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The work presented in this dissertation is an in-depth analysis of how a single
neuron, the primary motoneuron of zebrafish, searches for and forms
synapses across the circadian periods of activity and quiescence that occur
from day to night. Dendrites repeatedly extend and retract filopodia in a
search for synapses, the formation of which stabilizes the process, leading to
growth of the arbor. I first focused my attention on zebrafish primary neurons
during the day to explore, for the first time, the search process from the level
of individual filopodial dynamics to the distribution of dynamics across an
entire dendritic arbor. We found the magnitude of searching at individual
locations varied tremendously across locations, with filopodia extending and
retracting as much as 3 microns and averaging about 12 dynamics events per
filopodium in a given 30-minute period. An analysis of the temporal sequence
of these dynamic events showed the pattern of dynamics at individual
locations also varied tremendously. Only retractions showed a consistent
trend, tending to stabilize for some time and rarely being followed by an
extension. This shows that dendrites are not just simply extending and

stabilizing filopodia. Instead, filopodia at each individual location are engaging
in highly dynamic periods of searching, with most extensions retracting within
5 minutes. Only about 4% of extensions survive for an hour or more, possibly
representing the formation of synapses. We further find that these dynamic
locations are equally distributed across the dendrite arbor independent of their
individual dynamics and only the furthest extents of dendrite had higher than
average numbers of motile locations, suggesting the search is largely
unbiased except for those furthest regions. A comparison of how the search
differs between day and night shows surprisingly, that the magnitude of this
searching increases at night, a quiescent time, when motoneuron are much
less active. While the extensions at night are less likely to stabilize, this
increase in searching may partly account for these cells still forming synapses
at a similar rate as during the day, with only the rate of synapse removal
changing, increasing significantly at night. These results demonstrate that
during times of behavioral and activity quiescence, neurons continue to search
for and form synapses at the expense of losing others, providing potential
insight into the role these quiescent states may play in network development
and neuronal plasticity.
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CHAPTER 1
THE ROLE OF DENDRITIC DYNAMICS IN THE SEARCH AND FORMATION
OF INPUTS
Introduction
Over 100 years ago, Ramón y Cajal, through an extraordinary lifetime
of work, demonstrated two major principles in our understanding of the
nervous system: the neuron doctrine and dynamic polarization. He showed
that the nervous system is not a continuous mesh, but is instead made up of
independent units called neurons. Cajal also correctly theorized that those
units have distinct polarity, with part of the cell specialized for receiving
information from other cells (dendrites), and another for sending information to
other cells (axons). Using the Golgi method, Cajal systematically documented
and categorized numerous types of neurons in the vertebrate nervous system,
and, using morphology alone, was even able to accurately deduce the
direction of information flow in many parts of the brain (Cajal, 1995).
100 years later, the study of dendrites has become a huge body of
literature encompassing all aspects from arbor structure to subcellular
composition. Dendrites have proven to be highly diverse structures with the
major role of containing and maintaining most of the synaptic inputs in the
nervous system. One of the biggest mysteries concerning dendrites is how
they are able to find and form connections with the most relevant presynaptic
partners while avoiding others. This chapter will specifically focus on a review
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of the literature concerning how dendrites perform this search. It will start with
a brief overview of dendritic morphology and its role in synapse formation. It
will then focus on a more thorough review of filopodial dynamics and the
methods dendrites employ to find new inputs. The final section of this chapter
will focus on some gaps in the literature, specifically those that will be
addressed in the data chapters 2 and 3.

Dendritic Morphology and Connectivity
Dendrites vary tremendously in their arborization patterns. Broadly
speaking, differences in arborization across neurons reflect differences in their
number and location of inputs. One of the characteristics of dendrites that
varies is the complexity of arborization. This complexity, among other things,
is crucial for providing the increased surface area needed to accommodate a
large number of synaptic inputs. An example of this can be seen in cat alpha
motor neurons, where although the soma/dendrite ratio is only 3 for volume, it
is about 35 for surface area (Ulfhake and Kellerth, 1981). The importance of
this increase in surface area is demonstrated by the fact that 80% of the
proximal dendrites of these cells are covered by synapses (Conradi et al.,
1979).
Dendrites provide neurons with an increased surface that allows them
to maximize the number of synaptic inputs. For example, in the Purkinje
neuron arbors of the cerebellum the high fractal dimension of these dendrites
allows them to almost completely sample the space within the arborization
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(Stuart and Häusser, 2007) allowing these dendrites to have a synapse
density of up to 8.17 x 108 /µl with up to 1.74 x 105 synapses on a single
Purkinje neuron. Not all dendrites are built to maximize synaptic contacts,
however. The size and shape of dendritic arbors can also reflect the way in
which the neuron samples the surrounding space. Olfactory sensory neurons
have rather short dendrites that terminate in a structure called a dendritic
knob, suggesting these neurons receive input from a very specific and
selective location (Cuschieri and Bannister, 1975; McEwen et al., 2008). The
pyramidal neurons of the cortex, on the other hand, are structured in a way
that allows them to sample inputs predominantly from some layers of the
cortex while largely avoiding others (Prieto and Winer, 1999).
Activity and neurotransmission also affect the growth and morphology
of dendrites. The most compelling line of work demonstrating this comes from
work done using the barrel cortex of rodents. The term “barrel cortex” derives
from the unique anatomy of the somatosensory cortex of these animals in
which sensory input from individual whiskers are represented in layer 4 of the
somatosensory cortex as cell-dense barrel-shaped structures, each
representing one whisker on the muzzle of the animal (Woolsey and Van der
Loos, 1970). The formation of these barrels is dependent on input from the
whiskers as demonstrated by the fact that damaging a full row of whiskers
results in one long homogenous stripe-shaped structure instead of individual
barrels (Harris and Woolsey, 1979). Woolsey and colleagues show that under
normal conditions, cells within a barrel extend their dendrites toward the center
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of the barrel regardless of the position of the cell in that barrel (for example,
cells on the edge of the barrel extend their dendrites toward the barrel center).
However, if the whiskers are damaged early in development, the orientation of
dendrites changes so that they now project toward the center of the
homogenous strip. The length and branching of the dendrites, however, are
not affected, suggesting that location of afferents specifically affects the
direction of growth in these neurons (Harris and Woolsey, 1981).
Because the size and branching of the dendrites in the above
experiment were not affected by the manipulation, it suggests that the shape
and size of the dendritic arbor are intrinsic properties and not influenced by
extrinsic factors like synaptic input. Contrary to this though, several lines of
research demonstrate that glutamatergic synaptic activity can be important for
the structure and size of dendrites (reviewed in (Cline and Haas, 2008)).
Much of this work comes from the Cline lab (Rajan and Cline, 1998; Haas et
al., 2006; Cline and Haas, 2008). For example, selectively blocking NMDAR
activity using the antagonist (2R)-amino-5-phosphonovaleric acid (APV) blocks
the growth of dendrites of Xenopus optic tectum (Rajan and Cline, 1998). The
Cline group also demonstrated the role of AMPA receptor activity in the growth
of dendrites. They selectively expressed peptides in individual tectal neurons
that interfere with AMPA synaptic transmission and showed that these
neurons had decreased branch lifetimes resulting in significantly stunted
growth and arbor complexity. Whereas visual stimulation led to increased
growth and complexity in control neurons, cells expressing the blocker actually
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showed dendritic pruning, suggesting AMPA activity is important for normal
dendritic development in these cells (Haas et al., 2006).
In summary, the work described in this section demonstrates that
dendritic arbors grow and develop in such a way as to optimize their ability to
reach the most relevant inputs and sample them accordingly. This
optimization is partially a driven by intrinsic signals but also relies heavily on
the inputs themselves for normal growth and development.

Dendritic Microstructure and Synapses
While the size and shape of dendritic arbors are specialized in such a
way as to bias a cell toward forming particular numbers of synapses in specific
places, the microstructure of dendrites is specialized for forming and
maintaining those synapses. The most prominent of these structures are
dendritic varicosities and dendritic spines, although several other synaptic
specializations have been characterized (Stuart and Häusser, 2007).
Varicosities are swellings of the cell membrane at the location of
synapses. A dramatic example is the varicosities of neostriatal interneuron
dendrites, where these dendritic enlargements can each support up to 3
synaptic contacts and contain large densities of mitochondria, presumably to
support the metabolic demands of these synapses (DiFiglia and Carey, 1986).
The most well studied dendritic varicosities, first identified and
characterized by Cajal, are those of retinal amacrine cells (Cajal, 1995). In
these neurons, varicosities are the sites of bipolar cell axon terminals. At
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these locations amacrine cells receive excitatory input while simultaneously
providing reciprocal GABAergic inhibition back on the same bipolar cell.
(Zhang et al., 2002). By patching individual varicosities and measuring
calcium transients while concurrently imaging calcium florescence at
neighboring ones, Grimes and colleagues were able to show that that these
structures contain highly local Ca2+ signaling that is reduced between
varicosities and which can vary independently from neighboring ones (Grimes
et al., 2010). This suggests that these structures may act as individual
isolated microcircuits across the dendrites of these cells, an idea supported by
earlier modeling studies (Ellias and Stevens, 1980).
Varicosities may have other functions in dendrites as well. At least one
study has shown that after NMDA exposure, varicosities rapidly form and are
accompanied by internalization of AMPA receptors and depression of synaptic
transmission, suggesting they may also occur as a protective response to
excitotoxicity (Ikegaya et al., 2001). Varicosities are also not unique to
dendrites and have been characterized in axons as well, including pre- and
post- synaptic contacts of the lobster stomatogastric ganglion (King, 1976),
and the postganglionic axons of the heart (McMahan and Kuffler, 1971).
The most well-studied synaptic microstructures of dendrites are
dendritic spines. These structures are so prominent that dendrites have
historically been categorized as those with spines (spiny) and those without
(spineless or smooth). Even before the biomolecular and biophysical
properties of spines were known, it was hypothesized that at least one role of
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spines was to increase the number and diversity of synapses while increasing
the total volume of the brain minimally (Swindale, 1981; Cajal, 1995). This has
been later confirmed in at least one modeling study that compared the density
of synapses and cortical volume under different structural conditions
(Chklovskii, 2004).
Like the spatial structure of dendrites in general, the size and
distribution of spines on an arbor are related to their connectivity as
demonstrated by the variation in spine density within an individual cell.
Examples of this include the dendrites of CA1 pyramidal cells (described in
detail in (Megías et al., 2001)). Another example are the Meynert cells of the
primate visual cortex which have high spine densities (up to 127
spines/100μm) in their apical collaterals and basal dendrites in layer 5 as well
as in the terminals in layer 1, but relatively few spines in layers 3 and 4 (33
and 69 spines/100 μm, respectively), suggesting differing and selective input
from different areas of the cortex (Chan-Palay et al., 1974). Spine density can
also vary across neuron types (Holtmaat et al., 2006). For example, subtypes
of nonpyramidal neurons in the cortex vary drastically in their spine numbers
and density, characteristics which can be used to visual differentiate closely
related subtypes (Kawaguchi et al., 2006).
Spines can vary greatly in their size and shape, and like varicosities,
are thought to be chemically independent structures that themselves can
regulate the input at the synapses they contain (Harris et al., 1992). Further,
many studies have suggested that spines are isolated chemical but not
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electrical compartments (Wickens, 1988; Koch and Zador, 1993; Svoboda et
al., 1996). Recently, more evidence has accumulated showing that spines are
isolated electrical compartments as well (reviewed in Yuste 2013 (Yuste,
2013)). Some of the first direct evidence for this comes from the Yuste Lab in
which the authors used a combination of glutamate uncaging and calcium
imaging to show spines isolate inputs electrically (Araya et al., 2006b). This
has also been shown to be true for GABAergic input (Chiu et al., 2013). Other
studies using similar techniques have shown that these structures can amplify
synaptic input (Harnett et al., 2012) and/or facilitate linear summation of inputs
along the dendritic shaft (Araya et al., 2006a), and that the shape of the spine
neck may be important for regulating these properties (Araya et al., 2006b)
(Tønnesen et al., 2014).

Structural dynamics of dendrites: The synaptotropic hypothesis of
dendrite growth
Dendrites, from the small to the large scale, are highly specialized
structures that are involved in all aspects of synapse formation from regulating
where and what to connect to, to the maintenance and regulation of the inputs
themselves. However, whether for the formation of specialized
microstructures like spines, or for the growth of the arbor as a whole, dendrites
rely heavily on one specific structure for their development: the filopodium.
Documentation of the existence of filopodia goes back to early Golgi
studies which showed that filopodia are numerous early in development in
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dendrites across the nervous system, and decline significantly after cell
differentiation (Morest, 1969). These culminated with a series of papers by
James E. Vaughn, who first proposed the idea that dendrites grow by a
synaptotropic process in which synaptic input regulates and controls the
growth of the dendritic arbor (Vaughn et al., 1974; 1988; Vaughn, 1989; Cline
and Haas, 2008).
It was the development of high speed imaging of live tissue, however,
that led to a major advance in understanding the role of filopodia in the
development of the dendrite growth and synaptogenesis. The first group to
explore filopodia in this fashion was the Smith Lab, where Dailey and Smith
used time lapse fluorescence confocal imaging of dendritic branches in
hippocampal slice preparations. By imaging these dendrites at different
times, the authors showed that early in development, at a time when there is
large scale synaptogenesis, dendritic branches showed large numbers of
highly dynamic filopodia. At later stages there was a decrease in filopodia
numbers that coincided with an increase in both dynamic spine-like processes
that were more stable than filopodia, as well as stable spines that showed little
turnover. These results were consistent with filopodia being precursors to
spine formation and synaptogenesis (Dailey and Smith, 1996)
In a follow-up study from the same group, Ziv and Smith used a method
that allowed them to stain and image the locations of synapses at the end of
the experiment. They showed that the reduction in filopodia coincided with the
formation of stable spines, and that the appearance of these spines coincided

9

with the appearance of functional synapses. They were also able to capture
examples of filopodia stabilizing on an axon terminal and subsequently
showed that this site of contact was also the site of a synapse (Ziv and Smith,
1996). The existence of synaptic contacts on filopodia in the hippocampus
was later confirmed via electron microscopy (Fiala et al., 1998). An earlier
electron microscopy study in neonatal cats also showed that axons of the
corticorubral tract make synapses onto dendritic filopodia in the red nucleus
(Saito et al., 1992). Together these studies suggest that filopodia play an
active role in both finding and initiating new synaptic contacts.
Although these studies make a compelling case that neurons use
filopodia to initiate synaptogenesis early in development, the evidence
presented thus far is still circumstantial and largely limited to the hippocampus.
The most convincing evidence came from in vivo imaging studies of zebrafish
optic tectum neurons. Cells were co-labeled with the red florescent protein
DsRed and a postsynaptic density protein 95-tagged with green florescent
protein (PSD95-GFP) to simultaneously visualize dendrites and excitatory
synapses in the same neuron, Niell et. al. (2004) were able to show that
filopodia are the sites of PSD-95 punctum formation. They also showed that
filopodia, which are normally highly dynamic and motile, were stabilized at
sites where PSD-95 punta were formed (Niell et al., 2004). These results
show that in a live animal, dendrites grow via a synaptotropic process, with
dendrites sending out highly dynamic filopodia with are stabilized by
synaptogenesis, leading to an increase in arbor size and complexity
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concurrently with the formation of synapses throughout development (Jontes
and Smith, 2000; Cline, 2001; Robles et al., 2009). Because these neurons
lack spines, this work also demonstrates that the filopodial driven
synaptotropic process of dendrite growth is not limited to spines, and may be a
general process that governs the development of dendrites in all neurons.

Regulation of dendritic dynamics and filopodial motility
The evidence suggests that dendritic filopodial dynamics are a search
for inputs which subsequently leads to the stabilization of dendrites via
synapse formation. The most accepted theory is that this search allows
neurons to sample many potential presynaptic locations, and even form
transient synapses, in order to facilitate the precise wiring of neural circuits.
This allows neurons to generate synaptic diversity without the need for every
connection in the nervous system to be genetically encoded (Jontes and
Smith, 2000; Robles et al., 2009). The search for inputs however is not
random, but instead these dendritic dynamics are shaped by a combination of
extrinsic and intrinsic factors.
The following sections will review the various ways dendritic dynamics
are regulated to guide the development of the dendritic arbor and optimize the
formation of neural circuits and pathways. Variation across neurons in the
extent and type of dynamics, as well as variation in the regulation thereof,
likely reflect the differences in their eventual connectivity. Just like the
variation in the size and shape of the resulting arbors themselves, the dendritic
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dynamics of different neurons reflect the unique sets of connections they
receive, as well as the distinctive role those neurons play in the circuits they
comprise.

