l@ © 2004 Nature Publishing Group  http://www.nature.com/natureneuroscience

ARTICLES

nature
necuroscience

In vivo imaging of synapse formation on a growing

dendritic arbor

Cristopher M Niell!-3, Martin P Meyerz’3 & Stephen ] Smith!2

The form of a neuron’s dendritic arbor determines the set of axons with which it may form synaptic contacts, thus establishing
connectivity within neural circuits. However, the dynamic relationship between dendrite growth and synaptogenesis is not well
understood. To observe both processes simultaneously, we performed long-term imaging of non-spiny dendritic arbors expressing
a fluorescent postsynaptic marker protein as they arborized within the optic tectum of live zebrafish larvae. Our results indicate
that almost all synapses form initially on newly extended dendritic filopodia. A fraction of these nascent synapses are
maintained, which in turn stabilizes the subset of filopodia on which they form. Stabilized filopodia mature into dendritic
branches, and successive iterations of this process result in growth and branching of the arbor. These findings support a
‘synaptotropic model’ in which synapse formation can direct dendrite arborization.

Elaboration of a dendritic arbor, and formation of appropriate synaptic
connections upon that arbor, are essential to neural circuit develop-
ment. However, the dynamics of these two processes, and how they are
coordinated, remain to be explored. Several in vivo studies have
described the highly dynamic process of dendritic arbor elaboration,
which involves prolific extension and retraction of motile filopodia on
a scale of minutes (see Supplementary Video 1 online), as well as
remodeling of branching patterns over hours'=. Other studies have
begun to elucidate genetic programs*>, extracellular guidance cues®,
effects of synaptic activity’ and inter- and intra-cellular signaling path-
wayss’9 that shape the dendritic arbor!%-13, Likewise, in vitro studies
have examined the sequence of molecular events that assemble postsy-
naptic structures'*"'8, However, many questions remain at the interface
of these two areas. For example, where and how are synapses formed in
relation to the growth of a dendrite? Are dendritic filopodia involved in
establishing synaptic contact, growth of the arbor, or both!®2%2 And in
particular, what causes certain dendritic extensions to be stabilized
when most are retracted? It is crucial to address such issues of growth
and stability in vivo, within the natural three-dimensional (3D) sub-
strate, under normal physiological conditions and with intact sensory
and synaptic activity. We thus developed a system for long-term two-
photon time-lapse imaging over multiple days of dendrite growth and
synaptogenesis in tectal neurons of living zebrafish.

RESULTS

PSD punctum formation and dendrite growth are concurrent

To visualize synapse formation, PSD-95 (SAP-90), a scaffolding pro-
tein known to localize to the postsynaptic density (PSD) of excitatory
synapses®!, was cloned from zebrafish and fused to the coding
sequence of green fluorescent protein (GFP). PSD-95:GFP has been
used extensively as a postsynaptic marker!®22-2% and is recruited to

nascent synapses within 30 min of axodendritic contact?. A red fluo-
rescent protein (DsRed Express) was encoded on the same plasmid as
PSD-95:GFP, enabling visualization of the entire dendritic arbor, as
well as allowing ratio measurements to discriminate puncta of PSD-
95:GFP accumulation from volume effects.

Plasmids were injected into embryos at the 1—4 cell stage, resulting in
mosaic neuronal expression, ranging from single cells to large clusters
of neurons, in larval stage zebrafish. We focused our studies on type-
XIV tectal neurons, which are the most numerous cell type in the tec-
tum, have monopolar cell bodies in the deepest tectal layer, and always
project apical dendrites to the most superficial retinorecipient layers.
The denderites of type-XIV neurons do not generally bear spines?’.

