the coding sequences for zebrafish synapsins, predicted
sequences were identified using the Ensemble Genome browser. 3 predicted synapsin
gene transcripts were identified. For further details see Extended Experimental

Procedures.
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Zebrafish Husbandry

All zebrafish embryos, larvae and adults were raised and maintained at 28.5°C
according to standard protocols (Westerfield, 2000). Lines used include AB/TUbingen,
neurogeninl:GFP [Tg(-3.1ngn1:GFP)sb2], narrowminded (nrd™%), macho (mao™®),
$1102t:GAL4/UAS:Kaede [Et(-1.5hsp70l:Gal4-VP16)s1102t; Tg(UAS-

Elb:Kaede)s1999t]. For details on genotyping and injection see Extended Experimental

Procedures.

Imaging

Live imaging was performed at room temperature on a spinning disk microscope
(McBain Instruments, Simi Valley, Ca) using a Leica 63x oil objective (1.40NA). All live
imaging data was acquired using Volocity software and a Hamamatsu EMCCD camera.
All IF was imaged on an inverted Nikon TU-2000 microscope with an EZ-C1 confocal
system (Nikon) with either a 40x objective (0.95 NA) or a 100x oil-immersion objective
(1.45 NA). For further details on imaging techniques see Extended Experimental

Procedures.

Immunofluorescence Labeling

Immunofluorescence (IF) labeling was performed by fixing embryos in 4% PFA
for 1.5h. After rinsing in PBS with 0.1% Triton X-100 (PBST), embryos were blocked in
block buffer: PBS with 1% BSA, 1% DMSO, 2% goat serum and 0.1% Triton X-100.

Embryos were incubated in primary antibodies in block buffer overnight at 4°C, washed
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3 times in PBST, and incubated with secondary antibodies for 5h at room temperature.

For antibodies see Extended Experimental Procedures.

Analysis

Analysis of imaging data was performed on maximum intensity projections for all
fixed images and live movies. Synaptic puncta were selected and counted using Image
Pro Plus software as described previously (Washbourne et al., 2002). Stability maps were
generated by identifying paused puncta in kymographs made in Image J (Figures 5,6;
rsb.info.nih.gov/ij/; (Rasband, 1997-2011) . All graphs were prepared in Microsoft Excel,
and statistics were analyzed using an unpaired 2-tailed Students t-test. For further details

on image analysis refer to Extended Experimental Procedures.

Electron Microscopy

Zebrafish embryos at 25 and 28 hpf were anesthetized with 0.003% tricaine and
then fixed and processed for EM essentially as described previously (Jontes et al., 2000).
70nm silver thin sections were placed on 200 mesh hexagonal copper grids and examined
unstained in a JEOL 100 CX electron microscope at 80kV. Images were taken using a
CCD digital camera system (XR-100 from AMT, Danvers, MA, USA). For the full EM

protocol see Extended Experimental Procedures.
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CHAPTER IV

CONCLUDING REMARKS

Synaptogenesis is a complex process involving the recruitment and stabilization
of thousands of proteins at both pre- and postsynaptic contact sites. Our data provides
insight into two key components of this process. First, we determined 4.1B-a was a
necessary component of synapses, potentially stabilizing macromolecular complexes at
sites of cell adhesion. These synapses were imperative for the proper formation of the
touch response neuronal circuit, where knockdown of 4.1B-a caused altered kinetics of
touch-evoked behaviors. Second, we determined the time course of proteins recruited to
nascent synapses, with new insight into the recruitment of the protein synapsin. We found
that synapsin was recruited to nascent synapses as a separate package, after STVs and
PTVs had arrived. This recruitment was regulated by Cdk5, and thus provides the first
evidence that kinases play a role during the early events of synaptogenesis. With this

data, new questions have arisen in our understanding of how the nervous system works.