Extrinsic regulation of dendritic dynamics via synaptic activity
Much of the work demonstrating the extrinsic regulation of dendritic
structural dynamics involves the role of excitatory input in regulating filopodial
motility and spine formation. Some of the earliest work to suggest the role of
presynaptic activity comes from an imaging study in the Cline lab where
Xenopus tectal dendrites at different stages in their development
(corresponding to rostral-caudal position) were imaged over time to measure
the addition and removal of branches. The authors found that neurons at later
stages of development showed fewer additions and retractions of dendritic
branches, which correlated with a developmental increase in synaptic strength
in those neurons. This suggests that stronger synaptic inputs may work to
stabilize arbors while weaker ones promote more dynamic dendritic arbors
and faster growth (Wu et al., 1999). By expressing peptides that block AMPA
receptor transmission, the same group also showed that reduced AMPA
receptor activity not only resulted in less complex arbors, but also decreased
the lifetime of branches, providing further evidence that strong synaptic inputs
are required to stabilize branches. It also suggests that without strong input,
dynamics alone will not result in normal growth of arbors (Haas et al., 2006).
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The importance of NMDA receptors for regulating dynamics has also
been shown. Using two-photon imaging of dynamics while simultaneously
stimulating hippocampal slices, Maletic-Savatic et. al. showed that synaptic
stimulation selectively induced long-lasting growth of filopodial protrusions
close to the stimulating electrode. This effect was blocked by the exposure to
NMDA antagonists, suggesting that NMDA activity (and potentially calcium
activity, more on this below) may regulate the initiation of new filopodial
extensions and motility (Maletic-Savatic et al., 1999). This along with the later
work discussed above in the section “Dendritic morphology and connectivity”,
which showed that glutamatergic transmission is necessary for normal
dendritic development and growth, also suggests that excitatory input is
indeed regulating the dynamics that underlie that growth (Rajan and Cline,
1998).
Much of the work involving the role of synaptic activity and dendritic
dynamics has focused on spiny neurons. At least two major types of filopodia
have been identified in spiny neurons: growth cone filopodia and dendritic
shaft filopodia. Growth cone filopodia are longer, highly motile, and believed
to be involved in the growth of the arbor. Dendritic shaft filopodia on the other
hand are shorter, less motile, and sometime stabilize to form spines.
Interestingly, manipulations of activity had no effect on the size, number or
motility of growth cone filopodia. The effect on shaft filopodia, however, was
complex. Local glutamate application induced elongation of filopodia toward
the glutamate source. Selectively blocking ionotropic glutamate receptors had
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the opposite effect. These results show that growth cone filopodia are not
regulated by synaptic input and may be more intrinsically driven, whereas
shaft filopodia are highly regulated by synaptic input (Portera-Cailliau et al.,
2003). These results not only demonstrate the role of synaptic activity in
regulating dendritic dynamics, but specifically point to glutamate as an
important extrinsic signal.
The fact that glutamate alone leads to dendritic elongation suggests
that this neurotransmitter may be used by dendrites as a signal to bias
filopodial growth toward the presynaptic source, thus increasing the chances
of finding and forming a viable synaptic connection. This idea is supported by
a more recent study that used a combination of pharmacological and imaging
techniques to show that glutamate is sufficient to stimulate the formation of
new spines. Using two-photon imaging of dendritic shafts combined with twophoton glutamate uncaging, the authors showed that a new spine formed near
the site of uncaging within seconds, with some spines remaining stable for at
least 30 minutes. By using a combination of pharmacological manipulations,
calcium imaging, and electrophysiology, the authors also showed that new
spines contained both functional AMPA and NMDA receptors (Kwon and
Sabatini, 2011). Because these structures contain much of the architecture of
a synapse, it suggests that glutamate is playing an active role in regulating the
elongation of processes that may eventually form functional connections with
local presynaptic targets.
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Because glutamate initiates elongation of dendritic processes, it is not
surprising that blocking glutamate receptors has the opposite effect. The
exact glutamate receptors involved, however are still up for debate. One
group showed that blocking type 1 metabotropic glutamate receptors prevents
glutamate-induced elongation (Cruz-Martín et al., 2012). Portera-Cailliau et.
al. (2003) on the other hand suggested that ionotropic receptors were
necessary for elongation (Portera-Cailliau et al., 2003), while Kwon et. al,
showed that blocking NMDA but not AMPA receptors was sufficient to block
this effect (Kwon and Sabatini, 2011). It is possible that these varying results
are due to differences in experimental protocol such as slice preparation or
glutamate application. Another possibility, though not mutually exclusive, is
that multiple glutamate receptor types are involved regulation of dendritic
dynamics, and/or different cells use different receptors in different contexts.
The latter idea is supported by a study that showed glutamate also
induces filopodia formation in hippocampal astrocytes. AMPA and kainate
agonists were sufficient for this effect, but not NMDA, suggesting regulation of
astrocytic filopodia formation uses a different glutamate-dependent
mechanism than some neurons (Cornell-Bell et al., 1990). The fact that these
two cell types use a similar signal is not surprising, however, given the fact
that astrocytic filopodial have been shown to interact with spines on nearby
neurons. This could be why the dynamics of astrocyte filopodia and spines
have been observed to be coordinated, with astrocytic filopodia stabilizing onto
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nearby spines (Haber et al., 2006), and may be one way neuron-astrocyte
communication is regulated.
Although activity and glutamate specifically seem to be involved in the
elongation and stability of dendritic processes, activity has been shown to
regulate pruning of dendritic processes as well. Because spines contain
synapses, it would not be surprising if activity patterns that reduce the number
and strength of synapses might also result in a corresponding pruning of
spines. This has in fact been shown. By chemically inducing long-term
depression (LTD) using application of the mGluR1 agonist 3,5dihydroxyphenylglycine (DHPG), Ogura and colleagues showed that LTD
reduces spine density of hippocampal neurons by decreasing the average
lifetime of spines and increasing the rate of spine removal (Hasegawa et al.,
2015). Dendritic pruning has been shown to be driven by reduced neuronal
activity as well. Manduca sexta M5 motor neurons show significant dendritic
recession and synapse elimination during W3 and W4 stages of larval
development. This pruning occurs simultaneously with a significant reduction
in neuronal firing, but can be prevented by stimulation of the nerve that
innervates this neuron (Duch and Mentel, 2004). On the other hand, certain
patterns of increased activity can induce dendritic pruning as well. One study
(Wyatt et al., 2012) showed that both the elimination of spines, as well as the
generation of new spines were decreased by 10Hz optical stimulation, while
lower frequency stimulation containing a similar number of spikes had little
effect. This suggests that activity alone, or lack thereof, does not guarantee
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pruning versus growth, but instead different patterns of activity could have
differing effects on dendritic structural dynamics.
In summary, the main extrinsic factors regulating dendritic filopodial and
spine dynamics is synaptic input. When a new synaptic connection is formed,
the strength of that connection will have an impact on the stability of the new
process on which it lies, with stronger connections promoting longer stability.
The process begins with a signal such as glutamate, which itself is sufficient to
stimulate the growth of filopodial extensions, presumably because it’s
presence is likely correlated with the location of a viable presynaptic partner.
Although the role of glutamate is pretty clear, there is still debate as to the
receptors involved, with the regulation of dynamics requiring different type of
glutamate receptors in different neuronal subtypes or contexts. Overall the
regulation of dendritic dynamics relies heavily on presynaptic activity, with the
magnitude, pattern, and location of that input interacting in complex ways to
shape the motility and stability of new dendritic processes.

Synaptically-evoked local Ca2+ activity regulates dynamics
Along with demonstrating the role of glutamate and glutamate receptors
in regulating dendritic dynamics, Portera-Cailliau et. al. (2003) also performed
an experiment that had an unexpected and counterintuitive result. Although
blocking ionotropic receptors reduced the size and motility of dendritic
protrusions (described above), when they globally blocked excitatory
neurotransmission with application of tetrodotoxin (TTX) in Ca2+-free bath,
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they actually observed an increase in filopodial motility and size (PorteraCailliau et al., 2003). If glutamate promotes the growth of filopodia, then what
explains how a global decrease in excitatory activity could lead to an increase
in dendritic dynamics? To get at this and other questions, one must
understand the actions of calcium, one of the major intracellular signals
regulating dendritic dynamics.
Calcium seems to serve as a stabilizer of filopodia and spines. By
imaging cultured hippocampal neurons loaded with a calcium sensitive dye,
Korkotian and Segal (2001) were able to simultaneously measure spine
motility and local calcium transients in spines. They found at early ages, that
spines showed a lot of motility with little calcium activity, whereas older
neurons showed more stable spines with higher calcium activity. In the same
study, they co-labeled presynaptic puncta and demonstrated that stable spines
with numerous calcium transients were associated with nearby axon terminals.
Subsequent blockade of activity using TTX reduced calcium transients and
resumed motility in these spines, suggesting that the calcium transients may
be triggered by presynaptic activity (Korkotian and Segal, 2001). This
interpretation is supported by another study which used similar methods in
retinal ganglion cells. The authors showed that local blockade of activity was
sufficient to cause retraction of dendritic processes, however local uncaging of
intracellular Ca2+ stores prevented this retraction and stabilized dendrites
(Lohmann et al., 2002). A more recent study by the same group showed that
the filopodial precursors to spines are also stabilized by calcium. Calcium
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transients were often observed within the filopodia following extension,
suggesting calcium may regulate the growth of filopodia. Using local calcium
uncaging, they showed elevated calcium worked to reduce filopodia motility,
whereas local blockade of calcium using 2-Aminoethoxydiphenyl borate (2APB) increased filopodia motility (Lohmann et al., 2005). Therefore, while
glutamate activity may initially promote filopodial outgrowth and motility, these
studies support the idea that presynaptic activity may ultimately act to stabilize
dendrites by increasing local calcium in associated dendritic processes, and
shed light on the seemingly counterintuitive results in Portera-Cailliau et. al.
(2003).

Actin dynamics underlie filopodial and spine motility
The mechanism by which Ca2+ stabilizes dendritic processes centers
around its role in affecting actin dynamics. Actin has shown to be abundant in
both filopodia (reviewed in (Mattila and Lappalainen, 2008)) and spines
(reviewed in (Hotulainen and Hoogenraad, 2010)) and the motility of these
structures is believed to depend on actin dynamics. It has been shown in
growth cone filopodia that the extension, retraction and the rate of size change
depend on differences in the rate of actin assembly at the tip and retrograde
flow of actin away from the tip (Mallavarapu and Mitchison, 1999). There is
also evidence in lamellipodia, another motile filopodia-like structure in growth
cones, of two populations of actin with different polarities that may be involved
in the structure’s motility (Lewis and Bridgman, 1992). Consistent with this,
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the proportion of F-actin/G-actin in spines influences activity-induced spine
size changes. Using 2-photon imaging and fluorescence resonance energy
transfer (FRET) to measure changes in F-actin/G-actin equilibrium (FRET
method described in (Wang and Taylor, 1981)), Okamoto et. al. showed that
long-term potentiation (LTP)-inducing activity caused a shift of actin
equilibrium toward F-actin and a subsequent enlargement of dendritic spines
whereas LTD-inducing activity shifted the equilibrium toward G-actin and
resulted in a reduction in spine size (Okamoto et al., 2004).
As mentioned above, the link between neural activity and the actin
dynamics that underlie the motility of dendritic processes seems to be Ca2+
signaling. This connection between synaptic activity, Ca2+, and actin
dynamics was eloquently demonstrated by Fisher et. al. (1998) in a series of
experiments where actin-based spine motility was imaged using actin-GFP
expression in combination with a series of pharmacological manipulations. As
shown in several other studies (and described above), they also demonstrated
that activation of both AMPA and NMDA receptors had a stabilizing effect on
spine motility. The authors then showed that the stabilizing effect of AMPA
was eliminated by blocking voltage-gated calcium channels (Fischer et al.,
2000). Spine motility is also blocked by cytochalsin, a blocker of actin
dynamics (Fischer et al., 1998). This suggests that calcium is important for
actin-based, activity-mediated spine stability.
Although the molecular signaling cascades involving Ca2+ in dendrites
and post-synaptic densities (PSD) are extremely complex and outside the
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scope of this review, it is likely that Ca2+ exerts its effects on actin via
numerous Ca2+-binding molecules that also interact with actin. One of these
molecules is Ca2+/calmodulin-dependent protein kinase II (CaMKII). The βCaMKII isoform acts as a targeting molecule that docks α-CaMKII to F-actin in
spines (Shen et al., 1998). Activation of NMDA receptors is sufficient to
translocate α-CaMKII to F-actin in spines, whereas selective activation of
AMPA or mGluRs is not, suggesting Ca2+ influx through NMDA receptors may
be necessary (Shen and Meyer, 1999).
Other groups of molecules that may be involved in decoding Ca2+
signals to regulate actin dynamics are the Rho GTPases (extensively
documented and reviewed in (Saneyoshi and Hayashi, 2012)), α-actinin
(Wyszynski et al., 1997), and drebrin (Merriam et al., 2013). Another
molecule, gelsolin, which along with other functions both caps and cleaves Factin (Sun et al., 1999; McGough et al., 2003), has also been shown to be a
potential transducer of transmitter-evoked Ca2+ signals and actin dynamics in
spines. Deletion of the gelsolin gene inhibits activity-induced actin turnover in
spines (Star et al., 2002) and knockdown of gelsolin prevents NMDA-induced
transformation of filopodia into spines (Nag et al., 2009).
In summary, the major intracellular basis for dendritic motility is actin
dynamics. These dynamics are regulated by a series of complex signaling
pathways that affect the extension, retraction and stability of filopodia and
spines. The studies reviewed in this section demonstrate that Ca2+ is an
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important regulator of spine dynamics and represents a key signaling bridge
between presynaptic activity and the motility of dendritic processes.

Other intrinsic regulators of dendritic dynamics
The evidence described above suggests that dendritic spine and
filopodial motility are regulated by a complex interaction of extrinsic factors
such a glutamate, which can trigger the growth of new processes, as well as
signaling cascades triggered by subsequent influx of Ca2+ which interact with
several other molecules that work to alter the actin dynamics that underlie
dendritic motility. There is, however also evidence that dynamics across a cell
may be regulated genetically as well. Most of this work has been done in
drosophila and has been extensively reviewed elsewhere (Gao and Bogert,
2003).
A recent study looking at spine dynamics of glomerular cells in the
mouse olfactory bulb also suggests that dendritic dynamics may be innately
regulated. In this study, Sailor et. al. (2016) found that, unlike many other cells
that have been studied, these neurons maintain high levels of spine turnover
and motility late into life. Furthermore, adult-born glomerular cells that result
from adult neurogenesis are just as dynamic as their early postnatal
counterparts. These cells are also more dynamic than neocortical spines in
the same animals. Whereas adult neocortical spines have minimal turnover
(1-2% turnover in a 3 day period) (Grutzendler et al., 2002), Sailor et. al.
(2016) showed adult glomerular cell spines had turnover of 25% in the course
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of only 2 days (Sailor et al., 2016). Although it cannot be ruled out that these
differences are due to different extrinsic factors such as presynaptic activity,
the fact that these cells remain so dynamic into adulthood is compelling. The
authors postulate that because the glomerulus is constantly integrating new
neurons into the network into adulthood, it may be necessary for these
neurons to maintain a persistently immature state, allowing newly born
neurons to more easily integrate into the network. This suggests that neurons
may be internally regulating the extent or range of their structural dynamics
based on the needs or constraints of the networks in which they reside.
Intrinsic excitability has also been shown to influence dendritic
dynamics. In the larval zebrafish spinal cord, there is a dorsal-ventral
organization of neurons. Specifically, the oldest and least excitable neurons
are located more dorsally, and the younger and more excitable neurons are
located more ventrally (McLean et al., 2007; Fetcho and McLean, 2010). By
imaging the whole dendritic arbors of motor neurons in the spinal cord of
zebrafish larvae in vivo, Kishore and Fetcho showed that the number of
filopodial extensions/30-minute imaging session varied along the topographic
organization of the spinal cord, with the most dorsal and least excitable cells
having the largest arbors and the most dynamics per dendritic length and the
more excitable ventral cells having the smallest arbors and the least dynamics.
Decreasing excitability by expressing the inward potassium rectifier Kir2.1
resulted in an increase the dynamics in the ventral cells that inversed the
gradient of dynamics, demonstrating that these neurons homeostatically
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regulate their search for inputs based on their own excitability. This suggests
that neurons may alter the intensity of searching for synapses, with less active
neurons searching more in an attempt to form more connections, grow their
arbor, and possibly increase their overall activity level (Kishore and Fetcho,
2013).

Dendritic dynamics optimize dendritic development
Dendritic dynamics are governed by a combination of genetic and
activity-dependent mechanisms that ensure a proper balance of rigidity and
plasticity throughout development. This balance is important for several
reasons. First, it guides the formation of connections in the nervous system
without the need to genetically encode every connection. Second, it likely
increases the chances that a viable system will develop under variable
conditions such as environment and differences among individuals. Lastly, it
generates variability and diversity in neuronal circuits that allow networks to
change throughout the life of the animal, and sets the foundation for learning
and synaptic plasticity.
The final sections of this chapter will focus on how the data chapters 2
and 3 expand on our understanding of dendritic dynamics. Using zebrafish
primary motoneurons as a model, the work in this dissertation will, for the first
time, provide a more comprehensive view of how dendrites search for inputs in
a live animal, from the level of individual locations on the dendritic arbor to the
distribution of searching across an entire arbor. That broader understanding
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of the search for inputs will then be used as a foundation for experiments that
address how dendritic dynamics and synaptic organization change across the
natural periods of activity and quiescence associated with day and night,
providing insight into the role of natural fluctuations in behavioral and neural
activity, and possibly sleep, on the search and formation of synaptic
connections in the nervous system.