Figure 1a shows expression of PSD-95:GFP in an individual tectal
cell that was imaged on consecutive days from 3 days post-fertilization
(d.p.f.) to 10 d.p.f. In immature tectal cells (3 d.p.f.), much of the
PSD-95:GFP labeling was diffuse with some discrete puncta, but as
cells matured, PSD-95:GFP became progressively more punctate in
the elaborating dendritic arbor. The density and distribution of
PSD-95:GFP puncta in the mature dendrite were also similar to that of
synapses as determined by ultrastructural measurements of type-XIV
neurons in goldfish tectum?®. Furthermore, PSD-95:GFP was always
excluded from the local axonal arborization, which arises from the
proximal dendritic segment. All of these observations are consistent
with PSD-95:GFP acting as a postsynaptic marker. See Methods and
Supplementary Figures 1 and 2 online for further validation. Tectal
cells expressing PSD-95:GFP and DsRed showed similar growth to
cells expressing only GFP, indicating that neither protein perturbed
tectal cell development (see Supplementary Fig. 3 online).

Imaging of individual tectal cells on consecutive days revealed that
total arbor length and number of PSD-95:GFP puncta (hereafter
referred to simply as PSD puncta) increased dramatically between 3 and
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Figure 1 Imaging of individual cells on consecutive days reveals that punctum formation and dendrite growth are concurrent processes. (a) Time series
showing the same tectal cell imaged at 3, 4, 5 and 10 d.p.f.. PSD-95:GFP is excluded from the local axonal arborization (dotted line). Auto-fluorescence
of the skin is visible in the upper-right corner of 10 d.p.f. Scale bar, 10 um. (b) Quantification of total branch length and number of puncta. Data are

expressed as means (+ standard error, s.e.m.) from six cells.

7 d.p.f.,, after which time both the structure of the arbor and the number
of puncta remained relatively stable (Fig. 1b). Increase in arbor length
and punctum number occurred simultaneously, as demonstrated by the
fact that punctum density on dendritic branches remained nearly con-
stant (from 0.28 £ 0.05 puncta/pim at 3 d.p.f. to 0.35 £ 0.02 puncta/pim at
10 d.p.f.). Thus, arbor growth and PSD punctum formation in the
zebrafish tectum are closely concurrent, with very little lag time between
extension of a new dendritic process and formation of puncta upon it.

Only a small fraction of PSD puncta are stabilized

To examine the dynamics of synapse formation in relation to arbor
growth, we performed time-lapse imaging of immature dendrites in the
intact larval zebrafish at 20-min intervals for up to 24 h. A series of still
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images from such a time-lapse session beginning at 3 d.p.f. shows signif-
icant growth of the arbor during this period, along with the formation
of new PSD puncta (Fig. 2a and Supplementary Video 2 online). Time-
lapse imaging revealed an abundance of transient fine terminal
processes rapidly extending and retracting, which gradually decreased
over the course of development. Separate imaging experiments with an
actin:GFP fusion show that all such dynamic protrusions are enriched in
actin (Supplementary Video 1 online). Because they satisfy the common
morphological, dynamic and cytoskeletal criteria?®2°-31, we henceforth
refer to newly-formed motile protrusions as filopodia.

Time-lapse movies also show both stable PSD puncta and a large
population of short-lived transient puncta (Fig. 2b and Supplementary
Video 3 online). Figure 2¢ shows the lifetimes of new puncta that were
observed from the time of their first appear-
ance. The histogram reveals a population of
PSD puncta with short lifetimes, as well as a
wide distribution of puncta with longer life-
times. We selected 3 h as a threshold between
these two populations, which served to classify
puncta into the categories of unstable or sta-
ble. As the arbor matures, the number of
stable PSD puncta increases markedly,
whereas the number of unstable puncta
decreases (Fig. 2d).
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Figure 2 Long-term imaging of arbor growth and
punctum formation. (a) Series of still images from
an extended time-lapse session started at 3 d.p.f.
showing growth of the arbor and new puncta
formation. Scale bar, 10 um. (b) Series of images
at 40-min intervals showing that arbor growth is
characterized by the presence of many transient
filopodia and puncta, indicated by arrows and
arrowheads, respectively. Scale bar, 5 um.

(c) Analysis of new puncta lifetimes between 3
and 4 d.p.f. show that most persist for less than
3 h. (d) As dendritic arbors mature, the number of
stable puncta increases, while the number of
unstable puncta decreases. In ¢ and d, data are
expressed as mean + s.e.m. from six cells.

7 d.p.f.