The Role of 4.1B During Synaptogenesis

4.1B is a scaffolding molecule involved in the stabilization of macromolecular
complexes at sites of cell adhesion. 4.1B has been shown to enhance the recruitment of
NMDA receptors to glutamatergic synapses in neuronal and nonneuronal cell culture
assays, but the role of 4.1B at synapses in vivo has not been investigated (Hoy, 2009).
Chapter Il of this dissertation focused on the function of 4.1B at glutamatergic synapses

in zebrafish. Zebrafish are well suited for studying the initial formation and subsequent
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maturation of synapses because embryos are optically transparent, they have a small
number of identified neurons within the spinal cord, and they exhibit simple behaviors at
early developmental stages. Our studies show that loss of 4.1B in the nervous system
caused a reduction in the number of synapses on primary motor neurons and affected
touch-evoked responses. These results suggest 4.1B is necessary for the formation of
synapses and circuit development, but the exact mechanisms remain unknown. To gain a
better understanding of the role of 4.1B during the development of synapses, it will be
necessary to study the interactions of 4.1B with respect to NMDA receptors in
developing zebrafish embryos. NMDA receptors are expressed within the spinal cord at
26 hpf (Cox, 2005). If 4.1B can recruit and stabilize NMDA receptors at sites of cell
adhesion, as seen in vitro, we will have laid the foundation for dissecting the molecular
mechanisms that underlie synaptogenesis. We will be able to study protein recruitment
and stabilization at nascent synapses; we can perform a more detailed analysis of the
proteins that are necessary for proper synapse function; and we can perform
electrophysiological studies to determine how loss of 4.1B leads to altered kinetics of
touch-evoked responses. Taken together, we found 4.1B to be an important component of

synapses that are necessary for the proper function of the touch response neuronal circuit.

The Role of Cdk5 During Synapsin Recruitment

Synapsin is a phosphoprotein important for regulating the reserve pool of synaptic
vesicles at presynaptic terminals. It had long been assumed that synapsin was transported
to newly formed contact sites with STVs because of the tight association between

synapsin and synaptic vesicles (Huttner, 1983). Our data, however, shows that synapsin is
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transported independently of other known transport packets and thus provides new
insight into the initial formation of synaptic contacts (Chapter I11). It will be necessary to
identify if other presynaptic proteins are cotransported to nascent synapses with synapsin,
and which motor protein is involved in transporting this packet. Our work also identified
Cdk5 as a key regulator of synapsin recruitment to nascent synapses. This work provides
the first evidence that kinases are involved in the recruitment of synaptic transport
packets. It will be interesting to determine the signaling cascades that are involved in the
recruitment of STVs and PTVs; this includes determining the kinases that may be
involved in signaling synapse formation and transport packet recruitment, how the
various transport packets are regulated, and how the transport packets stop and unload at
nascent synapses. Taken together, these data provide insight into the initial formation of
synaptic contacts, and it lays the foundation for future studies that will be imperative for
studies of neurological disorders.

Our very existence as a human being is dependent on the proper formation and
regulation of synaptic contacts within the central nervous system. Alterations in the
functioning of the nervous system due to mutations within the vast number of proteins
can lead to devastating diseases such as autism and schizophrenia. It will be necessary to
continue to study the mechanisms that underlie synapse formation as this will be
imperative for helping the millions of people who suffer from the various neurological
disorders. The work described in this dissertation helps get us one step closer to
understanding the extreme complexity of the brain, while opening the door to a wide

array of new questions.
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APPENDIX

SUPPLEMENTAL MATERIAL FOR CHAPTER IlII

synapsin 1 synapsin 2a synapsin 2b

B 17 hpf 19 hpf 22 hpf 25 hpf

Figure S1. Zebrafish synapsin genes are expressed in RBs, related to Figure 3.

(A) In situ hybridization (ISH) for zebrafish synapsinsl, 2a, and 2b at 25 hpf in
transverse sections. synapsinl showed the strongest expression of the three in RBs. Scale
bar 50pm. (B) synapsinl ISH on 17, 19, 22, and 25 hpf transverse sections (2 color ISH
with islet-1 to label RBs and motor neurons in 19, 22, and 25 hpf images). synapsinl
transcript was first seen at 17 hpf in motor neuron domain (arrowhead), but not in RBs