Larval zebrafish primary motor neurons as a model to study dendritic
dynamics
How does an animal sustain a nervous system that can maintain this
important balance between rigidity and plasticity? One way to get at this
question is to observe and measure the dendritic dynamics that underlie how
neurons find new synapses. As detailed above, neurons do this through
searching the surrounding space by sending out and retracting small
processes called filopodia from their dendritic arbor. Up to now, most studies
have been done in slice preparations, and those that used live intact
preparations focused on only parts of the dendritic arbor, limiting our
understanding of dynamics to individual filopodia. What is needed is a system
that would allow imaging and measurement of the dendritic dynamics across a
whole dendritic arbor of a neuron in a live, intact animal. By observing this
process across the entire arbor of a single neuron, one can start to develop a
picture of a neuron’s “strategy” for searching.
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Zebrafish larvae provide us with the opportunity to do just that. By 4
days post-fertilization (dpf) zebrafish larvae go from a single cell embryo to a
freely behaving animal with a functional nervous system in (Brustein et al.,
2003). Further, the genetic tools available for zebrafish provide the ability to
sparsely label the cell membranes and synaptic proteins of particular cell types
(Asakawa, 2009), and the optical clarity of the animal allows us to image the
dendrites of individual cells in a live intact animal over time (Fetcho and Bhatt,
2004; Higashijima, 2008; McLean and Fetcho, 2008; Kishore and Fetcho,
2013).
To reduce variability, we chose to study the dynamics of a specific,
identifiable cell type with known function: Primary Motor Neurons (PMNs) in
the zebrafish spinal cord (Liu and Westerfield, 1988). Because the motor
neurons and the swimming circuit they reside in have been well studied, we
could study these dendritic dynamics in cells whose unique development
(Beattie et al., 1997), activity (McLean and Fetcho, 2004; Kimura et al., 2006;
McLean et al., 2008; Menelaou and McLean, 2012), and role in a defined
circuit (Eaton et al., 1977; Kimmel et al., 1981; Faber et al., 1989; Liu and
Fetcho, 1999; Koyama et al., 2011; 2016) are well understood.
The second chapter of this dissertation will focus on the dendritic
dynamics of a specific primary motor neuron (PMN), the caudal primary
motoneuron (CAP). The purpose of that work was to extensively detail for the
first time the dendritic dynamics of an identifiable neuron in a live animal,
whose activity and role in a defined circuit are well understood.
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To get a picture if this neuron’s strategy of searching for inputs, we
sparsely labeled CAP motoneurons with membrane-bound green florescent
protein (mGFP), and used 2-photon microscopy to image the dendritic
dynamics of these neurons at 2 different temporal resolutions: A high
temporal resolution for long periods to measure the kinetics of individual
locations, and a lower temporal resolution for shorter periods to measure the
amount and distribution of dynamics across the entire dendritic arbor.
We first imaged partial arbors of CAPs at a high temporal resolution,
every 20 seconds, for up to 3 hours. This allowed us to measure the
dynamics at 75 individual locations across 3 neurons. Because we imaged at
such a fast rate, we could capture the kinetics of the dynamics, allowing us to
gather novel data about the rate of extension and retraction of processes, as
well as to be certain that all dynamic events that occurred at these locations
during the imaging period were captured. With these data, we could form a
model of the temporal relationship between extensions, retractions and stable
periods at individual locations on the arbor, as well as understand how this
varies across locations, gaining a deeper understanding of the “strategy”
individual locations use to search for inputs.
We then imaged full arbors of CAPs at a lower temporal resolution,
every 3 minutes for 15 minutes. Because of previous kinetic data, we knew
that this would be sufficient to capture most events that occur in the 15-minute
imaging period. With these data, we were able to get a snapshot of all the
dynamics that occurred on the dendritic arbor of 16 different CAPs. Using
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commercial and custom software, we developed an analysis method that
allowed us to measure all the filopodial extensions and retractions that occur
across the arbor during the imaging period. This combined with detailed
measurements of the structure of the arbor such as Euclidean distance from
the cell body, distance along the dendrite, direction, branch ID, and number of
branch points allowed us to also measure the precise location of motile
locations on the arbor. These data allow us to paint a picture of how the
amount and location of dynamics on an entire arbor vary across cells of the
same type.
In summary, the second chapter of this dissertation reports an analysis
of the two datasets described in this section. The first dataset allowed us to
describe the strategy individual locations on an arbor use to search for inputs
while the second dataset focuses on the dendritic arbor as a whole.
Combined, these data produce the most complete picture of the dendritic
dynamics across the entire dendritic arbor of a neuron, in a live and intact
preparation, to date.

Measuring day-night changes in dendritic and synaptic dynamics
Chapter 3 of this dissertation will expand on the imaging and analysis
techniques described in chapter 2 to explore whether the dendritic dynamics of
these neurons, as well as the associated synaptic dynamics, changes across
day and night. Many studies have shown that a period of quiescence or sleep,
typically aligned with the circadian cycle, is important for learning (reviewed in
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(Maquet, 2001; Walker and Stickgold, 2006; Marshall and Born, 2007;
Diekelmann and Born, 2010; Lewis, 2016) to name a few), the cellular basis of
which is neuronal plasticity. Further, these periods of sleep are extended in
young animals relative to older ones (Campbell and Tobler, 1984). Because
of this, we reasoned that focusing on day-night changes in neurons in young
zebrafish would help to reveal how these two important natural states
(wakefulness and activity, sleep and quiescence) might lead to different
patterns of dynamics that underlie the search for synapses by neurons in a
network.
One of the major motivations of this work was to test a relatively new
hypothesis of the function of sleep developed by Giulio Tononi known as the
synaptic homeostasis hypothesis (Tononi and Cirelli, 2003). According to this
hypothesis, synaptic strengths on average should increase when animals are
awake and learning. If this process were to continue, however, excitatory
synapses might approach a maximal and saturating strength, preventing them
from being able to increase more. One way to get around this issue would be
to periodically downscale synaptic strengths, with both excitatory and inhibitory
synapses scaling in proportion to their initial strengths, preserving the relative
weights of synapses while opening synaptic space for more learning the next
waking period. The synaptic homeostasis hypothesis posits that sleep may be
the time that this global downscaling occurs (Tononi and Cirelli, 2003).
Evidence of sleep-dependent synaptic and dendritic pruning has been found in
Drosophila (Huber et al., 2004; Bushey et al., 2011), and in mouse cortex
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(Maret et al., 2011) and olfactory bulb (de Vivo et al., 2017; Diering et al.,
2017). Other less direct electrophysiological and molecular evidence have
been found in rat cortex (Cirelli et al., 2004; Vyazovskiy et al., 2008; Dash et
al., 2009; Vyazovskiy et al., 2009) and hippocampus (Grosmark et al., 2012;
Blanco et al., 2015).
Although these previous studies provide evidence that suggests a
homeostatic role for sleep, there are some notable caveats. First, in
Drosophila, the only places where these sleep-related homeostatic changes
have been found are either in regions directly involved in promoting sleepwake states, or neurons processing visual input, raising the possibility that the
findings might be a function of changes of input to these neurons rather than
evidence of a homeostatic function for sleep. Other work done in mammals
has been limited to the cortex and hippocampus. Although their role in learning
and memory do make these structures obvious places to look for sleepdependent homeostasis in the nervous system, some of the importance of
sleep may not be tied to particular species or brain regions. After all, sleep-like
states exist in animals with simpler nervous systems such as Caenorhabditis
elegans (Raizen et al., 2008; Cho and Sternberg, 2014), suggesting that at
least one role of sleep is probably related to issues arising from having a
nervous system at all, and not just with networks involved in consolidating
complex memories. If synaptic scaling is truly a global process that is required
to maintain biological circuits then we would expect to find evidence of it (such
as a reduction of filopodial extension and stability, and decreases in the
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numbers and size of synapses) in all neurons, including PMNs in the spinal
cord.
On the other hand, previous data in the Fetcho lab suggested that
motor neurons homeostatically change how much they search for inputs
based on their own activity levels, with less active neurons searching more
(presumably in an attempt to find new connections and raise their own
excitability) (Kishore and Fetcho, 2013). Because motor neurons are much
less active at night, it is possible that they may compensate by searching
more. Synapse specificity is thought to be established by coincident activity of
pre and postsynaptic neurons (Markram et al., 2011) during behavior, so an
increase in searching at night when the animals move much less would be
counterintuitive.
Tackling these many lingering mysteries about sleep in a definitive way
is challenging. The relatively sparse amount of sleep research exploring the
dynamics of neurons at the cellular and molecular levels may be a
consequence of the difficulty of studying dynamics in a reversible behavior like
sleep. Most of the published work relies on sacrificing the animals at different
times of day or night and comparing between groups. This type of analysis
provides information about gross differences in the nervous system between
animals sacrificed at different times, but does not reveal how the nervous
system or individual neurons are changing within an animal across arousal
states. We need a paradigm that allows us to study directly sleep/wake
dependent synaptic level changes within the same cells and animal in vivo.
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Zebrafish provide us with that model. The zebrafish larvae go from a
single cell embryo to a freely behaving animal with a functional nervous
system in about 4 days and have robust circadian-dependent oscillations in
behavioral activity (Cahill et al., 1998; Hurd et al., 1998). Because the
swimming circuit is well studied and the role of the motoneurons in this circuit
is known, we can study these dendritic and synaptic dynamics and test
different hypotheses about day/night changes in dendritic dynamics and
synaptic organization in that context. Further, because it has been shown that
zebrafish larvae swim much less at night and go into sleep like-states then
(Zhdanova, 2006), it is conceivable that the strategy for searching may change
to reflect this difference. By measuring these dynamics about a week after
fertilization when dendritic dynamics and sleep-like states are robust, we can
move closer to understanding the plasticity that occurs in the days after the
main connections of a circuit develop, and how the strategy of searching for
inputs changes across day and night in a diurnal vertebrate with circadian
oscillations of activity and sleep-like states like those conserved across
vertebrates, including humans (Whitmore et al., 1998; Zhdanova et al., 2001;
Yokogawa et al., 2007).
Just as in chapter 2, we chose to test these hypotheses on a specific,
identifiable cell type with known function: Primary Motor Neurons (PMNs) in
the zebrafish spinal cord. Using similar methods as described above to label
and image individual PMNs, we were able to observe changes in the dendritic
dynamics of these neurons from day to night, often within the same cell. Also,
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using similar labeling methods, we could label PSD-95, a reliable marker of
excitatory synapses (Niell et al., 2004). By imaging these cells before and
after day and night we could directly test how the numbers and sizes of
synapses change within the same cell across day and night.
The third chapter of this dissertation is an analysis of how the dendritic
and synaptic dynamics of an identifiable motoneuron change across day and
night. Using genetic and optical tools uniquely available for zebrafish, we can
for the first time test hypotheses like the synaptic homeostasis hypothesis with
both day and night data across the entire dendritic arbor of a neuron, in a live
intact animal.
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CHAPTER 2
A NEURON’S SEARCH FOR INPUTS AT THE LEVEL OF INDIVIDUAL
LOCATIONS AND ENTIRE ARBORS

Abstract
Dendrites grow by searching for and forming synapses by extending and
retracting dynamic processes called filopodia. These filopodia are then
stabilized by formation of new synapses and become the anchor points for
new filopodia. Although this synaptotropic view of dendrite development is
well supported in the literature, much less is known about how neurons
sample space as a whole to find new synapses. Here we reveal a single
neuron’s search for inputs from the level of individual locations to the
distribution of searching across the entire arbor, of an identified class of
zebrafish motoneuron in vivo. The neurons are very dynamic. Individual
dynamic locations can send out and retract several filopodial within a 15minute period. We find that although locations on the arbor vary tremendously
in terms of the magnitude and temporal pattern of filopodial dynamics, only
about 4% of extensions stabilize for an hour or more, which may represent
synaptic stabilizations. Finally, we show that filopodial are distributed quite
uniformly across the length of the dendrite, with only the furthest extents of
dendrites having significantly more motility per dendrite length than other
regions, suggesting the ongoing sampling of any region is proportional to the
amount of dendrite there, with only the most distant locations being over-
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represented. We also show that the pattern of searching is not affected by
distance between filopodia or dendrite concentration, suggesting that
individual locations on the arbor sample independently. These data show that
dendrite use a variable pattern of searching that is replicated uniformly across
the dendritic arbor to find new synapses and grow the arbor, and illuminate
how the complexities of this process can be observed and measured in a live
and intact animal.

Introduction
Neuronal dendrites are highly dynamic, extending and retracting
filopodia in a search for inputs (Morest, 1969). As new synapses form, they
stabilize the branches on which they reside, creating new anchor points for
future dynamics to continue the search (Niell et al., 2004). The search for
inputs and growth of the dendritic arbor are thus part of the same process,
driven by a combination of cellular and network activity (Cline, 2001; Cline and
Haas, 2008), and stabilized by the formation of new connections.
This model for dendrite growth, known as the synaptotropic hypothesis
(Vaughn et al., 1974; 1988; Vaughn, 1989; Cline and Haas, 2008), has been
demonstrated by experiments in frog tadpoles and in zebrafish optic tectum
where visualization of synapse formation showed that they form on and
stabilize filopodia in vivo (Rajan and Cline, 1998; Rajan et al., 1999; Wu et al.,
1999; Sin et al., 2002; Niell et al., 2004; Haas et al., 2006). A similar process
occurs in mammals based on work from rodent hippocampus which showed
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that filopodia numbers decrease as stable spines increase (Dailey and Smith,
1996) and that stabilized filopodia contain synapses (Ziv and Smith, 1996;
Fiala et al., 1998).
While the evidence from several different preparations to support the
synaptotropic process of dendrite growth is compelling, there is much less
known about how neurons sample space both at the individual filopodial level
and via the distribution of filopodia across an entire arbor. This information
would provide a better local and global view of the sampling strategy neurons
use to find new connections.
Here, we took advantage of the genetic and optical tools available for
zebrafish to image the dendritic dynamics of a particular neuron, the caudal
primary motoneuron (CAP) in an intact preparation. Using two different
imaging protocols, we measured and described the dynamics of these
neurons from the level of temporal kinetics at individual dynamic locations, to
the distribution of dynamics locations across the entire dendritic arbor. To our
knowledge, this is the first attempt to reveal the dynamics of the neuronal
search for connections on a neuron-wide scale in an intact animal.
We found that individual locations on the arbor vary in search effort,
with some extending and retracting minimally in terms of distance and number
of dynamic events, while others extend and retract several microns repeatedly.
We also show that although the temporal sequence of dynamic and stable
events at these locations varied as well, they often ended with a retraction and
long stable period. Further, extensions on the arbor were rarely followed by
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long periods of stabilization, which would seemingly imply that these cells are
rarely finding new synapses. Instead, these locations continued to be
dynamic, sometimes fully retracting and other times continuing to grow and
stabilize intermittently. These variable dynamics led to a distribution of
filopodial lifetimes, of which the longest probably represent successful synaptic
stabilizations. Finally, we show that these motile locations are distributed
mostly uniformly across the dendrites, with the furthest extents being the only
areas with a higher than average number of motile locations. Overall, these
data point to a highly variable search distributed across the arbor, and
represent the most complete description of the dendritic dynamics that
underlie a specific neuron’s search for input.

Results
Imaging extension and retraction of filopodia in vivo
To determine the pattern and distribution of dynamics on a dendritic arbor, we
first labeled caudal primary motoneurons (CAPs) by co-injecting a plasmid
containing UAS-mGFP with a Gal4 construct driven under the vesicular
acetylcholine transporter promotor (VAT-Gal4) into single cell embryos (Figure
2.1A), and screened for fish with a labeled CAP. At 7-8 days post-fertilization
(dpf) time series images captured at high and low temporal resolution (one
frame every 20 seconds and one frame every 3 minutes, respectively) (Figure
2.1C and 2.1D, respectively) allowed visualization of extensions and retraction
across successive time points.
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Figure 2.1. Measuring dendritic dynamics at different timescales. (A)
Single cell embryos were co-injected with DNA constructs VAT-Gal4 and UASmGFP to transiently and sparsely label motoneurons with mGFP. (B) (Top,
High Temporal Resolution Imaging) Partial arbors were imaged every 20
seconds for at least 30 minutes. (Bottom, Low Temporal Resolution Imaging)
Whole arbors were imaged every 3 minutes for 15 minutes (6 z-stacks,
including first). (C) Examples of an identified extension and retraction marked
with filaments drawn for high temporal resolution time series. (i) Whole
imaging frame of partial arbor. White box shows area in (ii-vii). (ii-vii) 100
second (6 z-stack) example showing a filopodia retraction (yellow arrow,
beginning in (iii)), and extension (purple arrow, begins in (v)) on the branch
designated with white box in (i). Yellow and purple filaments (white arrow,
(vii)), are drawn in for the full length of the retraction and extension,
respectively. (D) Example of identified extensions and retractions for a low
temporal resolution time series. (i) Example of a CAP motoneuron. Following
image registration, subsequent time points (3 minutes apart, ii & iii) were
pseudo-colored and overlaid (iv) to reveal locations of extensions and
retractions. (v) Location of white box in (iv) showing an example of an
extension and retraction (red and green, respectively).