NATURE NEUROSCIENCE VOLUME 7 | NUMBER 3 | MARCH 2004

255



I@ © 2004 Nature Publishing Group  http://www.nature.com/natureneuroscience

ARTICLES

Figure 3 Analysis of ‘punctum-centric’ movies reveals a typical mode of dendrite growth and puncta
formation. A series of images from a time lapse showing a filopodium extending (20'), a punctum
forming on it (40', indicated by arrow), which gradually increases in intensity, and the filopodium

retracting back to the position of the stable punctum (320'). Scale bar, 3 pm.

single punctum appears, often more than one
punctum can appear on an extending
filopodium. Furthermore, we often observed
new filopodia sprouting from a recently sta-
bilized branch, leading to further growth
along this path. Both of these processes are
illustrated in the sequence shown in Figure 4.

Electron microscopy and in vitro time-
lapse studies of hippocampal neurons have
led to the proposal that synapses on filopo-
dia convert to shaft synapses by moving

puncta, suggesting that these transient puncta may represent nascent
synapses that undergo elimination?2. This view is supported by previ-
ous in vitro studies, which have shown that even among populations
of rapidly remodeling PSDs, almost all PSD-95:GFP puncta colocalize
with presynaptic partners'®. Similar instability of presynaptic assem-
blies has also been demonstrated, at longer imaging intervals, in
Xenopus laevis optic tectum3,

These results show that the period of rapid dendritic arbor growth
is characterized by the appearance of transient filopodia, as well as the
formation of many PSD puncta, a subset of which are maintained
leading to a gradual accumulation of stable puncta over time.

Dendritic filopodia are sites of PSD punctum formation
To allow systematic quantitative characterization of the dynamics of
PSD punctum formation, we generated ‘punctum-centric’ movies of
each individual punctum observed in time-lapse movies. We focused
this analysis on the population of stable puncta, which persisted for
more than 3 h. Previous studies of the time course of synapse assem-
bly suggest that these represent functional
synapses®®3.  Consistent with previous
observations, we found that new puncta
appear de novo by gradual accretion, rather
than stabilization of intact, preassembled
puncta (transport packets), on a timescale
similar to that observed in vitro?®. The vast
majority (94 = 2%; n = 6 cells) of new stable
puncta appear on filopodia, with only a small
fraction forming on the stable shaft of the
dendrite, either de novo (3 * 2%) or by
apparent splitting of a previously existing
punctum (3 +2%). This splitting may simply
be due to two unresolved neighboring puncta
becoming visible due to small movements
separating them by a distance greater than
the resolution limit of the microscope.
Frames from a typical punctum-centric
movie (Fig. 3 and Supplementary Video 4
online) illustrate the predominant mode of
stable PSD punctum formation on a growing
dendrite. A filopodium extends from the
main branch, upon which a new punctum
appears. The filopodium eventually retracts
back to the position of the nascent punctum,
which gradually grows in intensity and per-
sists up to 5 h later on what becomes a stable
branch of the dendrite. Although this exam-
ple, for clarity, shows growth stopping after a

along a filopodium or being pulled into the
shaft of the dendrite’>%. We have not
observed such processes in our imaging
studies, rather, puncta on filopodia appear to become shaft puncta by
conversion of the filopodium into a stable branch. Systematic char-
acterization of ‘branch-centric’ movies, sub-volumes centered on
branches, revealed that all net elaboration of the arbor, after initial
pathfinding to the target area, is a result of iterated filopodial stabi-
lization as shown in Figure 4. A branch can elongate by a succession
of filopodia extending from its tip. Likewise, branching points form
when two filopodia are stabilized from an endpoint, or when a
filopodium extends from a midpoint on a branch segment. Thus,
filopodia can serve as the site of PSD punctum formation, and
filopodial stabilization leads to growth of the dendrite.