(arrow). synapsinl and isletl were seen in RBs from 19 hpf on (arrows). Scale bar 50um.
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Figure S2 (next page). Validation of fluorescently-tagged fusion constructs, related to
Figure 4. (A) Synapsinl1-GFP in a RB neuron in the zebrafish spinal cord at 25 hpf. Left
panel: Dorsal view of IF labeling of GFP overlaid with a brightfield image. The midline
(ML) and extent of the spinal cord (SC) are indicated. Rostral is to the left. Right panel:
enlargement of IF outlined in box showing Synapsin1-GFP. PA: peripheral arbor, CA:
central axon. Scale bar, 10 um. (B) Synapsin1-GFP was localized with a similar
distribution as endogenous Synapsin 1/2 in RB axons in the zebrafish spinal cord. (C)
Selected sequence of 6 frames, 30 seconds apart, from a 30 minute movie. Arrowheads
highlight a moving punctum labeled with both Synapsin1-GFP and Synapsinl-mKate2.
(D) A RB neuron expressing VAMP2-mKate2 at 25 hpf in a dorsal view. Left panel, IF
for VAMP2-mKate2 overlayed on a bright field image. Right panel, magnification of
myc IF labeling, showing the peripheral arbor (PA) and central axon (CA) of the RB.
Scale bar, 10 um. (E) IF labeling of SV2 was highly colocalized with VAMP2-mKate?2
labeling. Scale bar 10um. (F) IF labeling of STV marker Synaptotagmin2b is highly
colocalized with VAMP2-mKate2. Scale bar 10um. (G) IF for bassoon on Ncad-GFP
transfected rat hippocampal neurons shows that the majority of Bassoon puncta
colocalize with Ncad-GFP puncta. (H) IF for Synaptotagmin2b colocalized with only a

small percentage of Ncad-GFP puncta. Scale bar 10um.

94



Js\merge with DIC . JGFP (Synapsin1-GFP)

Syn1-GFP

SC
M—L]

merge with DIC

(VAMP2-mKate2)

merge merge

95



Extended Results
MAGUK labeling specificity

MAGUK proteins localize to both axonal and somatodendritic compartments
(Meyer et al., 2005), however, at this stage of development and under these labeling
conditions, 100% of pan MAGUK puncta localized to the lateral face of CoPA cell
bodies, with no labeling visible in the dIf (n = 10 embryos). In comparison, up to 35% of
Synapsinl/2 puncta observed in the dIf were not colocalized with CoPA cells (n =21
CoPA cells). Further analysis with multiple GFP transgenic zebrafish lines confirmed that
CoPA interneurons are the only neurons in the dorsal spinal cord at 25 hpf that exhibit
punctate MAGUK immunoreactivity. At 28 hpf commissural secondary ascending
(CoSA) interneurons start to show pan MAGUK labeling, but with a significantly smaller

number of puncta (data not shown; A. Tallafuss and P. Washbourne).

Extended Experimental Procedures
Analysis of zebrafish synapsin genes

To obtain transcripts for the coding sequences for zebrafish synapsins, predicted
sequences were identified using the Ensemble Genome browser
(www.ensembl.org/index.html). 3 predicted synapsin gene transcripts were identified. An
alignment was made with ClustalW2 (www.ebi.ac.uk/Tools/msa/clustalw?2/) using a
Gonnet protein weight matrix and default alignment parameters (see below). Percent
identity between mouse and zebrafish synapsins was calculated for the actin binding
region using Jalview (www.jalview.org/help.html) (Waterhouse et al., 2009). To confirm

the gene identities were correctly assigned, we examined zebrafish, human, mouse and
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pufferfish chromosomes for syntenic regions surrounding the synapsin gene locations
(teleost.cs.uoregon.edu/acos/synteny_db/) (Catchen et al., 2009). Based on these
analyses, we conclude that zebrafish possess one ortholog of mammalian Synapsinl, two
orthologs of the mammalian Synapsin2 gene and no ortholog of Synapsin3. We call the
two synapsin2 orthologs synapsin2a and synapsin2b, based on existing annotation in the
zebrafish genome assembly (Zv9). Image clones of both synapsin2a and 2b (Open
Biosystems; synapsin2a: NM_001002597.1; synapsin2b: NM_001037576.1) were
obtained to make in situ probes. A predicted coding sequence for synapsinl
(NM_001126437) was used to design primers to amplify that sequence from 24hpf
cDNA, made using the Superscript Il first strand synthesis system for RT-PCR
(Invitrogen, Carlsbad, CA). This PCR fragment was subcloned into the Zero Blunt TOPO

cloning vector (Invitrogen).