38

Figure 2.1: Measuring dendritic dynamics at different timescales
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Locations on a single arbor vary in search effort
To measure the kinetics at high speed of multiple individual locations on
a dendritic arbor, partial arbors were imaged every 20 seconds for 30+
minutes (Figure 2.1B, top). The speed of imaging for larger Z stacks
prevented us from doing this for the entire arbor. Figure 2.1C shows an
example of two adjacent dynamic locations on a dendritic branch over a 100second period where an extension and retraction are identified and marked.
This procedure was repeated across all the dendrites in the image, allowing us
to measure all the extensions, retractions and stable periods at every dynamic
location in the imaging frame for the duration of the imaging period.
We found the number of extensions and retractions, or motility, of
individual locations varied substantially, with locations having as many as 6
extension and retraction events to as little as less than 1 on average per 15
minutes of imaging (Figure 2.2A). While the numbers of extensions and
retractions per location was highly correlated (R = 0.8205, n = 77 locations
across 3 cells, p < 2.2 x 10-19, student’s t- test of Pearson’s R vs. null of R=0,
Figure 2.2B), a plot of the two shows that many locations deviate from the
equivalency line (Figure 2.2B, dashed line) in both directions. Thus, although
many locations extended and retracted filopodia in equal amounts, this was
not always the case, suggesting that the kinetics of the search differed from
location to location. Interestingly, locations that searched more (in the form of
more extensions) actually searched further, extending, and to a lesser extent
retracting, longer filopodia on average (Extensions: R = 0.5976, 204
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Figure 2.2. Variation in filopodial dynamics and sizes across locations
on the arbor. (A) Histogram of the number of locations containing different
motility scores (extensions plus retractions/15 minutes) (75 locations across 3
cells). (B) Number of extensions and retraction/location are positively
correlated (R = 0.8205, n = 77 locations across 3 cells, p < 2.2 x 10-19,
student’s t- test of Pearson’s R vs. null of R=0). Dotted line shows
equivalency. (C) Locations with more extensions have longer extensions (R =
0.5976, 204 extensions on 66 locations across 3 cells, p<0.000001, student’s
t- test of Pearson’s R vs. null of R=0). Black line shows linear fit. (D)
Locations with more retractions have slightly longer retractions. (R=0.2829,
229 extensions on 72 locations across 3 cells, p=0.019, student’s t- test of
Pearson’s R vs. null of R=0). Black line shows linear fit. (B-D) Colors identify
location values from the same cell. Points are “jittered” to show multiple
locations with similar values.
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Figure 2.2: Variation in filopodial dynamics and sizes across locations on the
arbor
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extensions on 66 locations across 3 cells, p<0.000001; Retractions: R=0.2829,
229 retractions on 72 locations across 3 cells, p=0.019; student’s t- test of
Pearson’s R vs. null of R=0). While the exact cause of this is unclear, it
suggests that these locations may be increasing their chances of finding a
presynaptic partner by increasing both the magnitude and distance of the
search, a process probably regulated by a combination of the internal and
external signals (such as calcium and glutamate respectively) that are known
to regulate motility in other cells (Cornell-Bell et al., 1990; Rajan and Cline,
1998; Lohmann et al., 2002; Sin et al., 2002; Portera-Cailliau et al., 2003;
Lohmann et al., 2005; Cline and Haas, 2008; Kwon and Sabatini, 2011; CruzMartín et al., 2012; Hu and Hsueh, 2014)

The temporal order of dynamic events reveals variable patterns of searching
Because there is variation in the relationship of extensions and retractions at
individual locations over time, we wanted to explore whether there was any
temporal pattern in the dynamics that might provide insight into the overall
search strategy. To do this we identified all the extension (E), retraction (R)
and stable period (S) events over time at each location and calculated the
probability any event would follow another. The frequency of all 6 possible
“transitions” are shown in Figure 2.3A (mean transitions/30 min = 0.22 (R to
E), 0.51(E to R), 0.66 (E to S), 0.91 (S to R), 0.97(S to E) 1.20 (R to S), n =
462 transitions on 77 locations across 3 cells, columns sharing a letter are not
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Figure 2.3. Transitions between filopodial extensions, retractions, and
stable periods. (A) Number of transitions/ 30 minutes for the 6 possible event
transitions (mean transitions/30 min = 0.22 (R to E), 0.51(E to R), 0.66 (E to
S), 0.91 (S to R), 0.97(S to E) 1.20 (R to S), SE = 0.06 (R to E), 0.13 (E to R),
0.16 (E to S), 0.21 (S to R), 0.23(S to E) 0.28 (R to S), n = 462 transitions on
77 locations across 3 cells, columns sharing a letter are not significantly
different within a 0.95 confidence interval, generalized linear fixed effects
model). (B) Pairwise comparisons of events following retractions ((left; means
0.22 and 1.2, SE = 0.03, p<0.0001, generalized linear fixed effects model),
extensions (middle; means 0.51 and 0.66, SE = 0.10, p = 0.3600, generalized
linear fixed effects model), stable periods (right; 0.91 and 0.97, SE = 0.11, p =
0.9914, generalized linear fixed effects model pairwise lsmeans) from data
shown in (A). (C) Flow chart of dynamic event transitions. Size of arrow
represents frequency of transition, with bigger arrows representing higher
likelihoods of transition.
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Figure 2.3: Transitions between filopodial
extensions, retractions, and stable periods
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significantly different within a 0.95 confidence interval, generalized linear fixed
effects model), with the most common transition being a retraction followed by
a stable period and the least common being a retraction followed by an
extension, suggesting that retractions trigger a pause in the search for some
length of time. Figure 2.3B shows this and the pairwise comparisons for each
of the other event’s two possible transitions, with extensions being equally
probable of stabilizing as they are of retracting and stable periods being
similarly likely to be followed by an extension or retraction. The relationship of
these event transitions paint a picture of the typical series of events that define
the search for input at an average location, and are schematized in Figure
2.3C. Extensions are equally likely to retract as they are to stabilize; stable
periods are equally likely to be followed by an extension as they are to retract;
retractions however, are rarely followed by an extension and tend to stabilize
for some time.

Stable periods and retraction size contribute to filopodial lifetimes
Because retractions are most often followed by a stable period, it suggests
that this may represent an end point to a given search period. This is
supported by the observation that the stable periods following extensions were
relatively short while the stable periods following retractions were significantly
longer (means 270 and 701 seconds, SE = 33.3 and 84.4, n = 352 stable
periods on 77 locations across 3 cells, p<0.0001, linear mixed-effects model),
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Figure 2.4. Durations of stable events. (A) Cumulative plot of the duration
of stable periods following extensions (red) and retractions (blue). Inner plot
shows box and whisker plots and individual duration values. Durations of
stable periods following retractions are longer (means 270 and 701 seconds,
SE = 33.3 and 84.4, n = 352 stable periods on 77 locations across 3 cells,
p<0.0001, linear mixed-effects model). (B) Cumulative plot of the duration of
stable periods preceding extensions (red) and retractions (blue). Inner plot
shows box and whisker plots and individual duration values. Durations of
stable periods preceding extensions are longer (mean = 599 and 324
seconds, SE = 53.5 and 31.6, n = 353 stable periods on 77 locations across 3
cells, p <0.0001, linear mixed-effects model). (C) Cumulative plot of extension
lifetimes (time until extension retracts to within 0.4 µm, solid line) and the
duration of stable periods following extensions (dashed line). Lifetimes of
extensions are longer than just the stable period that follows them (means 998
and 270) seconds, n = 228 (lifetimes) and 126 (stable durations) across n=3
cells, p<0.0001, ANOVA).
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Figure 2.4: Durations of stable events
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with some lasting well over 90 minutes (Figure 2.4A). Also, the stable periods
preceding extensions were longer than those preceding retractions (Figure
2.4B), consistent with the idea that locations wait a while before initiating a
search again (means 599 and 324 seconds, SE = 53.5 and 31.6, n = 353
stable periods on 77 locations across 3 cells, p <0.0001, linear mixed-effects
model).
Although these data describe how the search may be conducted, the
rarity of long stable periods following extensions is at first glance surprising
since stabilized extensions are the thought to be the basis of dendritic growth
and represent the possible formation of new synapses. However, because
locations can have several temporal events, the actual lifetime of an extension
can be quite long. Because we define lifetime as the time it takes for an
extension to retract to within 0.4μm of its starting point, the lifetime may
encompass multiple future events, including subsequent stable periods and
extensions, as well as retractions that fail to retract the location past this
threshold. Figure 2.4C shows a cumulative plot of the lifetime of extensions
(solid red line) and the durations of stable periods following extensions
(dashed red line). This plot clearly shows that the lifetimes of extensions often
continue well beyond any initial stable periods that may initially follow them.
As described above, the lifetime of an extension could contain many
subsequent events, and only ends when the process retracts past threshold.
The event transitions in Figure 2.3 shed some light on those possible future
events, including stable periods and further extensions. Simply having a
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retraction at some point after an extension though does not necessarily mean
the death of that extension, presuming the retraction is short enough. We
found that retractions do tend to be shorter than extensions (means 0.80 and
1.08 µm, SE = 0.14 and 0.15, n = 484 retractions and extensions on 77
locations across 3 cells, p<0.0001, linear mixed-effects model) (Figure 2.5A),
suggesting that retraction size could contribute to the lifetime of extensions.
Further, while extensions do not systematically vary in size with when they
occur (Figure 2.5B), the shortest retractions are the ones that occur after
stable periods (Figure 2.5C), reducing the chance that any extension which
occurred before that time will retract past threshold and “die” (Before R or S,
means 0.92 and 0.86 µm, SE = 0.17 and 0.16, n = 223 extensions on 68
locations across 3 cells, p = 0.4027; After R or S, means 0.81 and 0.91µm, SE
= 0.16 and 0.17, n = 223 extensions on 68 locations across 3 cells, p =
0.2313; Before E or S, means 0.64 and 0.70 µm, SE = .09 and .09, n = 267
retractions on 74 locations across 3 cells, p = 0.3430, ANOVA; After E or S,
means 0.81 and 0.64 µm, SE = 0.10 and 0.08, n = 267 retractions on 74
locations across 3 cells, p = 0.0004, linear mixed-effects model)
Figure 2.6 shows the series of events that could follow a filopodial
extension. These event trains are shown with decreasing probability as
determined by the transition rates. The most likely scenario is one in which an
extension immediately retracts, followed by a long stabilization period. This
scenario is most likely a situation where the search failed to find a synapse or
signal from a potential input, although depending on the relative size of the
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Figure 2.5. Sizes of extensions and retractions. (A) Histogram of
Extension and retraction lengths. Inner plot shows box and whisker plots and
individual data points. Extensions lengths are longer than retraction lengths
(means .80 and 1.08 µm, SE = 0.14 and 0.15, n = 484 retractions and
extensions on 77 locations across 3 cells, p<0.0001, linear mixed-effects
model). (B) Box and whisker plots showing size of extensions are similar
before retractions and stable periods (left, means 0.92 and 0.86 µm, SE = 0.17
and 0.16, n = 223 extensions on 68 locations across 3 cells, p = 0.4027, linear
mixed-effects model) and similar after retractions and stable periods (right,
means 0.81 and 0.91 µm, SE = 0.16 and 0.17, n = 223 extensions on 68
locations across 3 cells, p = 0.2313, linear mixed-effects model). (C) Box and
whisker plots showing size of retractions are similar before extensions and
stable periods (left, means 0.64 and 0.70 µm, SE = .09 and .09, n = 267
retractions on 74 locations across 3 cells, p = 0.3430, linear mixed-effects
model) and longer after extensions than after stable periods (right, means 0.81
and 0.64 µm, SE = 0.10 and 0.08, n = 267 retractions on 74 locations across 3
cells, p = 0.0004, linear mixed-effects model).
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Figure 2.5: Sizes of extensions and
retractions
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extension and retraction, the extension may still survive. The second most
likely scenario is one in which an extension stabilizes for a short time, and
then extends again. In this scenario, the extension clearly outlives the initial
period of stabilization. Two other less probable scenarios are shown, but the
important point here is two-fold. First, the search over time can vary widely
from one location to the next. Second, this search is ongoing, with transition
probabilities, durations of stable periods, and size of retractions contributing to
the lifetime of an extension. Therefore, these dendrites are not just simply
extending and stabilizing filopodia. Instead, individual locations are engaging
in highly dynamic periods of searching. Although most of these periods
eventually end with a retraction, previous extensions may have stayed out and
survived for long periods. It is these long lifetimes that may represent a
successful search leading to the formation of synapses.

PMNs search more at furthest extents of dendrites
We have shown that at individual locations, the temporal pattern of searching
can vary substantially, with some of these patterns leading to long periods of
stabilization. We next wanted to examine how these locations are distributed
across the entire arbor to determine if these neurons search more in some
areas than others. To do this we imaged whole arbors every 3 minutes for 15
minutes (Figure 2.1B, bottom) and measured all the extensions and retractions
that occur across each time point, with locations containing at least 1
extension or retraction considered to be “motile locations”. Motile locations
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Figure 2.6. Event trains following filopodial extensions. Flow chart
containing the possible sequence of events following an extension. The chart
contains the four possible sequences for the first two events out from the
extensions. These are E-E-S, E-S-E, E-S-R, E-R-E. Each sequence also
contains the two possible next events of the series. Sequences are listed from
top to bottom in order of predicted likelihood based on the transition
frequencies shown in Figure 3. Thickness of black arrows represents the
measured frequency of each transition.

54

55

Lowest

Highest

Predicted Likelihood

Extention

Retraction

Extention

Retraction

Extention

Extention

Extention

Stable
Period

Stable
Period

Stable
Period

Retraction

Extention

Figure 2.6: Event trains following filopodial extensions

Stable
Period

Retraction

Stable
Period

Extention

Stable
Period

Retraction

Extention

Retraction

...

...

...

...

were also assigned a motility class and E-R score, which were measures of
the magnitude of motility and extension-retraction relationship respectively
(see methods).
We first asked how these locations were distributed in relation to the
cell body. We did this by calculating the Euclidean distance of each of the
locations from the center of the cell body (Figure 2.7A, green dashed line).
Figure 2.7B shows the distribution of motile locations by Euclidean distance.
This distribution shows that motile locations in general are concentrated closer
to the cell body. The distributions of locations by motility class and E-R score
did not differ, suggesting that the magnitude and pattern of searching does not
differ with distance (n = 476 locations across 15 cells, SE = 0.03371 (motility)
and 0.02591 (E-R), p = 0.206 and 0.265, linear mixed effects model).
Although these results suggest that there are more motile locations
closer to the cell body, this measure did not account for the amount of dendrite
at different distances. It is possible that this pattern could result from there
simply being more dendrite closer to the cell body. To address this, we first
calculated the distance along the dendrite (Figure 2.7A, red line) for each
motile location, allowing us to determine how much dendrite length existed
between the cell body and each location. We also calculated the arbor’s total
dendrite length, allowing us to calculate the mean probability of motile
locations per micron of dendrite (total arbor length/total number motile
locations). With this information, we were able to compare the probability of
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Figure 2.7. Distribution of motile locations across the arbor. (A)
Schematic showing paths for measuring Euclidean distance (dashed green
line) and dendrite distance (red line) from a motile location (black “x”). (B)
Histogram of Euclidean distances for all motile locations (n = 476 locations
across 3 cells). Upper right: histogram of log Euclidean distances used in
linear mixed effects model. (C) Heat maps showing the difference between
the chance of finding a motile location per micron of dendrite and that
predicted by chance. Final bin contains the furthest 10% of all dendrites for
(left) each cell, (middle) each motility class, and (right) each E-R score (n = 15
cell, letters above bins designate significance of p<0.05, bins that share at
least one letter are not significantly different).
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Figure 2.7: Distribution of motile locations across the arbor
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motile locations at different distances along dendrite length to what would be
predicted from the arbor average.
Figure 2.7C shows heat maps of the difference between observed and
predicted probabilities for increasing bins of dendrite distance, with the first 4
bins containing 90% of the total dendrite and the final bin containing the
furthest 10%. We found that this furthest 10% of dendrites had higher than
expected numbers of motile locations (n = 15 cells, letters above bins
designate significance of p<0.05, bins that share at least one letter in Figure
2.7C are not significantly different). This was also true when cells were
averaged together and analyzed by motility or E-R score. Further, there was
no difference in motility class or E-R score with distance (n = 15 cells, p =
0.9602 and p = 0.2638 for motility class and E-R score respectively, ANOVA)
suggesting the number of locations but not the searching pattern at each, is
higher in the furthest dendrites.
Taken together, these results show that these cells engage in a highly
variable search across motile locations, and although these locations are
mostly evenly distributed along the dendrites, there are more search sites at
the furthest dendrite distances. These results paint an interesting picture of the
overall dynamics that underlie the search for inputs, where a local variable
search pattern is repeated across the arbor and concentrated at its furthest
extent, possibly in an effort to sample more distant potential targets with less
dendritic innervation.
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Discussion
Our data point to large variation in both the magnitude and extent of
dynamics across different locations on the arbor with filopodia extending and
retracting as much as 3 microns and averaging as much as 12 dynamic events
per filopodium in a given 30-minute period. While it is likely that this variation is
driven by interactions with local release from the presynaptic processes, the
substantial amount and frequency of dynamics is interesting given the neurons
are already part of a functional swimming and escape circuitry in a posthatching fish.
Earlier work showed that transmitters such as glutamate can trigger
dendritic motility (Cornell-Bell et al., 1990; Fischer et al., 2000; Korkotian and
Segal, 2001; Sin et al., 2002; Portera-Cailliau et al., 2003; Haas et al., 2006;
Cline and Haas, 2008; Kwon and Sabatini, 2011; Cruz-Martín et al., 2012;
Nwabuisi-Heath et al., 2012) and produce an increase in intracellular dendritic
calcium which can stabilize the motile dendritic process (Meberg et al., 1999;
Lohmann et al., 2002; 2005; Merriam et al., 2013; Hu and Hsueh, 2014),
particularly in the case of spines. It is noteworthy, however, that because we
were able to capture all the dynamic and stable events at locations on the
arbor over a period of time, the temporal kinetics we observed are much more
complex than simple motility and stability. Our data point to a continuous
process in which the fate of filopodial extensions are determined by many
dynamic events that occur at a particular location.
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The kinetics of these temporal sequences are rather fast, with some
locations having 6 extensions and retractions of occurring in as little as 15
minutes. The majority of extensions, however are removed within 5 minutes.
Based on the lifetime data, only about 4% of extensions survive for an hour or
more. We suspect that some of these longest lifetimes may represent
synapse formation. This is consistent with a synaptotropic view of dendritic
growth and development in which dendrites grow and search for inputs
concurrently. The large percentage of extensions that fail to survive indicates
that these cells send out many filopodia to locations that end up not resulting
in a synapse, suggesting that whatever drives the cell to search from a given
place does not necessarily signal the presence of a viable potential contact. It
is important to note, however, that while the lifetime of an extension provides
some suggestion of whether or not a synapse was formed, other evidence,
some of it from zebrafish, has shown that stabilization of filopodia is
associated with synapse formation (Dailey and Smith, 1996; Rajan et al.,
1999; Wu et al., 1999; Cline, 2001; Niell et al., 2004; Cline and Haas, 2008;
Kanjhan et al., 2016). We did not, however, label synapses in this study, and
so cannot speak directly to where and when synapses were formed in these
cells.
The most common event sequences following an extension are shown
in Figure 2.6, which illuminates the variety of possible fates of a filopodial
extension. While the temporal sequence of events at dynamic locations varied
across locations, the most common sequence of events was an extension that