Filopodia are stabilized at sites of PSD puncta

Two different interpretations might be consistent with the correla-
tions of branch and synapse stabilization evident from our data
(Figs. 3 and 4). One is that formation of a synapse, as marked by a sta-
ble PSD punctum, plays an essential role in stabilizing the filopodium
on which it is located. Alternatively, filopodia could be stabilized by a
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Figure 4 Dendrite growth occurs by an iterative sequence of selective filopodial stabilization and
punctum formation. Still images from a time-lapse series, accompanied by a schematic rendering for
clarity. Green represents PSD-95:GFP puncta, red lines are newly formed (often transient) branches,
and brown are persistent branches. Scale bar, 5 pm.
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tion of a dendritic branch, one would expect
every stable branch to bear at least one PSD
punctum. Conversely, if branch stabilization
is not dependent on the presence of a PSD
punctum, one might expect some stable
processes that, by chance, do not bear any
puncta. Figure 5c¢ shows the number of
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Figure 5 PSD puncta and selective stabilization of dendritic filopodia. (a) Quantification of all
observed single-punctum formation events (average of 15 events from four cells) reveals that filopodia
retract back to the position of the stable punctum. Filopodial length in a and b is normalized to the
position of punctum formation and median-averaged. (b) Quantification of all observed retracted
filopodia bearing a single punctum at 5-min intervals demonstrates that retraction is preceded by
punctum disassembly (average of 9 retraction events from four cells). (c) Number of puncta on
terminal dendritic processes versus lifetime of that process. Terminal processes do not persist without
bearing at least one punctum (n =5 cells). Area of a point corresponds to number of overlapping data
points. (d) Histogram of number of puncta on all terminal dendritic processes persisting for longer
than 1 h shows a marked absence of processes with zero puncta. Dashed curve shows a Poisson
distribution, solid curve shows the prediction for Poisson distribution followed by elimination.
Lifetime is binned by number of 20-min interval time points it was observed in. That is, a filopodium
labeled as 60 min could have persisted from 41 min to 79 min, due to sampling interval.

16 2 25 3
Number of puncta

40 puncta on all terminal filopodia and
branches versus the lifetime of that dendritic
process, measured from ‘branch-centric’
movies. Although short-lived filopodia often
do not bear PSD puncta, no terminal
processes persist longer than one hour with-
out bearing a punctum. Averages over the
lifetime of a branch can be less than one,
because PSD puncta often take up to 30 min
to appear, and can disassemble prior to
retraction (Fig. 5a,b).

This is further characterized in a his-
togram of the number of puncta appearing
on all processes lasting longer than one hour
(Fig. 5d). If appearance of a punctum were a
random event, one would expect some cases
where a stabilized filopodium happens not to
bear a punctum. In particular, if punctum
formation did not influence branch stabiliza-
tion and followed Poisson statistics, for the
given mean (1.36 puncta per process), one
would expect nearly the same number of

synapse-independent mechanism, which then incidentally permits
the eventual formation of a synapse upon that stable structure. Three
lines of evidence support the first interpretation. First, we performed
a quantification of all filopodia observed at high temporal resolution
(5-min intervals) which formed a single punctum. Retrospectively
normalizing filopodial length to the position where the nascent punc-
tum formed reveals that the process illustrated in Figure 3 is in fact
typical. Filopodia most commonly overextend, then retract back to
the location of a newly formed punctum, which appears approxi-
mately 30 minutes after filopodial extension and gradually increases
in intensity (Fig. 5a). The fact that the filopodium does not stabilize at
an arbitrary length suggests that the point of punctum formation
plays a crucial role in the stabilization process.

Secondly, filopodia bearing puncta are not always stable indefinitely,
and quantitative analysis of such cases where filopodia bearing PSD
puncta are eliminated reveals that the start of filopodial retraction is
preceded by disassembly of the anchoring PSD punctum. Figure 5b
shows a compilation of the time course of all
retraction events observed at high temporal
resolution involving filopodia bearing a single
punctum. Beginning up to 20 min before the
start of filopodial retraction, the punctum
undergoes a progressive and significant
decrease in intensity, suggesting that prior
elimination of the nascent synapse destabilizes
the filopodium. Such a process has been
demonstrated for presynaptic terminals at the
neuromuscular junction®”.

Finally, if synapses as marked by PSD
puncta are indeed necessary for the stabiliza-

filopodia with zero puncta as with one punc-
tum (dashed curve). On the other hand, a
model where puncta form by a Poisson process with a mean less than
one, followed by elimination of all filopodia without at least one
punctum, is much closer to the data (solid curve). Thus, all dendritic
processes that persist have at least one punctum for the majority of
their lifetime, and the distribution suggests that filopodia or branches
that do not bear PSD puncta are invariably eliminated.