DNA constructs

UAS:Synapsin1-GFP was constructed by inserting the synapsinl coding sequence
into UAS:GFP by PCR using primers incorporating 5’ EcoRI and 3’ Pstl restriction sites.
UAS:GFP was generated by inserting a 10X UAS sequence, 1Eb minimal promoter, carp
beta-actin transcriptional start, coding sequence for eGFP and a polyA site into a cloning
vector. UAS:Synapsinl-mKate2 was made by inserting the synapsinl coding sequence
into UAS:mKate2 (a derivative of the UAS:GFP vector made by substituting the eGFP
coding sequence for the red fluorescent protein mKate2) by PCR, incorporating 5° EcoRI,
3’ Pstl and the myc epitope tag sequence. mKate2 was chosen for these experiments due

to its high fluorescence quantum yield and photostability (Shcherbo et al., 2009). Control
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experiments to determine that mKate2 did not adversely affect localization or trafficking
of fusion proteins were performed by comparing the localization of mKate2 to GFP (data
not shown).

Zebrafish VAMP2 coding sequence was identified using ensemble and cloned as
described for synapsinl (NM_200005.1). UAS:VAMP2-myc-mKate2 (VAMP2-mKate2)
was constructed by inserting the VAMP2 coding sequence into UAS:mKate2 as

described above. All cloning steps were confirmed by sequencing.

Validation of fluorescently-tagged constructs

Our in situ hybridization experiments (Figure S1A) revealed that all three
synapsin genes (1, 2a, and 2b) were expressed in RB cells, with synapsinl showing the
strongest expression. Thus, we chose to examine the trafficking of Synapsinl in RB
axons. Zebrafish Synapsinl was expressed as a fusion with either the red fluorescent
protein mKate2 or GFP in RB cells. We drove the expression of the fusion proteins by
injecting DNA into fertilized zebrafish eggs from the et101.2 Gal4/VP16 line (Scott et
al., 2007) which expresses Gal4/VVP16 in RB cells. By titrating the concentration of the
plasmid, embryos were obtained that expressed fusion proteins in only one or two RB
neurons (Figure S2A). Synapsin1-GFP was targeted to both central and peripheral axons.
Immunolabeling of Synapsinl-GFP expressing embryos with Synapsin 1/2 antibody
showed 100% colocalization (100%, n = 3 embryos; Figure S2B), suggesting that
fluorescently-tagged Synapsinl behaves like the endogenous protein. We found that
Synapsinl-GFP and Synapsinl-mKate2 both trafficked anterogradely and retrogradely in

RB axons as puncta (Figure 1A,B and Figure S2C). The two tagged versions of Synapsin

98



were seen to move together all the time (Figure S2C) ensuring that the mKate2 and GFP
tags did not differentially alter the transport of Synapsinl, and that we were able to detect
cotransport with our imaging regimen.

Fluorescent fusion proteins of VAMP2 and Ncadherin (Cadherin2, Ncad-GFP)
have been described previously (Jontes et al., 2000; Jontes et al., 2004). However, we
further examined the specificity of these constructs for localization with STVs and PTVs,
respectively. VAMP2-mKate2 and Ncad-GFP were targeted to both central and
peripheral axons of RB cells (Figure S2D). Immunolabeling of VAMP2-mKate?2
expressing embryos showed that VAMP2-mKate2 puncta colocalize with the SV proteins
SV2 (95.2% + 3.7%, n = 3) and Synaptotagmin (86.7% * 3.9%, n = 3), suggesting that
VAMP2-mKate2 is a component of STVs (Figure S2E). Since Bassoon and Piccolo
antibodies were not immunoreactive in zebrafish embryos, we performed IF for the PTV
marker Bassoon on rat hippocampal neurons expressing zebrafish Ncad-GFP. This
analysis showed strong colocalization between Bassoon puncta and Ncad-GFP puncta
(95.36% +3.5; n = 5 neurons; Figure S2G). Only around 16% Ncad-GFP puncta
colocalized with the SV protein Synaptotagmin (16.6% £3.4, n = 3 embryos; Figure S2H)
in RB axons, suggesting that it is present in a different transport organelle than SV
proteins. Live imaging of the central axons showed that VAMP2-mKate2 and Ncad-GFP
were transported in punctate structures both anterogradely and retrogradely in RB axons
(Figure 4A-C). Our control experiments and comparisons with previous studies of STV
and PTV trafficking in live zebrafish embryos and in mammalian cultures (Ahmari et al.,
2000; Bury and Sabo, 2011; Jontes et al., 2004; Sabo et al., 2006) suggest that these

markers are reliable markers for the visualization of STV and PTV transport in RB axons.
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Zebrafish Husbandry