61

immediately retracted and was then followed by a stable period. Notably, the
stable periods following such retractions had the longest durations on average.
The picture that emerges of the search is that a filopodia extends, sometimes
stabilizing and then possibly extending further or partially retracting.
Eventually, an extension from the growing process retracts immediately and
stabilizes for a longer period of time that likely reflects the end of a bout of
searching at that location. At some future time the location may extend a new
process once again, or possibly even retract further.
The variation in the temporal kinetics of individual locations described
above is likely driven by a combination of internal and external signals and
reflects a local sampling underlying synapse formation and growth. Our data
also provide a more global picture of the sampling by filopodia distributed
across the arbor. Our data show that filopodia are distributed quite uniformly
across dendritic the length of the dendrite, with only the furthest extents of
dendrites having significantly more motile locations per dendrite length than
other regions. This suggests that the ongoing sampling of any region is
proportional to the amount of dendrite there. The cells seem not to reduce
sampling in regions where their dendritic processes are more concentrated, or
have large swaths of dendrite that search more than others, at least in our
imaging/behavioral/age conditions. However, at the furthest reaches of the
dendrites, the number of motile locations is increased relative to the amount of
dendrite. It is possible that because these arbors are still growing, this may be
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a compensatory mechanism that allows the cell to sample more distal space
that is less occupied by its dendrite.
Surprisingly, this increase in the number of motile locations at the
furthest extents included all motility classes and E-R similarly, suggesting that
the dendrites of PMNs do not change how they sample individual locations
with distance. This is surprising since presynaptic areas with a higher
concentration of overall dendrite and presumably more synaptic contacts
might have more information based on prior sampling of the space, which
could have affected the kinetics of the search (Maletic-Savatic et al., 1999;
Rajan et al., 1999; Duch and Mentel, 2004; Cline and Haas, 2008). Our data
suggest that filopodia sample independently, as the pattern of searching at
individual locations is not affected by distance between filopodia or dendrite
concentration. Instead, they likely vary due to the unique local conditions and
signaling in the space being sampled by a given motile location.
Overall, our data provide further insight into the pattern and strategy a
neuron uses to find new synapses and grow the arbor at different spatial
scales, and illuminate how the complexities of this process can be observed
and measured in a live and intact animal. The developmental importance of
neurons successfully finding and maintaining the proper presynaptic
connections cannot be overstated, as this lays the foundation for formation
and plasticity of the neural circuits that underlie behavior. The procedures and
analyses described here can be used as a foundation for future studies that
seek to understand both the complexities that underlie how neurons search for
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input, and how that search might change under different behavioral conditions,
after manipulations at the cellular, circuit, behavioral or environmental levels or
in disease models.

Methods
Animal Care
Experiments were performed on Casper zebrafish larvae (Danio rerio)
at 7 to 8 days post-fertilization (dpf), as larvae older than this did not remain
healthy throughout the experiment. Larvae were raised from eggs which were
harvested from a breeding stock of Casper-line adults. All fish were housed
and raised in the laboratory’s fish facility (Aquatic Ecosystems, Inc., Apopka,
FL) at 28.5°C. All procedures involving zebrafish larvae were consistent with
the National Institute of Health’s (NIH) Intramural Guidelines for use of larval
zebrafish as well as approved by the Institutional Animal Care and Use
Committee (IACUC) at Cornell University.
Transient Expression of Membrane-Tagged Green Florescent Protein (mGFP)
in Caudal Primary Motoneurons (CAPs)
Fertilized eggs were collected and injected (as described previously).
To achieve sparse labeling, embryos were injected with low concentrations of
DNA (20-40 ng/μL). High expression of the fluorophore was achieved by
employment of the Gal4-VP16/UAS system (Köster and Fraser, 2001). A
modified bacterial artificial chromosome (BAC) was used containing the

64

upstream regulatory regions of the Vesicular Acetylcholine Transporter (VAT)
gene to drive expression of Gal4 specifically in motor neurons (VAT-Gal4)
(Kishore and Fetcho, 2013). This construct was co-injected with 10xUASmGFP to limit expression to cells expressing Gal4. After injections, eggs were
placed in customized light-proof tanks with a 14L-10D light cycle. Larvae were
screened for fluorescently-labeled CAPs at 4dpf. CAPs were identified by
their large stereotypical axonal arbors (Myers, 1985; Myers et al., 1986).
Labeled fish were returned to the fish facility and raised in their corresponding
light cycle until the experiment at 7-8dpf.

In Vivo Multiphoton Imaging
Larvae were imbedded in 1.4% low melting-point agarose. Fish were
embedded on their side with the labeled cell facing upward to allow the cell to
be imaged from above. Once solidified, the agarose was covered with 10%
Hank’s solution. Labeled cells were imaged using a custom-built multiphoton
microscope. GFP was excited using an tunable femtosecond Ti:Sapphire
excitation laser (Coherent Chameleon Vision II) tuned to ~950nm. The beam
was directed through custom optics (Thor) and a water immersion 1.1 NA Apo
25x objective lens (Nikon). On the photo-collection side, dichroic mirrors
separated the fluorophore emission into four channels, each with its own
photomultiplier tube. An infrared light source and an infrared camera were
used to illuminate and locate the prep under the microscope without visible
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light. At 8dpf, a time series image of the entire arbor was collected once, in
the middle of light-on period. Time series images were collected as z-stacks
(40-50 slices, 1um step size) collected consecutively, with the start of each
stack beginning 3 minutes apart. Fish were unembedded and placed back
into their tank between the two time series images. For higher speed longer
term imaging, Z stacks of partial arbors were collected as above, but at
intervals of 20 seconds for up to 3 hours.
Early termination of experiments sometimes occurred due to
degradation of imaging conditions from a variety of factors including reduced
health of the fish, bleaching or loss of fluorescent reporter, or excessive
movement of the animal during the imaging. To reduce handling and light
exposure, if a fish required more than 2 attempts at embedding or more than 2
minutes to embed, this also led to early termination of the experiment.
Incomplete datasets resulting from these issues were not used for analysis.
3D Image Reconstructions and Analysis of Dendritic Dynamics
Individual z-stacks were converted into a time-series file using custom
Matlab software. The images were rendered in 3D and subsequently
analyzed using the image-processing program Imaris (Bitplane). The timepoints were registered (usually to the first time-point) to correct drift and
misalignment using SPM5 Matlab toolbox
(http://www.fil.ion.ucl.ac.uk/spm/software/spm5/) and custom Matlab software.
In some cases, slices with significant movement artifacts had to be removed in
order to produce sufficient registration of images. In these cases, the stacks
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were visually inspected to insure all branches were still visible in the image.
Registered images were then used to determine extensions and retractions
between time points. Consecutive time points were overlaid in different colors
and the non-overlapping regions were identified visually to determine the
extensions and retractions. The regions were marked using the “filament”
function in Imaris. The total number of dynamics was determined by adding all
of the dynamics that exceeded a length of 0.4μm (extensions and retractions)
that were measured during the entire time series. This threshold was
determined by having sample datasets analyzed by two individuals, and then
picking the threshold at which the two analyses agreed. The number of
dynamics/location was determined by manually grouping dynamics at different
time points that occurred at the same place on the arbor. The number of
dynamic locations for each time series was the number of these groups. XYZ
coordinates of dynamics were defined as the most retracted point at each
dynamic location. These locations were marked using the “Spot” function in
Imaris. The XYZ coordinates for each spot were extracted using custom
Matlab software and Imaris Matlab Interface functions. Using the “spot”
function in Imaris and custom Matlab software, an ellipsoid was fitted to the
cell body to estimate the cell body center. The dynamic location coordinates
were then normalized such that the origin was the center of the cell body.
For the long-time series imaging of partial arbors, dynamic locations
were located manually by scrolling through the time points in Imaris. The
length of each extension and retraction was determined by marking the
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beginning and end point of a dynamic tip. The end point of a dynamic tip was
defined as a stop in growth or retraction for at least two time points (40
seconds). The length of the space between the beginning and end point was
marked using the “filament” function in Imaris. Stable periods were defined as
periods of no growth or retraction for at least 40 seconds. Lifetimes of
extensions were defined as the time it took for an extension to retract to within
0.4µm of the start of the extension. Lifetime analysis was performed using
custom Matlab software and custom R scripts. Event transition probabilities
were analyzed using custom R scripts.
Some complete data sets proved difficult to analyze due to movement
artifacts. These were discarded prior to any analysis.
Correlations
Significance of correlations was tested by using the Matlab “corr” function. Pvalues are determined by using a Student’s t distribution for a transformation
of the correlation which was tested against a distribution of R=0.

Generalized Linear Mixed-Effects Model for Event Transitions
The rates of dynamic event transitions across day and night were evaluated by
constructing a generalized linear mixed-effects model using the R package
“lme4” to test for effects and interactions of the 6 different event transitions
using a Poisson distribution of counts for each transition type. The model
contained random effects for individual cells and individual locations on the
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arbor, as well as a time offset to account for different imaging durations across
cells. P-values for pairwise comparisons and interactions were done using the
R package “lmerTest”.

Linear Mixed-Effects Models
The sizes of extensions and retractions were compared to one another by
building a linear mixed effects model using the R package “lme4” to compare
the sizes of these two types of events. To compare sizes of dynamics before
and after certain events, individual models were created for each case, where
the sizes being compared were grouped accordingly. The same was done for
durations of stable periods. Both models contained random effects for
individual cells and individual locations on the arbor. The same R packages
were used to describe the effect of Euclidean distance on motility score and ER score; this also contained a random effect for individual cells.

Dendrite distance
Analysis of variance was used to analyze the probability finding motile
locations at different distances along the dendrites. The first four bins were
made by finding the distance along the dendrite that contained 90% of the
dendrite. This was then divided in to 4 bins of equal dendrite distance. The
final bin contained the furthest 10% of dendrite. The average probability of
motile locations per micron of dendrite was calculated for each cell as the
number of motile locations divided by the total length of dendrite. The
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observed probability for each bin was calculated by dividing the number of
motile locations in each bin by the total length of dendrite in that bin.
Difference from predicted for each bin was the observed value minus the
predicted value. Motility score of 1, 2, and 3 for each location was assigned
based on number of dynamic events (extensions and retractions) in imaging
period with 1, 2, and 3 representing 1, 2 or 3 events respectively. Locations
with 4 or more events were grouped into 3 because of the small numbers of
these observations. E-R score of each location was simply the number of
extensions minus the number of retractions. E-R scores with an absolute
value of 3 or more were grouped into 2 and -2 respectively because of the low
numbers of these observations. The effect of distance on motile location
probability was done using an analysis of variance on the bins containing
“difference from predicted” values. The Matlab function “anova1” was used to
analyze all motile locations in each cell. The Matlab function “anovan” was
used for binned data based on motility or E-R score. Random effects for
individual cells were included in all ANOVA models. The Matlab function
“multcompare” was used to perform pairwise comparisons for each bin by
performing tukey-kramer tests for each bin pair.
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CHAPTER 3
DAY-NIGHT CHANGES OF THE DENDRITIC AND SYNAPTIC DYNAMICS
OF ZEBRAFISH PRIMARY MOTONEURONS

Abstract
Neuronal dendrites dynamically extend and retract filopodia in a search for
inputs. These dynamics likely serve to shape patterns of synaptic connectivity.
For example, less active motoneurons in zebrafish search more often, with the
increased searching thought to be a homeostatic mechanism to raise
excitability. This observation raises the obvious question of how motoneurons
in diurnal animals search for synapses at night, when the motoneuronal
activity and the movements it produces are reduced or absent. Do neurons
search more at night to form synapses at a time when they are not producing
the behavior that those synapses subserve? Here we explore the dendritic
dynamics and synapse formation of motoneurons during the day and night in
zebrafish. We captured time-series images of the dendrites of zebrafish
primary motoneurons at different temporal resolutions to measure dendritic
dynamics. We also imaged neurons with tagged PSD-95 to determine the
number and size of excitatory synapses formed and lost during day and night.
Remarkably, filopodial dynamics are higher at night when the behavior
mediated by the neurons is largely absent. The lifetime and likelihood of
stabilization of these filopodia, however, is reduced at night. During the day,
new synapses are added at a higher rate than they are lost. At night, the rate
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of gain from the more vigorous search only matches that during the day.
Synaptic gain and loss at night are comparable, as synapses are lost at a
higher rate at night than during the day. The result is net synaptic gains during
the day, but no systematic net gain or loss at night, even though rates of gain
and loss are as high or higher than during the day. The results suggest that
behavioral quiescence at night may be a time when these neurons restructure
their inputs in an as yet unknown less or non- activity dependent manner,
raising interesting questions about the role that gross changes in activity, and
possibly sleep, play in the development of neural circuits and synaptic
reorganization in the nervous system.

Introduction
The dendrites of neurons search for new excitatory connections by
extending dynamic processes called filopodia which are stabilized by the
formation of synapses (Saito et al., 1992; Ziv and Smith, 1996; Fiala et al.,
1998; Cline, 2001; Niell et al., 2004). These dynamics underlie both the
growth of the dendritic arbor during development as well the formation of
appropriate connections in the circuits that subserve behavior. Earlier studies
of zebrafish motoneurons showed that filopodial dynamics in these cells are
activity dependent (Kishore and Fetcho, 2013). Neurons with lower activity
have considerably more filopodial extensions over time, a phenomenon
though to be driven by homeostatic processes in which less active neurons
are search harder for excitatory inputs in an attempt to raise their activity level.
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This earlier work was done during the day, when fish move the most.
However, like many diurnal animals, zebrafish are quiescent at night, with
much reduced periods of movement that are slower when they occur, and that
are associated with a sleep state (Zhdanova, 2006). This raises the obvious
question of how filopodial dynamics and synapse formation in motoneurons
changes during a period of motor quiescence, when the activity of the cells is
much reduced. One prediction based on the notion of an activity dependent
homeostatically driven search process, is that motoneurons that drive the
fastest movements, which are largely absent at night, would have very high
filopodial dynamics at night as their reduced activity drives an attempt to add
excitatory synaptic inputs. This seems counterintuitive with respect to
formation of appropriate circuit connectivity, however, because the neurons
would be expending considerable energy to form connections at a time when
the behavior they drive is absent. The massive reduction in movement would
seem to preclude a major role for the activity dependent (Hebbian) synaptic
mechanisms thought to drive appropriate connectivity (Cline and Haas, 2008).
Significant excitatory synapse formation at night would also seem inconsistent
with ideas that sleep, which happens at night in zebrafish, is a time of
downscaling of excitatory synaptic connections (Tononi and Cirelli, 2003;
2014; Cirelli, 2017). Neuronal dynamics and synapse formation during
quiescence thus has implications for homeostatic processes, for proper circuit
formation, and for sleep (which in non-mammals is partly defined by motor
quiescence).
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Given these many implications we set out to explore how filopodial
dynamics and synapse formation change in motoneurons during day and
night. We chose to study individually identifiable large, primary motoneurons in
larval zebrafish. The activity (McLean and Fetcho, 2004; Kimura et al., 2006;
McLean et al., 2008; Menelaou and McLean, 2012), development (Beattie et
al., 1997) and functional role of the primary motoneurons (Eaton et al., 1977;
Kimmel et al., 1981; Faber et al., 1989; Liu and Fetcho, 1999; Koyama et al.,
2011; 2016) are well understood, allowing us to interpret day/night changes in
that context. Also, the optical and genetic advantages of larval zebrafish
allowed us to reliably image fluorescently labeled dendrites and synapses
across an entire PMN dendritic arbor (Kishore and Fetcho, 2013) during both
day and night in a live and intact animal to get a broad picture of dendritic
dynamics and synapse formation, something that has not achieved in a
vertebrate. Importantly, at night the fast movements driven by the large
primary motoneurons are nearly absent, providing an opportunity to explore
how synapse formation changes when a neuron is in its most quiescent
natural state.
We imaged the dynamics across the entire dendritic arbors of individual
primary motoneurons during both day and night in the same animal. We also
imaged partial arbors at higher temporal resolution for longer time periods to
accurately measure how the kinetics and lifetimes of filopodia differ during day
and night. Finally, we labeled the excitatory synapses of these neurons in vivo
with tagged PSD-95 and imaged the arbors after day and night in the same
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animal to measure changes in the formation, removal, and size of synapses
across these time periods.
We find that the number of filopodial extensions and retractions
increases at night, with extensions remaining out for shorter periods before
retracting compared to day. The neurons seem to be searching harder at
night, but more filopodia fail to stabilize than during the day. We also show,
surprisingly, that the overall rate of synapse formation is similar during day and
night, although the filopodial data point to more difficulty finding those inputs at
night. During the day, synapses are lost at about 2/3 the rate of gain, leading
to a net increase of synapses during the day. At night synapses are lost at
nearly the same rate as they are gained, pointing to a shift in the synaptic
population, without a net loss or gain in numbers. We found no overall
decrease in the size of synapses at night based on PSD-95 puncta. Our data
point to an increased synaptic loss rate (though not a net loss) at night, which
is consistent with synaptic pruning expected from the synaptic homeostasis
hypothesis. We do not, however, find a net loss of synapses or a change in
their size at night as one might expect via synaptic scaling ideas.
Remarkably, however, our data point to substantial dynamics at time when the
motoneurons are quiescent. The filopodial search is more vigorous than
during the day and the cells form new synapses and prune a similar number of
old ones. The processes driving this and their adaptive value are mysterious,
but the data reveal that synaptic connectivity is sculpted in substantial ways at
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night, even when the activity and behavior served by the neurons are largely
absent.