All zebrafish embryos, larvae and adults were raised and maintained at 28.5°C
according to standard protocols (Westerfield, 2000). All procedures were performed in
accordance with the University of Oregon Animal Care and Use Committee. Lines used
include AB/Tubingen, neurogeninl:GFP (Tg(-3.1ngn1:GFP)sb2), narrowminded
(nrd™: provided by Dr. Kristin Artinger, University of Colorado, Denver),
$1102t:GAL4/UAS:Kaede [Et(-1.5hsp70l:Gal4-VP16)s1102t; Tg(UAS-E1b:Kaede)s1999t;
provided by Dr. Herwig Baier, University of California, San Francisco]. s1102t:GAL4
embryos were obtained by outcrossing s1102t: GAL4/UAS:Kaede to AB/Tubingen and
PCR genotyping DNA obtained from fin clips using primers specific for the GAL4
cassette and the UAS:Kaede cassette. DNA, morpholine-modified oligonucleotides
(MOs) and/or RNA were pressure injected into 1-2 cell zebrafish embryos using a MPPI-
2 pressure injector (ASI, Eugene, OR). DNA constructs were injected into the yolk singly
or in combination at concentrations of 20-30ng/pul each and embryos were screened for
GFP or mKate2 expression the following day. A translation blocking MO to cdk5
(sequence:5’CCAGCTTCTCATACTTTTGCATGGT3’; Gene Tools, Philomath, OR)
was injected at a concentration of 0.8mM. This concentration was determined to give a
maximum effect on RB cell migration from the midline (40.2 £+ 4.4% of RB cells lay on
the midline versus 1.3 = 0.4% of controls, p < 0.001, n = 18) with no negative effects on
overall health and development of embryos, as previously described (Tanaka et al.,
2012). Central axons localized to the dIf, despite midline localization of cell bodies (not
shown). Rescue of MO-mediated knock-down was performed by co-injecting with in

vitro transcribed mRNA encoding human CDK5-GFP at 10ng/ul (Dr. Li-Huei Tsai, MIT,
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Cambridge, MA). Ectopic activation of Cdk5 was achieved by injecting mRNA encoding
human p25C-GFP at 10ng/ul (Dr. Li-Huei Tsai, MIT, Cambridge, MA). Embryos used

were of either sex and were staged according to Kimmel et al. (Kimmel et al., 1995).

Imaging

Embryos used for live imaging were dechorionated, then anesthetized in 0.003%
tricaine in embryo medium (EM). Embryos were then mounted in 1.5% low melt
agarose/EM. Dishes were flooded with EM plus 0.003% tricaine and the embryos were
imaged at room temperature on a spinning disk microscope (McBain Instruments, Simi
Valley, Ca) using a Leica 63x oil objective (1.40NA). For time lapse experiments with
single fluorescent constructs, images were captured at 30 second intervals over 0.5 pm
steps through the z depth traversed by the axon (from ~5-10 pm) over a 2 hour imaging
period. For the kinase inhibitor experiments, images were captured over a 1 hour period.
For two-color imaging, embryos were live imaged for 30 to 60 minutes with z-stacks
acquired with 0.5 um steps through the depth traversed by the axon at 30 — 60 second
intervals. Stacks were generated by obtaining images for each wavelength sequentially at
each z-plane. This was a slower acquisition method than capturing all z-planes for one
channel followed by all z-planes for a second channel, but allowed us to be confident that
any differences in movement of the two colors of puncta was due to differences in
transport. All live imaging data was acquired using Volocity software and a Hamamatsu
EMCCD camera. All IF was imaged on an inverted Nikon TU-2000 microscope with an
EZ-C1 confocal system (Nikon) with either a 40x objective (0.95 NA) or a 100x oil-

immersion objective (1.45 NA). Image stacks through the depth of the dIf (~10-15
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microns) were acquired to capture synaptic puncta at all points of contact between RB
axons and CoPAs unless otherwise noted. Images were acquired for each channel
separately. All immunofluorescence images presented in the figures are flattened,
maximum intensity projections of z-stacks except for the insets in Figure 3A, which show

single z-planes.

Kinase Inhibitor Treatment

All kinase inhibitors were purchased from Sigma (Saint-Louis, MO). Stocks were
prepared in DMSO according to manufacturer instructions. For incubations, stocks were
diluted in EM with tricaine to the following concentrations, roscovitine 40uM, SB203580
100puM, FAK inhibitor 14 100uM, KN-62 20uM, KN-93 20uM. The inhibitor
concentrations have been used in previously published studies for treatment of zebrafish
embryos at this developmental time point. Final concentration of DMSO was 0.2% or
less, and appropriate vehicle controls were utilized. For imaging experiments embryos
were dechorionated at 23hpf and incubated in stated concentrations of a given kinase

inhibitor for 1-3 hours prior to imaging.

Immunofluorescence Labeling

Immunofluorescence (IF) labeling was performed with the following primary
antibodies and dilutions: mouse anti-panMAGUK (1:100 ; NeuroMab, Davis, CA), rabbit
anti-Synapsin 1/2 (1:1000: Synaptic Systems, Goettingen, Germany), rabbit anti-Piccolo
(1:300; Synaptic Systems), chicken anti-c-myc (1:125; Aves, Tigard, Oregon), chicken

anti-GFP (; 1:500; Abcam, Cambridge, MA), mouse anti-con-1 (1:150; gift from Dr. John
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Kuwada, University of Michigan, Ann Arbor), mouse anti-Synaptotagmin2b (znp-1;
1:750; Developmental Studies Hybridoma Bank, University of lowa), SV2 (1:1000
dilution; Developmental Studies Hybridoma Bank, University of lowa), and islet-1 (stock
39.4D, 1:200 dilution, Developmental Studies Hybridoma Bank, University of lowa).
Secondary antibodies used were: anti-Chicken Alexa 488, anti-chicken Alexa 546, anti-
rabbit Alexa 546, anti-rabbit Alexa 633 (Molecular Probes) and anti-mouse Cy2, anti-
mouse Cy3, (Jackson Immuno, West Grove, PA). For IF after live imaging, embryos
were transferred from EM with 0.003% tricaine to fixative within 5 minutes of the
completion of live imaging.

IF for endogenous Bassoon on cortical neurons was carried out as described in
(Hoy et al., 2009) on 5 DIV neuron cultures. Anti-Bassoon (Enzo Life Sciences,

Plymouth Meeting PA) was used at a 1:400 dilution.

Analysis

Analysis of imaging data was performed on maximum intensity projections for all
fixed animals and live movies. Synaptic puncta were selected and counted using Image
Pro Plus software (Figures 3,5-7 and S2; Media Cybernetics, Bethesda, MD) as described
previously (Washbourne et al., 2002), but with one modification: background plus one
standard deviation was subtracted from puncta fluorescence intensities prior to puncta
selection. Background was calculated as the average intensity at points adjacent to the
dIf. Puncta were counted as co-localized if they had significant overlap (>10%). In all
cases where colocalization of puncta was identified, puncta were verified as being

colocalized by examining the original z-stacks and determining whether puncta were in
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the same z-plane. Stability maps were generated by identifying paused puncta in
kymographs made in Image J (Figures 6 and 7; rsb.info.nih.gov/ij/) (Rasband, 1997-
2011). The magnetic wand tool in Adobe Photoshop was used to trace the outline of each
punctum, then a colored overlay was added to visually indicate the length of time that
each punctum had been stable. Pausing was defined as movement of less than one
punctum diameter between frames. Total fluorescence intensity (Figure 5C) was
measured using Volocity software by summing the intensities at each pixel composing a
punctum. Intensity data were normalized between images by subtracting a background
value equal to the average background for a given image multiplied by the total number
of pixels in a puncta. Velocities of puncta from live imaging experiments (Fig. 8) were
calculated from the beginning to the end of a movement for puncta that moved
unidirectionally over at least 2 um and for at least 3 frames using Image Pro Plus
software (Media Cybernetics). Prior to measuring puncta velocities, image stacks were
aligned (to account for drift due to growth of the embryos during the imaging session)
using the Stack Reg plug-in for Image J (bigwww.epfl.ch/thevenaz/stackreg/) (Thevenaz
et al., 1998). Images were processed for presentation in Adobe Photoshop. Fluorescence
panels were prepared by using the despeckle filter and adjusting the levels to allow for
good contrast upon printing. All graphs were prepared in Microsoft Excel, and statistics