Results
Measuring filopodial dynamics during day and night at 8 days of age
In order to measure the filopodial dynamics that underlie the search for input
and how they might change day and night, we labeled caudal primary
motoneurons (CAPs) (Figure 3.1Di) with a membrane-tagged green florescent
protein (mGFP) to visualize their three dimensional dendritic dynamics. To do
this, we co-injected a plasmid containing UAS-mGFP with a Gal4 construct
driven under the vesicular acetylcholine transporter promotor (VAT-Gal4) into
single cell embryos to sparsely and transiently label the membrane of
motoneurons (Kishore and Fetcho, 2013) (Figure 3.1A). At 8dpf, live zebrafish
were embedded in agarose with no anesthetic, and using 2-photon imaging,
whole arbors of labeled CAPs were imaged both in the middle of the dark
period (night) and the middle of the light period (day). Fish were unembedded
in between imaging sessions and returned to their home tank, where
swimming behavior was visually assessed to assure fish were healthy after the
first imaging session. Because fish were imaged in the dark, time series were
limited to 15 minutes to avoid them going into a sleep-like state during day
imaging (Campbell and Tobler, 1984). Animals were placed in one of two
different light cycles to control for age and other order-of-imaging effects
(Figure 3.1A-C). Overlays of successive time-points showed clear extension
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Figure 3.1. Imaging and measuring dendritic dynamics day and night.
(A) Single cell embryos were co-injected with DNA constructs VAT-Gal4 and
UAS-mGFP to transiently and sparsely label motoneurons with mGFP.
Injected eggs were raised in one of two light cycles, “Day First” and NightFirst”. (B) At 8dpf, labeled neurons were imaged within 1 hour of both the
middle of the night and the middle of the day (red bands). (C) At the times
signified in (B), time series images were collected consisting of z-stacks
containing the whole arbor of CAPs every 3 minutes for 15 minutes (6 z-stacks
including first). (D) Images of the CAP motoneuron (i) taken at different times
were colored green (ii) or red (iii) and overlaid (iv). This allowed visualization
of extensions (red) and retractions (green) as shown in v, where regions 1 and
2 in iv are enlarged.
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Figure 3.1: Imaging and Measuring Dendritic Dynamics Day and Night
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and retraction of filopodia across the arbor, demonstrating that the dendrites of
these neurons are still actively searching for inputs at this age (Figure 3.1D).

Dendritic dynamics are elevated at night
To determine how the filopodial dynamics change from day to night, we first
counted the total number of extensions and retraction across the arbor during
the middle of day and night. Prior work showed that zebrafish spinal
motoneurons homeostatically regulate their dynamics inversely with excitability
(Kishore and Fetcho, 2013). Because fish are behaviorally less active at night
(Cahill et al., 1998; Hurd et al., 1998; Zhdanova, 2006) and these cells are
specifically active in swimming (Liu and Westerfield, 1988), we might expect
these neurons to be more dynamic at night. However, the large reduction in
presynaptic activity to these neurons would make an increased search for
inputs counterintuitive, as presumably there would be less to find. However,
as shown in Figure 3.2, at night these neurons show an increase in both the
numbers of extensions (means 24.6 and 36.3, SE = 2.93 and 3.73, n = 16
cells, p = 0.0115, paired t-test) and retractions (means 24.0 and 37.9, SE =
2.96 and 4.01, n = 16 cells, p=0.0012, paired t-test), with 14/16 cells showing
an increase in dynamics as a whole (extensions plus retractions, means 48.6
and 74.2, SE = 5.55 and 7.68, n = 16 cells, p = 0.0028, paired t-test) at night
compared to the day (Figure 3.2A). These observations are consistent with the
possibility that homeostatic regulation of dynamics drives increased searching
at night.

The nocturnal increase was partly due to an increase in the number
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of dynamic locations on the arbor (means 31.9 and 46.7, SE = 3.56 and 5.15,
n = 16 cells, p = 0.0061, paired t-test) indicating that the cells are searching
more broadly from more locations at night (Figure 3.2B). Interestingly
however, individual dynamic locations showed more retractions per dynamic
location at night (means 0.751 and 0.823, SE = 0.03 and 0.01, n=16 cells,
p=0.0236, paired t-test), but similar numbers of extensions (means 0.762 and
0.786, SE = 0.04 and 0.02, n=16 cells, p=0.6538, paired t-test) (Figure 3.2C),
showing that although individual locations are sending out filopodia at similar
rates day and night, the chances of dendritic processes retracting (whether
new or old) is higher at night, so they may be stabilizing less after extension.
We also found that extensions that occurred in the first imaging time-point
were twice as likely to remain throughout the imaging when imaged during the
day (means 51.1%(day) and 30.0%(night), SE = 6.81 and 5.11, n = 16 cells, p
= 0.0159, paired t-test), whereas processes present throughout the imaging
session that retracted at the last imaging time point were more numerous at
night (means 0.75 day and 2.1 locations night, SE = 0.28 and 0.54 (0.4μm
length threshold), and 1.2 and 3.2 locations, SE = 0.36 and 0.70 (0.3μm
threshold), p = 0.068 and p < 0.05 respectively, paired t-test), both of which
are consistent with a decrease in the stability of dendritic processes at night
(Figure S3.1A-B).

The stability of extensions is reduced at night
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Figure 3.2. Numbers of extensions and retractions day and night. (A)
(top) Cells have more extensions (means 24.6 and 36.3, SE = 2.93 and 3.73,
n = 16 cells, p = 0.0115, paired t-test), (middle) retractions (means 24.0 and
37.9, SE = 2.96 and 4.01, n = 16 cells, p=0.0012, paired t-test), and (bottom)
total dynamics (means 48.6 and 74.2, SE = 5.55 and 7.68, n = 16 cells, p =
0.0028, paired t-test) at night. (B) Cells have more dynamic locations at night
(means 31.9 and 46.7, SE = 3.56 and 5.15, n = 16 cells, p = 0.0061, paired ttest). (C) (top) Mean number of extensions per location/cell is similar day and
night (means 0.762 and 0.786, SE = 0.04 and 0.02, n=16 cells, p=0.6538,
paired t-test) and (bottom) the mean number of retractions per location/cell is
higher at night (means 0.751 and 0.823, SE = 0.03 and 0.01, n=16 cells,
p=0.0236, paired t-test). Box and whisker plots in A-C show the median
(middle line), interquartile (box), range (whiskers) and outliers (red + symbols)
for day and night (orange and purple dots respectively) Colored lines connect
values for paired cells.
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Figure 3.2: Numbers of extensions and retractions day and night
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Next, we explored more deeply how the stability of filopodial extensions might
change from day to night, as this may also be associated with differences in
synapse formation. We labeled CAPs as described above, but this time
imaged partial arbors at higher temporal resolution, either day or night, for up
to 3 hours (Figure S3.2A-D). This allowed us to capture the detailed kinetics
of the dynamics that occurred at imaged locations within the imaging time and
determine the precise lifetime of filopodial extensions (the speed of our
imaging precluded doing this for entire arbors). We defined “lifetime” as the
time it takes for an extension to retract to within 0.4μm of the initial starting
point of the extension. Extensions imaged during the day survived significantly
longer than those imaged at night (means 12.2min and 8.2min, n = 204
extensions across 65 locations and 3 cells (Day) and 307 extensions across
73 locations and 3 cells (Night); 511 extensions, 138 locations, 6 cells total, p
<0.05, Cox proportional hazards mixed effect model) (Figure 3.3A) with the
biggest difference occurring at the longest lifetimes (Figure 3.3B).
As long an extension did not retract to within 0.4μm of its initial starting
point, the extension was considered to have persisted regardless of any other
events that follow. This includes future extensions and stable periods, as well
as subsequent retractions that fail to bring it past the threshold (see Methods).
Because the order of these events could contribute to extensions lifetimes as
well as overall stability of processes we wanted to examine how the temporal
order of events might differ day and night. To do this we broke down the
temporal dynamics of individual locations as extension (E), retraction (R), and
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Figure 3.3. Filopodia lifetimes and event transitions day and night. (A)
Extensions have shorter lifetimes at night (means 12.2min and 8.2min, n =
204 extensions across 65 locations and 3 cells (Day) and 307 extensions
across 73 locations and 3 cells (Night); 511 extensions, 138 locations, 6 cells
total, p<0.05, Cox proportional hazards mixed effect model). (B) Cumulative
distribution of the same data in (A) for lifetimes longer than 500 seconds. (C)
Predicted rates for all 6 possible event transitions. Relationship of E-S and ER transitions switches from day to night (Predicted rates/30 min day 0.68 (E-S)
and 0.41 (E-R), SE = 0.13, and night 0.44 (E-S) and 0.80 (E-R), SE = 0.11,
p=0.000293, generalized linear mixed effects model). E = Extension, R =
Retraction, S = Stable Period.
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Figure 3.3: Filopodia lifetimes and event transitions day and night
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temporal dynamics of individual locations as extension (E), retraction (R), and
stable (S) events over time and asked how the likelihood of transitioning from
one event to another. Figure 3.3C shows the relationships between the rates
of all possible transitions day and night. We found that most of these
relationships were very similar across day and night. Consistent with a
reduction in filopodial stability at night however, extensions were more likely to
immediately retract (started retracting within 40 seconds of the extension
reaching its maximum length, see methods) than to be followed by a period of
stability at night, whereas during the day the opposite was true, (Predicted
rates/30 min day 0.68 (E-S) and 0.41 (E-R), SE = 0.13, and night 0.44 (E-S)
and 0.80 (E-R), SE = 0.11, p=0.000293, generalized linear mixed effects
model).

Synapses are gained and lost on dynamic branches
We next wanted to determine if this reduction of stability in the dendritic arbor
corresponded with changes in synapse formation and removal. To visualize
synapses and dendrites, we sparsely labeled PMNs using methods described
above, this time co-injecting UAS-TDTomato to label the membrane red, with
UAS-PSD95eGFP, a construct previously shown to reliably label post-synaptic
sites of excitatory synapses in zebrafish (Niell et al., 2004) (Figure 3.4A).
Whole arbors were imaged before and after both day and night, for a total of 3
images, to measure changes in synapse formation and removal across day
and night. Animals were placed in one of two imaging orders to control for age
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Figure 3.4. Measuring synapse formation across day and night. (A)
Single cell embryos were co-injected with VAT-Gal4, UAS-tdTomato and UASPSD95-eGFP to transiently and sparsely label motoneuron membranes in red
and excitatory synapses in green. (B) Fish were imaged before and after day
and night either in the order (top) beginning of day -> end of day -> end of
following night or (bottom) beginning of night -> end of night -> end of following
day, to control for age and order of imaging effects. (C) Examples of
synapses gained and lost across successive images (beginning of day and
end of day (gained example, left); beginning of night and end of night (lost
example, right)). Examples show synapses gained or lost on the middle of
stable branches (red arrowheads), terminal branches (white arrowheads) and
new or pruned branched respectively (blue arrowheads).
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and/or other order-of-imaging effects (before day, after day, after following
night; or before night, after night, after following day, Figure 3.4B). Substantial
synapse formation and removal was observed over these timescales and
examples of this are shown in Figure 3.4C., Many new and lost synapses were
located on new and pruned dendritic processes, respectively (blue
arrowheads). Although synaptic gain and loss also occurred on stable
branches as well (red arrowheads), many of the synaptic dynamics occurred
on terminal branches or near tips (white arrowheads), suggesting that some of
these synapses were associated with dynamic dendritic processes.

Synapses that are gained and lost tend to be small
To investigate extent of synapse formation and removal, we marked synapses
that were gained, lost, or persistent throughout day or night and tracked
individual synapses across the two time-periods. Although the majority of
synapses persisted, new synapses represented about ¼ of the synapses on
the arbor at both the end of day and night (means 43.4 new and 144 persisted
(day), SE = 4.76 and 34.7 new and 143 persisted (night), SE = 3.64 and 11.1,
10.2; n = 11 cells, p <0.000001(night) and p< 0.000001(day), paired t-test),
suggesting a large turnover of synapses across these periods (Figure 3.5A-B).
These new synapses also tended to be smaller than persistent ones (means
3.6μm3 (old) vs 2.3μm3 (young), SE = 1.86e-2 (night), and 3.7μm3 (old) vs
2.3μm3 (young), SE = 1.46e-2 (day), n = 2060 (day) and n = 1958 synapses
(night) across 11 cells, p < 2.2e-12 (day) and p < 2.2e-12 (night), linear mixed
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model) (Figure 3.5C-D). This was also true for lost synapses (means 3.3μm3
(maintained) vs 2.2μm3 (lost), SE = 1.62e-2 (night) and 3.7μm3 (maintained) vs
2.5μm3 (lost), SE = 1.71e-2 (day), n = 1904 (Day) and n = 2023 synapses
(Night) across 11 cells, p < 4.4e-12 (Day) and p < 2.2e-12 (Night), linear mixed
model), suggesting that regardless of whether it is day or night, smaller
synapses are more vulnerable to loss (Figure 3.5E-F).
Because new synapses are smaller than persistent ones, and smaller
synapses are more likely to be lost than larger ones, we tested whether
younger synapses were more likely to be lost than older ones, and if this was
different during the day versus night. On a percentage basis, synapses
formed the previous day were more likely to be lost on the following night than
ones that were persistent throughout the previous day (means 4.52 and
1.30%/hour, SE = 0.31 and 0.42, n = 6 cells, p = 0.0022, linear mixed-effects
model). This was also true for synapses formed at night, which were likewise
more likely to be pruned the following day (means 3.78 and 0.79%/hour, SE =
0.70 and 0.13, n = 5 cells, p = 0.0027, liner mixed-effects model) (Figure
S3.3). These results show that new synapses are generally smaller, and
these small young synapses are the most likely to be lost during both day and
night.

Comparison of synaptic changes during the day and night
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Figure 3.5. Sizes of gained and lost synapses. (A-B) Number of synapses
added versus persistent through night (A) and day (B) (means 34.7 new and
143 persisted (night), SE = 3.64 and 11.1, and 43.4 new and 144 persisted
(day), SE = 4.76 and 10.2; n = 11 cells, p <0.000001(night) and p<
0.000001(day), paired t-test). (C-D) New synapses are smaller than persistent
ones both night (C) and day (D) (means 3.6μm3 vs 2.3μm3, SE = 1.86e-2
(night), and 3.7μm3 vs 2.3μm3, SE = 1.46e-2 (day), n = 2060 (day) and n =
1958 synapses (night) across 11 cells, p < 2.2e-12 (day) and p < 2.2e-12 (night),
linear mixed model). (E-F) Lost synapses are smaller than persistent ones
both night (E) and day (F) (means 3.3μm3 vs 2.2μm3, SE = 1.62e-2 (night) and
3.7μm3 vs 2.5μm3, SE = 1.71e-2 (day), n = 1904 (Day) and n = 2023 synapses
(Night) across 11 cells, p < 4.4e-12 (Day) and p < 2.2e-12 (Night), linear mixed
model).
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Figure 3.5: Sizes of gained and lost synapses
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We next explored whether there is an overall change in the sizes of individual
synapses during day and night that might reflect a shift in synaptic strengths.
We found no systematic change in the average size of synapses across day or
night (means 3.5μm3 and 3.4 μm3, SE = 9.24e-3 (beginning and end of Day)
and 3.0μm3 and 3.3μm3, SE = 0.01 (beginning and end of night), n = 3964
synapses (day) and 3981 synapses (night) across 11 cells, p = 0.419 (day)
and p = 0.259 (night), linear mixed model) (Figure S3.4).
To ask whether the decreased stability of dendritic processes at night
corresponded with systematic changes in the number of synapses across the
arbor that could affect the overall synaptic strengths onto the cell, we
compared the synaptic numbers across day and night. Figure 3.6A shows the
total number of synapses before and after day (orange) and night (purple) for
each cell we analyzed. The net changes in synaptic numbers are shown in
Figure 3.6B. We found a significant increase in the number of synapses
across the day, whereas at night there was no significant change (means 173
synapses (beginning day) and 187 synapses (end day), SE = 10.6 and 13.7, n
= 11 cells, p = 0.0297; means 184 synapses (beginning night) and 178
synapses (end night), SE = 15.0 and 13.2 n = 11 cells, p = 0.3693).
To explore the basis of the net changes in synaptic number, we looked
at the rates of synapse formation and removal in these cells during day and
night (Figure 3.6C). Rates were used to normalize for the longer duration of
day versus night in our data set (14h day, 10h night). Interestingly, the rate of
synapse formation was similar day and night (means 3.1(day) and 3.5(night)
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Figure 3.6. Synaptic gain and loss during day and night. (A-B) There is a
net increase in synapses across the day (orange; means 173 synapses
(beginning day) and 187 synapses (end day), SE = 10.6 and 13.7, n = 11
cells, p = 0.0297) and there is no systematic change in synapse number at
night (purple; means 184 synapses (beginning night) and 178 synapses (end
night), SE = 15.0 and 13.2, n = 11 cells, p = 0.3693). “*” in B signifies that the
distribution is significantly different from zero. (C) (left) During the day (orange)
the rate of synapse formation is higher than the rate of loss (means
3.1(gained) and 2.1(lost) synapses/hour, SE = 0.34 and 0.21, n = 11 cells, p =
0.0033). (right) During the night (purple) the rate of synapse formation and
loss are not significantly different (means 3.5 (gained) and 4.1(lost)
synapses/hour, SE = 0.36 and 0.59, n = 11 cells, p = 0.3623). The rate of
synapse formation (gained) is similar day and night (means 3.1(day) and
3.5(night) synapses/hour, SE = 0.34 and 0.36, n = 11 cells, p = 0.3289) while
the rate of synapse loss (lost) is higher at night (means 2.1(day) and 4.1(night)
synapses/hour, SE = 0.21 and 0.59, n = 11 cells, p < 0.0001, generalized
linear fixed-effects Poisson model).
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Figure 6: Synaptic gain and loss during day and night
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synapses/hour, SE = 0.34 and 0.36, n = 11 cells, p = 0.3289). This is
surprising since these animals swim less at night and almost exclusively at
slow speeds when PMNs would not be recruited (Zhdanova, 2006), making
activity-driven synapse formation less likely at night (Eaton et al., 1977;
McLean et al., 2008). The rate of synapse loss at night, however, was higher
than during the day (means 2.1(day) and 4.1(night) synapses/hour, SE = 0.21
and 0.59, n = 11 cells, p < 0.0001, generalized linear fixed-effects Poisson
model). This was true for both new and old synapses (means 0.93 and 2.43
synapses/hour, SE = 0.16 and 0.34 (younger); 1.19 and 2.68 synapses/hour,
SE = 0.17 and 0.53 (older), n = 11 cells (6 “lost night”, 5 “lost day”), p = 0.0075
(younger) and p = 0.0522 (older), 2-sample t-test) (Figure S3.5). This higher
loss at night matched the rate of gain (means 3.5 (gained) and 4.1(lost)
synapses/hour, SE = 0.36 and 0.59, n = 11 cells, p = 0.3623). In contrast
during the day, gains exceeded losses (means 3.1(gained) and 2.1(lost)
synapses/hour, SE = 0.34 and 0.21, n = 11 cells, p = 0.0033). The net
increase in synapses in the day is thus a consequence of a larger gain than
loss rate. At night, gains match those during the day, but the rate of removal
increases to match the rate of gain, leading to no significant increase in
synaptic number at night, in spite of substantial synaptic addition and loss.
Importantly, the percent rate of loss during the following day of new synapses
formed at night was not different from the rate of loss at night of new synapses
formed during the day (means 4.52 and 3.78%/hour, SE = 0.31 and 0.70, n =
11 cells (6 Night and 5 Day), p = 0.7014, liner mixed-effects model),
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suggesting that synapses formed at night were not more labile than those
formed during the day (Figure S3.3).
In summary, although the fast swimming behavior PMNs are involved in
is virtually absent at night, these cells show a surprising increase in their
search for new inputs, sending out significantly more extensions and
retractions than during the day. While the extensions at night are less likely to
stabilize, the increase in searching may partly account for these cells still
forming synapses at a similar rate during the night as during the day. Only the
rate of synapse removal changes at night, when it significantly increases
compared to the day. Overall, these results demonstrate that during times of
behavioral and activity quiescence, neurons continue to search for and form
synapses at the expense of losing others, which constrains hypotheses about
the role these quiescent states may play in network development and neuronal
plasticity.