were analyzed using an unpaired 2-tailed Students t-test.

In situ Hybridization
In situ hybridization (ISH) was carried out and RNA probes were made according to the

methods described by (Pietri et al., 2008). Briefly, embryos were hybridized with
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digoxygenin (DIG) and fluorescein labeled probes in 50% formamide hybridization
buffer at 68°C overnight. Antibodies to DIG and fluorescein conjugated to alkaline
phosphatase (Roche, Mannheim, Germany) were used and detected with NBT/BCIP or
INT/BCIP. Sense and antisense probe templates were in vitro transcribed from PCR
fragments of synapsinla, 1b or 2b linked to a T7 or T3 promoter sequence. synapsinla
probes cover nucleotides (nt) 1467 to 1872 of the coding sequence (CDS;
NM_001126437.2), nt 1480 to 1883 of CDS for synapsin2a (NM_001002597.1), and the
157 nt preceding the start codon plus the first 250 nt of the CDS for synapsin2b
(NM_001037576.1). Probes were labeled with DIG and fluorescein according to
manufacturer’s protocol (Roche). Images were taken on a Zeiss Axioplan microscope

using an Axiocam MRc5.

Electron Microscopy

Zebrafish embryos staged at 25 and 28 hpf were anesthetized using a few drops of
tricaine solution. The medium was removed and replaced with primary fixative (2%
paraformaldehyde and 2% glutaraldehyde in 0.1M cacodylate buffer pH 7.4). The dishes
were immediately placed in a Ted Pella laboratory microwave oven (Ted Pella, Redding
CA) equipped with a cold spot and water recirculator. They were pulsed at power level 1
(105w) for 1 minute on - 1 minute off -1 minute on then at power level 2(300w) for 20
seconds on - 20 seconds off - 20 seconds on three times, swirling the dishes in between
steps. The fish sat in the fixative for an additional 30 minutes at room temperature.
Following three washes in 0.1M cacodylate buffer, pH 7.4, the fish were placed in 2%

osmium tetroxide in 0.1M cacodylate buffer and microwaved as in the primary fixation
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step (above). The dishes were allowed to sit in the osmium fixative under the fume hood
for an additional hour at room temperature.

The samples were washed with 0.1 M cacodylate buffer and then microwaved in
1.5% TCH (thiocarbohydrazide) in water for 1 minute on - 1 minute off - 1 minute on at
power level 1. They were allowed to sit in the TCH solution for an additional 2 minutes
before extensive washing with water. The fish were then treated with another round of
osmium fixative for 1 minute on - 1 minute off - 1 minute on at power level 1 and
allowed to sit at room temperature for 30 minutes. After washing well in dd water, the
fish were dehydrated in the microwave using an ascending alcohol series. Propylene
oxide (PPO) was used as a transition fluid for gradual infiltration in epoxy resin
(overnight in 1:1 resin:PPO and overnight in 1:2 PPQO:resin). The fish were embedded in
coffin molds in fresh 100% Embed 812 resin hard formulation (Electron Microscopy
Sciences, Warrington, PA) and hardened for 2 days at 60°C. After removing blocks from
the molds, the fish were buzzed down to the selected area using a Leica EM trimmer
(Leica Microsystems, Inc, Bannockburn, 11.) and sectioned using a Diatome Histo knife
(Diatome, Warrington, PA). Semi-thin sections were stained with toluidine blue and
examined by LM. Silver thin sections 70nm in thickness were placed on 200 mesh
hexagonal copper grids and examined unstained in a JEOL 100 CX electron microscope
at 80kV. Images were taken using a CCD digital camera system (XR-100 from AMT,

Danvers, MA, USA).
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