Discussion
Our data point to considerable dynamics of both filopodia and synapses
in the primary motoneurons at night, when the fish is in a quiescent state that
rarely engages the fast swimming and escape movements served by these
large motoneurons. The observations have implications both for homeostatic
processes in the nervous system that may maintain neuronal firing rates, as
well as for synapse formation during times of behavioral quiescence when the
neuronal activity thought to be critical for appropriate synaptic plasticity is
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reduced or absent. PMN dendrites are highly dynamic, continuously sending
out processes across their arbor in a way that has previously been shown to
be a search for inputs (Jontes and Smith, 2000; Niell et al., 2004; Robles et
al., 2009). Our evidence that these neurons become more dynamic at night, a
time when the animal is much less active, suggests that not only does the
search for input continue, it may actually be expanded during periods of
inactivity that, in this case, also occur during a time associated with sleep.
This is surprising considering that as motoneurons, they are directly involved
in swimming, and would presumably be receiving much less synaptic input
and have lower activity at night when animals swim less (Zhdanova, 2006).
Previous work during the daytime, has shown that less active zebrafish
motoneurons have more dynamics (Kishore and Fetcho, 2013) and that
lowering a motoneuron’s excitability genetically raises filopodial searching.
This is thought to be a homeostatic mechanism in which less active neurons
search for more synapses in an attempt to increase their overall activity. Our
results support the idea that this process may be continuously operating, with
periods of behavioral quiescence being sufficient to drive a homeostatic
increase in dynamics. While this interpretation makes sense in the context of
homeostatic considerations that cells might act to maintain mean firing rates,
our evidence points to a much less successful search at night, as the filopodial
extensions are less likely to stabilize.
When it comes to synapse formation however, while these neurons
search harder with fewer of the dynamic filopodia stabilized, this increased
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search achieves a rate of synapse formation at night comparable to that during
the day. We suspect that the reduced activity in the premotor circuits at night
may make it more difficult for the motoneurons to find and form new axonal
contacts, given evidence that axon-dendritic contact and subsequent synapse
formation may depend on transmitter release from potential inputs (Wong and
Wong, 2001; Portera-Cailliau et al., 2003; Hua and Smith, 2004; Lohmann et
al., 2005; Kerschensteiner et al., 2009; Kleindienst et al., 2011; Kwon and
Sabatini, 2011; Cruz-Martín et al., 2012; Soto et al., 2012; Andreae and
Burrone, 2014; Hu and Hsueh, 2014). Increasing the rate and extent of
searching may serve to increase the chances of finding viable presynaptic
partners, ensuring a constant rate of synapse formation. This may be
important for these cells, particularly at this early stage in development when
the arbors are still growing.
While a high rate of synapse formation at night when the premotor
circuits are minimally active is unexpected if activity dependent mechanisms
are critical form synapse formation, it might represent the formation of nascent
, “test” synapses (Wu et al., 1996; O'Brien et al., 1997; Friedman et al., 2000;
Cline, 2001; Ahmari and Smith, 2002; McAllister, 2007; Bassani et al., 2013)
many of which are later pruned by activity dependent processes during the
day. Our data, however, show that synapses formed at night are lost during
the next day at the same rate that ones formed during the day are lost the
following night. Thus, the subsequent stability of a synapse seems unrelated
to whether it is formed during a period of motor activity (day) or inactivity
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(night). This suggests that synapses formed at night are done so in an
adaptive way.
Some forms of long-term memory require formation of new synaptic
contacts that reinforce existing presynaptic partners well after rapid
enhancement by non-structural processes such as long term potentiation
(Bailey et al., 2004; Mayford et al., 2012). One possibility is that the new
synapses reflect an enhancement of synaptic contacts from neurons whose
existing inputs were potentiated the previous day. Increasing evidence
supports the idea that the spinal cord is capable of storing motor memories
(Wolpaw et al., 1989; Wang et al., 2006; Wolpaw, 2010; Grau, 2014; Vahdat et
al., 2015) and it may be that the synapses formed at night serve to strengthen
connections with the presynaptic partners where learning occurred during the
day.
Synaptic turnover, the process by which synapses are continuously
pruned away and replaced by new ones, has been shown to be an important
aspect of activity and experience-dependent plasticity in several types of
neurons (Ruffolo et al., 1978; Cotman and Nieto-Sampedro, 1982;
Trachtenberg et al., 2002; Holtmaat and Svoboda, 2009; Caroni et al., 2012),
and our results show a surprisingly large rate of synaptic turnover in these
cells. Further, a recent modeling study also showed that a constant rate of
synaptic turnover with randomly formed new synapses can optimize learning
at the neuronal level (Hiratani and Fukai, 2017). Although more synapses are
formed than lost during the day, at night the rate of formation and loss is
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similar, an observation consistent with increased synaptic turnover. It is
possible that these neurons have different plasticity states that dominate
iduring the day versus the night. During the day, synapses and the dendrites
on which they reside are more stable, potentially due to the higher levels of
presynaptic activity which may have a stabilizing effect (Lohmann et al., 2002;
2005). At night, on the other hand, they switch to a more labile state,
characterized by a reduction in the stability of both synapses and dendritic
processes. This could lead to a time of higher synaptic turnover, a process
that may increase synaptic diversity and aid learning the following day.
The quiescence at night in zebrafish is associated with sleep
(Zhdanova et al., 2001; Zhdanova, 2006; Yokogawa et al., 2007). While we
did not manipulate sleep per se because of the difficulties of separating motor
activity from sleep (reduced motor activity is one defining feature of sleep in
fish) and manipulating sleep independent of stress, our observations do have
some bearing on ideas about sleep. One prominent hypothesis for the function
of sleep, known as the synaptic homeostasis hypothesis, posits that, in
general, synaptic strengths will increase throughout the waking period while
animals behave and learn. During sleep, synapses would be globally scaled
down, maintaining relative strengths and avoiding synaptic saturation to open
synaptic space for subsequent learning (Tononi and Cirelli, 2003; 2014).
Because it is thought to be a global process, we would expect to see the
process across the nervous system, including spinal motoneurons. We found
an increase in filopodial stability while at the same time more synapses are
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added during the day than lost, consistent with an increase in the number of
synaptic contacts during the day. At night, filopodial stability decreased while
the rate of synaptic loss was elevated (which would be expected per the
synaptic homeostasis hypothesis (Vyazovskiy et al., 2008; Bushey et al.,
2011; Maret et al., 2011; de Vivo et al., 2017)) but the loss was equal to the
gain, which is not quite what one would expect from a simple form of that
hypothesis. Indeed, the substantial addition of new synapses at night, at the
same rate as during the day, would seem unexpected if it were a time of broad
excitatory downscaling. We also found no evidence that the size of synapses
increases during the day and decreases at night. Instead, the mean size of
synapses across samples remained similar, with some increasing and others
decreasing on average across both day and night. Our data point to night
being a time of synaptic instability and increased loss compared to during the
day, but they are more aligned with ideas of a restructuring of connectivity at
night during periods of quiescence rather than a simple downscaling of all
excitatory connections.
The quiescence at night is a time of considerable filopodial and synaptic
dynamics. While it does appear to be a time of synaptic instability, consistent
with synaptic homeostasis ideas, some of our evidence does not appear
consistent with that idea. Other possibilities are that night is a time of
strengthening of recently potentiated connections, increasing synaptic diversity
through synaptic turnover, or some combination thereof. Because these
processes involve differences in the presynaptic cells involved in the formation
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of the new synaptic contacts, distinguishing between them would require some
information about the identity and activity of those presynaptic partners losing
and gaining synapses at night.
The “strengthening of potentiated connections” hypothesis, would
predict that, at night, synapses are preferentially pruned from presynaptic
partners that are less co-active during the day, with new synapse formation
biased toward synaptic partners more co-active during the day. Night would
then be a time of reinforcement by formation of new synapses from cells
whose inputs were enhanced during the day by Hebbian mechanisms such as
LTP, while weak inputs are pruned. The synaptic turnover hypothesis on the
other hand would predict that at night, synapses would be pruned and formed
randomly across many presynaptic partners. Future studies in which
presynaptic partners are co-labeled, ideally with some measure of their
activity, could begin to test these different possibilities. Either way, our results
reveal a dramatic state change in dendritic and synaptic dynamics from day to
night with implications for how connectivity, and in turn circuit function, may be
restructured during periods of behavioral quiescence.

Methods
Animal Care
Experiments were performed on Casper zebrafish larvae (Danio rerio)
at 7 to 8 days post-fertilization (dpf). Larvae were raised from eggs which
were harvested from a breeding stock of Casper-line adults. All fish were
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housed and raised in the laboratory’s fish facility (Aquatic Ecosystems, Inc.,
Apopka,FL) at 28.5°C. All procedures involving zebrafish larvae were
consistent with the National Institute of Health’s (NIH) Intramural Guidelines
for use of larval zebrafish as well as approved by the Institutional Animal Care
and Use Committee (IACUC) at Cornell University.

Transient Expression of Florescent Reporters in Primary Motor Neurons
Fertilized eggs were collected and injected (as described in previous
Fetcho Lab Papers (Kishore and Fetcho, 2013; Chow et al., 2017)). To
achieve sparse labeling, embryos were injected with low concentrations of
DNA (20-40 ng/uL). High expression of the fluorophore was achieved by
employment of the Gal4-VP16/UAS system (Köster and Fraser, 2001). A
modified bacterial artificial chromosome (BAC) was created containing the
upstream regulatory regions of the Vesicular Acetylcholine Transporter (VAT)
gene to drive expression of Gal4 specifically in motor neurons (VAT-Gal4). To
generate fish with isolated cells expressing membrane-bound GFP, this
construct was co-injected with 10xUAS-mGFP to limit expression to cells
expressing Gal4. After injections, eggs were placed in customized light-proof
tanks with one of two light cycles (14L,10D or 10D,14L). Larvae were
screened for fluorescently-labeled CAPs at 4dpf. CAPs were identified by
their large stereotypical axonal arbors. Labeled fish were returned to the fish
facility and raised in their corresponding light cycle. Larvae were screened for
fluorescently labeled CAPs at 4dpf and the experiments were performed at 8
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dpf. To generate fish with isolated cells containing membrane-bound
TdTomato and PSD95-eGFP, the Gal4 construct was co-injected with
10xUAS-TdTomato and 5xUAS-PSD95eGFP. After injections, eggs were
raised in a standard 14L-10D light cycle. Larvae were screened for duallabeled primary motoneurons at 4dpf. Primary motoneurons were identified by
their large stereotypical axonal arbors. Labeled fish were returned to the fish
facility and raised normally until the experiment began at 7-7.5dpf.

In Vivo Multiphoton Imaging of Dendritic Dynamics
Larvae were imbedded in 1.4% low melting-point agarose. Fish were
embedded on their side with the labeled cell facing upward toward the
objective lens to allow the cell to be imaged from a lateral orientation. Once
solidified, the agarose was covered with 10% Hank’s solution. Labeled cells
were imaged using a custom-built multiphoton microscope. GFP was excited
using an adjustable femtosecond Ti:Sapphire excitation laser (Coherent
Chameleon Vision II) tuned to ~950nm. The beam was directed through
custom optics (Thor) and a water immersion 1.1 NA Apo 25x objective lens
(Nikon). On the photo-collection side, dichroic mirrors separated the
fluorophore emission into four channels, each with its own photomultiplier
tube. An infrared light source and an infrared camera are used to illuminate
and locate the prep under the microscope without visible light. At 8dpf, a time
series image of the entire arbor was collected once in the middle of light-on
period and once in the middle of the lights-off period, with the light cycle
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determining which came first to balance imaging order. Time series images
were collected as z-stacks (40-50 slices, 1um step size) collected
consecutively, with the start of each stack beginning 3 minutes apart. Fish
were unembedded and placed back into their tank between the two time series
images. Long time series datasets were collected with the same multiphoton
setup as described above. Time series images of partial arbors were collected
in either the middle of the light-on period or the middle of the lights-off period.
Time series of partial arbors consisted of consecutive z-stacks collected every
20 seconds for up to 3 hours.
For fish exposed to melatonin, two time series images of the same size
as described above were collected during the light-on period. Between the
two time series, larvae were exposed to either 20μM Melatonin solution or
vehicle by adding 1mL of 1mM stock solution in 0.02% Dimethyl sulfoxide
(DMSO), or 1mL of 0.02% DMSO respectively to 49mL of 10% Hanks
Solution.
For all imaging, early termination of some experiments occurred due to
degradation of imaging conditions from a variety of factors including reduced
health of the fish, bleaching or loss of fluorescent reporter, or excessive
movement of the animal during the imaging. To reduce handling and light
exposure, if a fish required more than 2 attempts at embedding or more than 2
minutes to embed, the experiment was terminated. These incomplete
datasets were not used for analysis.
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In Vivo Multiphoton Imaging of Day-Night Synapse Formation and Removal
The same imaging equipment and embedding procedure were used as
described above. Z-stacks (40-50 slices, 1um step size) of the entire dendritic
arbor were collected starting at 7dpf within 30 minutes of lights-on.
Subsequent z-stacks of the same cell were collected within 30 minutes of
lights-off (~7.5 dpf) and within 30 minutes of lights-on at 8dpf. Some fish were
imaged starting at lights-off (~7.5dpf) with the third image being completed
within 30 minutes of lights-off at ~8.5dpf to balance imaging order. Fish were
unembedded and placed back in their tank between time series images.

3D image Reconstructions and Analysis of Dendritic Dynamics
Individual z-stacks were converted into a time-series file using custom
Matlab software. The images were rendered in 3D and subsequently
analyzed using the image-processing program Imaris (Bitplane). The timepoints were registered (usually to the first time-point) to correct drift and
misalignment using SPM5 Matlab toolbox
(http://www.fil.ion.ucl.ac.uk/spm/software/spm5/) and custom Matlab software.
In some cases, slices with significant movement artifacts had to be removed in
order to produce sufficient registration of images. In these cases, the stacks
were visually inspected to insure all branches were still visible in the image.
Registered images were then used to determine extensions and retractions
between time points. Consecutive time points were overlaid in different colors
and the non-overlapping regions were identified visually to determine the
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extensions and retractions. The regions were marked using the “filament”
function in Imaris. Analysis was done with the experimenter blind to the
imaging condition. The total number of dynamics was determined by adding
all of the dynamics (extensions and retractions) that were measured during the
entire time series that exceeded a length of 0.4μm. This threshold was
determined by having sample datasets analyzed by two individuals and
determining the threshold at which the two analyses agreed. A dynamic
location was defined as any location on the arbor that contained at least one
extension or retraction above threshold. XYZ coordinates of dynamic
locations were defined as the most retracted point at each dynamic location.
These locations were marked using the “Spot” function in Imaris. The XYZ
coordinates for each location was extracted using custom Matlab software and
Imaris Matlab Interface functions. Using the “spot” function in Imaris and
custom Matlab software, an ellipsoid was fitted to the cell body and the center
of the cell body to estimate the cell body center. The dynamic location
coordinates were then normalized such that the origin was the center of the
cell body.
For the long-time series of partial arbors, dynamic locations were located
manually by scrolling through the time points in Imaris. The length of each
extension and retraction was determined by marking the beginning and end
point of a dynamic tip. Extensions and retraction were considered a single
event until the tip either changed direction (extension began retracting or visa
versa), or the tip remained stable for 2 time points (40s). The length between
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the beginning and end point was marked using the “filament” function in
Imaris. Stable periods were defined is periods of no growth or retraction for at
least 40 seconds. Lifetimes of extensions were defined as the time it took for
an extension to retract to with 0.4µm of the start of the extension. Lifetime
analysis was performed using custom Matlab software and custom R scripts.
Event transition Poisson models were done using custom R scripts (Described
in more detail below).
To minimize bias, any complete datasets that were discarded due to
excessive movement artifacts after collection were done so blind to the daynight condition and before any filaments were drawn.

3D image Reconstructions and Analysis of Synaptic Formation and Removal
For imaging synaptic sites, individual z-stacks were processed,
rendered, and registered in the same way described above. For each time
point, synapses were marked using Imaris’ automated spot detection function
using a conservative threshold to avoid extraneous detection. Any spots
missed by Imaris were then marked manually using Imaris’ “Spot” function.
Synapses were marked as “Shared” if they overlapped in successive time
points. Synapses were marked “Lost” if they were not present in the following
time point and marked “Gained” if not present in the previous time point. All
synapses across the first timepoint (“Gained” and “Persistent”) were manually
tracked, allowing us to determine which individual synapses remained
persistent or were lost after the following time point. The experimenter was
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blind to the imaging order condition during the entirety of this analysis.
Synapse coordinates were determined in the same way as described above.
Statistical analysis of synapse formation and removal rates was done using
custom R code (described below).

Synapse Volume
Multiphoton images were deconvolved using Autoquant 3X
Deconvolution software (Media Cybernetics) and an empirically derived pointspread function. The deconvolved volume was thresholded at 3 standard
deviations above the mean fluorescence of the dendrite. The volume was
calculated by determining the volume of above-threshold pixels within at 1.5 x
1.5 x 4µm3 area around each marked spot. Comparisons of spot sizes were
used using custom R scripts (described below).
Statistical Analysis
Paired t-tests
Paired t-tests were conducted using the Matlab “ttest(x,y)” function which tests
whether x - y comes from a normal distribution with mean equal to zero using
a paired-sample t-test.

Cox proportional hazards fixed effects model of filopodial lifetimes
A comparison of day and night filopodial lifetimes was done by constructing a
Cox model using the R package “coxme” to estimate the effect of a treatment
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(in this case Day or Night) on filopodial survival times. The Cox model
consisted of filopodial lifetimes operating on a fixed effect of time (Day or
Night) and random effects for individual cells as well as individual locations on
the dendritic arbor. The survival object was generated using the R package
“Survival”. Because our data was right-censored, the survival model only
consisted of lifetime and censorship for each filopodia, with censored values
being used by the model to account for those filopodia that continued to
survive beyond the duration experiment, and therefore the exact lifetime was
not known for.

Generalized Linear Mixed-Effects Model for Event Transitions
The rates of dynamic event transitions across day and night were evaluated by
constructing a generalized linear mixed-effects model using the R package
“lme4” to test for effects and interactions of the 6 different event transitions
during Day and Night using a Poisson distribution of counts for each transition
type. The model contained random effects for individual cells and individual
locations on the arbor as well as a time offset to account for different imaging
durations across cells. P-values for pairwise comparisons and interactions
were done using the R package “lmerTest”.

Generalized Linear Mixed-Effects Model for Synapse Size
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Models were constructed using the same R packages above. Cell ID was
included as a random effect. The 4th root of size was used to produce a normal
distribution.

Generalized Linear Mixed-Effects Model for Synapse Formation and Removal
Rates
Models were constructed using the same R packages above. The model was
constructed using a Poisson count of frequency with fixed effects of time (Day
or Night) and Type (Gained or Lost), random effects for individual cells and an
offset to account for the different lengths of Day and Night.

Linear Mixed-Effects Model for Rate of Loss of Gained and Persistent
Synapses
The model was constructed using the same R packages above. The effect on
%rate by type was modeled using a liner mixed-effect model that included a
random effect for individual cells. %Rates were calculated by calculating the
percentage of synapses of each type (persisted day, formed day, persisted
night, formed night) that were lost and dividing by the length of time (14 hours
for day %loss, 10 hours for night %loss).
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS

As the major post-synaptic structure of neurons, dendrites show
extraordinary diversity across the nervous system. Even with all this
complexity, these structures still manage to develop in a structured enough
way to ensure the nervous system performs all the necessary functions
animals need to survive, while also being plastic enough to optimize neural
networks throughout the life of the animal, despite the unique genetics and
experience across individuals.
What accounts for this amazing achievement? I believe part the answer
comes down to the unique way in which dendrites develop and grow. Using a
combination of internal and external signals that tell the neuron about the
viability and location of synaptic inputs combined with general genetic ground
plan, dendrites can elaborate their arbors in a way that maximizes the chances
of forming relevant connections while maintaining enough plasticity and
variation to account for the uniqueness of an individual’s physiology and the
diversity of their experience.
Because dendrites develop in this way, it is no surprise that the
arborization of dendrites can tell a lot about the role of a neuron in a network.
It also illustrates that a better understanding of the processes dendrites use to
search for inputs can provide tremendous insight into how a functioning
nervous system develops and persists throughout the life of an animal.
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Zebrafish PMNs have proven to be an excellent model for studying
dendritic and synaptic dynamics in a live and intact animal, and there are
many future questions that could be addressed using this preparation. Some
of these extend directly from the work presented in this dissertation. One of
the questions still left unanswered is why PMNs search in some places and
not others. Even more specifically, why are some locations very dynamic
while others stabilize for long periods after just a single extension or
retraction? These questions can start to be addressed by imaging dendritic
dynamics concurrently with methods that allow the collection of data about the
presynaptic partners.

Searching for input across multiple presynaptic partners
While there is evidence from other preparations about the signals that
may be involved in dendritic motility and stabilization (reviewed in Chapter 1),
less is known about how the dendrites across an entire arbor distribute their
search across multiple potential presynaptic partners. By labeling the
motoneuron and its potential presynaptic partners with different colors, one
could image the dendritic dynamics and the presynaptic axonal dynamics
simultaneously. This would allow us to determine if contact with presynaptic
axons is sufficient to stabilize a filopodial extension. It would also be
interesting to see if dendrites search for new inputs on neurons with which
they already have connections. The most difficult aspect of this experiment
would be simultaneously labeling the presynaptic neurons. One possible initial
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approach would be to use a retrograde labeling, of either the reticulospinal
tract (Bentivoglio and Molinari, 1984) or locally near the dendritic arbor of the
motoneuron (Volkmann and Köster, 2007). The problem with these
techniques is there is no guarantee that all presynaptic partners would be
labeled. A better choice would be to use a transsynaptic label such as a virus
(Beier et al., 2016). Although this technique has not been perfected in
zebrafish, in the future it could allow one to see how many contacts individual
axons have with a single dendritic arbor. With this one could also determine if
dendrites search areas where presynaptic partners are already present, or
preferentially search and stabilize in new areas. This has never been looked at
across an entire dendritic arbor in a live animal, and could lead to exciting new
insights into how and where neurons search for new inputs.

Simultaneous imaging of dendritic and synaptic dynamics on a single
neuron
Knowing the presynaptic partners of these neurons will be crucial to
advancing zebrafish PMNs as an in vivo model of dendritic and synaptic
dynamics. However, it will also be important to better understand the
relationship between dendritic dynamics and the formation and removal of
synapses on the arbor. I have already collected some data on this point by
capturing 2-photon time series images of PMNs labeled with TDTomato and
PSD95-EGFP, and found some clear examples of filopodia stabilizing with the
formation of a new synapse (Figure 4.1A&B). While the sample size
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Figure 4.1. Stabilization of a filopodium by synapse formation in a PMN.
(A) Full dendritic arbor of a dual-labeled PMN labeled with tdTomoto in the cell
membrane and PSD95-EGFP to mark glutamatergic synapses. (B) 30-minute
time steps for the location in the white box in (A). Filopodium (white arrow, top
left) is dynamic for at least 150 minutes. At 180 minutes, a new synapse
forms on the filopodium (white arrow, bottom left). The synapse remains and
the filopodium stabilizes for at least the next 180 minutes (bottom right).
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Figure 4.1: Stabilization of a filopodium by synapse formation in a PMN
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360 min

was too small to come to many in depth conclusions, I did manage to capture
some other interesting events as well. These include synapses forming on
and stabilizing a dynamic dendritic process, as well as synapses moving to
and from both stable branches and smaller dynamic ones (Figure 4.2A&B)
It could be very interesting to follow up on this preliminary data to see
how often different dynamic events on the dendrites are associated with
synaptic dynamics like the ones described above. Knowing the frequency of
these types of complex events and the distribution thereof could lead to
important discoveries about how dendritic dynamics shape the distribution of
synapses on the arbor.
The methods used to co-label dendrites and synapses in this dissertation
made it difficult and time consuming to capture large amounts of this type of
data. Fortunately, a new development in the transgenic labeling of synapses,
called fibronectin intrabodies generated by mRNA display (FingR) (Gross et
al., 2013; Son et al., 2016) solves many of the issues I ran into by limiting the
expression of PSD95-GFP to natural levels, increasing the health and viability
of cells and providing a better measure of synapse size. This method has
been tested in the Fetcho Lab by postdoc Dr. Dawnis Chow and shown to
work at labeling PSD-95 in motoneurons. Further, the DNA construct he
created contains both TDTomato and FingR-PSD95-GFP, assuring all labeled
cells have both membrane and synaptic labeling, increasing the number of
samples available for experimentation. Finally, this method can be adapted to
label the synaptic scaffolding protein gephrin (a marker of glycinergic
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Figure 4.2. Complex movements of synapses. (A) Time series of a
filopodium and the synapse it contains retracting to a stable branch over the
course of 1 hour. (B) Starting from the end of time series in (A), shows
adjacent synapses merging (20’), merged synapse contributing to new
filopodium (40’), adjacent synapse moving back to original position (60’), and
new filopodia and the synapse it contains retracting back to main branch.
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Figure 4.2: Complex movements of synapses
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synapses), allowing similar experiments to be performed with a focus on
glycinergic synapses as well.
Using PMNs to study day/night changes in dendritic and synaptic
dynamics
There are two major questions left unanswered from Chapter 3. One
involves the presynaptic identity of the synapses that are formed (and
removed) at night. The other is whether or not the day/night changes in
dendritic and synaptic dynamics are sleep-dependent.
The methods and future directions described above could be applied to
better understand the nature of synapses formed at night, as this was still one
of the interesting unanswered questions from Chapter 3. In that chapter I
proposed two possible explanations for this. It could be that these neurons
are reinforcing connections with cells that were formed during the day.
Alternatively, the removal and replacement of synapses at night might be
indicative of a synaptic turnover, in which synapses are added and removed
randomly to increase synaptic diversity and aid in future learning. These two
possibilities could potentially be tested by simultaneously labeling PMN
excitatory synapses (using FingR) and presynaptic targets to determine if the
new synapses at night are associated with specific presynaptic partners, or in
the case of synaptic turnover, are distributed randomly.

Determining if dendritic and synaptic changes at night are sleepdependent
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The other question left unanswered from chapter 3 is whether the
changes in dynamics at night are part of a sleep dependent process.
Establishing sleep dependence is very difficult and may not be possible
because sleep in zebrafish is defined by a lack of activity, making the two
difficult to separate. We attempted to get around this by imaging dendritic
dynamics before and after daytime melatonin administration, which reduces
locomotor activity and increases sleep like states (Zhdanova et al., 2001;
Gandhi et al., 2015). We also showed that acute melatonin did not affect the
expression of the gene clock (clk), allowing us to parse out circadian and
activity (or possibly sleep) dependent mechanisms (Figure 4.3A). We found
that fish exposed to melatonin showed an increase in dynamics compared to
before administration. Fish receiving a vehicle did not show this change,
showing that the increase in dynamics may be an activity/sleep-dependent
mechanism. Although this is exactly what we saw at night in these animals,
the effect was not significant (though close), probably due to a small sample
size (Figure 4.3B) Also, other changes we saw at night, such as increased
retractions and decreased filopodial stabilization were not replicated by
melatonin. Other experiments, such as the long-term imaging of filopodial
lifetimes, as well as day-night changes in synapse formation were not possible
with melatonin manipulation due to the nature and timescales of these
experiments. One possible alternative would be to use one of the new
sleep/locomotor zebrafish mutants developed by the Prober Lab (Chen et al.,
2016; Chiu et al., 2016). These mutants affect locomotor activity in different
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Figure 4.3. Effect of Melatonin on Dynamics (Preliminary). (A)
Expression levels of Clock at the beginning and end of day, with and without
acute melatonin treatment shown no effect of treatment on clock expression.
Control animals received no treatment or vehicle. Relative quantification (RQ)
is relative to “Beginning of Day control”. (B) Cells from animals treated with
90 minutes of 20μM melatonin showed a trend toward higher dynamics
(means 61 (before) and 80 (after), p = 0.06, paired t-test); vehicle had no
effect (means 64 (before) and 69 (after), p = 0.31, paired t-test).
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Figure 4.3: Effect of Melatonin on Dynamics (Preliminary)
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ways day and night, allowing one to repeat the experiments in Chapter 3 with
mutants that increase or decrease locomotor activity at different times.

Concluding remarks
By taking advantage of the optical and genetic tools available for
zebrafish as well as the accessibility of PMN dendrites to imaging, we were
able to provide a significant contribution to the understanding of dendritic
dynamics and the search for inputs. In Chapter 2, we imaged arbors at
different temporal resolutions and were able to describe in detail the pattern of
searching by a single neuron type. Unlike other studies of dendritic dynamics,
we were able to describe the search kinetics at individual locations as well as
the distribution of searching across and entire arbor of a motoneuron in vivo.
In Chapter 3, we applied those imaging techniques to ask how the search for
inputs changes from day to night and how that was related to a corresponding
change in the addition and removal of excitatory synapses across the arbor.
This work has provided new insights about the nature of dendritic synaptic
dynamics and how they change across activity and quiescence, and has led to
new questions that can be addressed using the methods described in this
dissertation.

125

APPENDIX
The following pages contain Supplementary Figures from Chapter 3
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Figure S3.1. Stability of filopodia over imaging session. (A) A higher
percentage of extensions that occur in first time point stabilize for the
remainder of imaging session during day than at night (means 51.1%(day) and
30.0%(night), SE = 6.81 and 5.11, n = 16 cells, p = 0.0159, paired t-test). (B)
At night, more previously stable locations have retractions in the last time point
(left: means for 0.3μm and 0.4μm filopodial length thresholds, and right: box
and whisker plot for 0.3μm with individual data points (dots). Means are 0.75
(day) and 2.1 (night) locations, SE = 0.28 and 0.54 (0.4μm threshold) and 1.2
and 3.2 locations, SE = 0.36 and 0.70 (0.3μm threshold), p = 0.068 and p <
0.05 respectively, paired t-test.
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Figure S3.1: Stability of filopodia over imaging session
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Figure S3.2. Long-term high temporal resolution imaging of dendritic
branches. (A) Single cell embryos were co-injected with DNA constructs
VAT-Gal4 and UAS-mGFP to transiently and sparsely label motoneurons with
mGFP. Injected eggs were raised in one of two light cycles, “Day First” and
Night-First”. (B) At 8dpf, labeled neurons were imaged within 2 hours of either
the middle of the night and the middle of the day (red band). (C) At the times
signified in (B), time series images were collected consisting of z-stacks
containing the whole arbor of CAPs every 20 seconds for at least 30 minutes.
(D) Examples of an identified (left) extension and (right) retraction with
filaments drawn (white). Lower frames show enlarged region in white box
above over time. Red and yellow arrows show beginning and end of extension
and retraction respectively.
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Figure S3.2: Long-term high temporal resolution imaging of dendritic branches
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Figure S3.3. % Rate of loss of young and old synapses. On a
percentwise basis, newly formed synapses are lost at a faster rate than
persistent ones regardless of day or night (Lost Night, means 4.52 and
1.30%/hour, SE = 0.31 and 0.42, n = 6 cells, p = 0.0022, linear mixed-effects
model; Lost Day means 3.78 and 0.79%/hour, SE = 0.70 and 0.13, n = 5 cells,
p = 0.0027, liner mixed-effects model). Synapses formed during the day were
lost at a similar percentwise basis as those formed at night (means 4.52 and
3.78%/hour, SE = 0.31 and 0.70, n = 11 cells (6 Night and 5 Day), p = 0.7014,
liner mixed-effects model). The same was true for persistent synapses
(means 1.30% and 0.79%/hour, SE = 0.42 and 0.13, n = 11 cells (6 Night and
5 Day), p = 0.5333, liner mixed-effects model)
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Figure S3.3: % Rate of loss of young and old synapses
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Figure S3.4. Mean size of synapses across day and night. (A) The size of
synapses does not systematically change across day (left) or night (right).
Plots show means/per cell, during the day (orange) and night (purple) (means
3.5μm3 and 3.4 μm3, SE = 9.24e-3 (beginning and end of Day) and 3.0μm3 and
3.3μm3, SE = 0.01 (beginning and end of night), n = 3964 synapses (day) and
3981 synapses (night) across 11 cells, p = 0.419 (day) and p = 0.259 (night),
linear mixed model).
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Figure S3.4: Mean size of synapses across day and night
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Figure S3.5. Rate of loss of young and old synapses. (A) Rate of synapse
loss is higher at night than during the day for both newer (left) and older (right)
synapses. (means 0.93 and 2.43 synapses/hour, SE = 0.16 and 0.34
(younger); 1.19 and 2.68 synapses/hour, SE = 0.17 and 0.53 (older), n = 11
cells (6 “lost night”, 5 “lost day”), p = 0.0075 (younger) and p = 0.0522 (older),
2-sample t-test).
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Figure S3.5: Rate of loss of young and old synapses
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