These three lines of evidence together demonstrate that the site
marked by a PSD-95:GFP punctum has a crucial role in the stabiliza-
tion of a small subset from the pool of mostly transient filopodia.
Because PSD-95:GFP likely marks postsynaptic assembly, this sug-
gests that the presence of a nascent synapse could selectively stabilize
filopodia, which become dendritic branches from which iterative
rounds of such growth can occur.

DISCUSSION
Our long-term in vivo imaging has addressed several outstanding
questions about the process of synapse formation on developing den-

Figure 6 Model of synaptotropic guidance of dendrite growth. A number of filopodia (solid red) extend
from a dendritic branch. Those that encounter correct partners and form synaptic contacts (green
dots) are stabilized as new branches (brown), whereas those that establish inappropriate contacts
(blue dots) are retracted (dashed red). Successive rounds of selective stabilization result in
arborization within a field of appropriate synaptic connections (dashed green region).
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drites. First, the vast majority of PSD puncta form on dendritic filopo-
dia, confirming earlier suggestions of a role in probing the environ-
ment for synaptic contacts'®*>3¢38 However, previous studies could
not address the transition between the presence of synapses on filopo-
dia early in development and their eventual position on dendritic
shafts or spines, leading to the proposition that synapses were either
reeled in or could slide along filopodia. Our findings resolve this issue
by showing that a small fraction of filopodia persist as stable branches,
and that this is in fact the fundamental mechanism of growth in tectal
cell dendrites. Thus, rather than needing to pull in an axon through
dense neuropil, the dendrite essentially grows out to meet it via filopo-
dial stabilization at the point of contact. Furthermore, this dual role of
filopodia in both synaptogenesis and dendrite growth has significant
implications for previous studies of molecular and physiological fac-
tors that can modulate filopodial dynamics?*3%40,

We present three lines of evidence suggesting that the formation of a
stable synapse, indicated by a PSD punctum, can selectively stabilize
filopodia, which eventually form branches from which further growth
can occur. Figure 6 is an illustration of our model of how this process
could result in directed growth. The fact that new growth occurs from
previously stabilized filopodia creates a positive feedback, which can
lead to increased exploration into target regions. Similarly, in regions
devoid of synaptic partners, filopodia would not stabilize, and
arborization in these regions would be inhibited. This provides a
mechanism for self-organization of synaptic connections that would
shape circuit topography. Remarkably, this process of synapse forma-
tion and dendrite guidance was proposed over a decade ago*!*? as a
“synaptotropic hypothesis” of dendrite growth, based solely on studies
of fixed tissue. However, this live in vivo imaging provides the first
direct observation of this mode of dendrite growth and branching.

The fate of a filopodium, and thus the growth and branching of the
arbor, would depend on the formation and subsequent stabilization
or disassembly of a nascent synapse. Synapse stability could be based
on many factors, such as complementary adhesion molecules, inter-
cellular signaling between pre- and postsynaptic neurons, or synaptic
transmission and coincident activity**. This would imply that the
effects of sensory activity on arbor elaboration’ could in fact be medi-
ated by effects on synapse stabilization*4,

Likewise, it is not clear what aspects of nascent synapse formation
result in stabilization of a filopodium. The structural underpinnings
of the synapse, both adhesion across the synaptic cleft and cytoskele-
tal anchoring within the dendrite, could provide mechanical support.
N-cadherin, an adhesion molecule that localizes to sites of synaptic
contact, is part of a Wnt/B-catenin pathway which has been shown to
mediate dendritic growth®. It has also been shown that intracellular
calcium release evoked by neurotransmitters can maintain dendritic
processes’, suggesting that synaptic transmission at the nascent
synapse could play a stabilizing role not only for the synapse itself but
for the form of the arbor.

The degree to which a synaptotropic mode of growth shapes den-
dritic arbors of other cell types remains to be explored. For example,
in relatively un-branched spiny dendrites, filopodia which establish
synaptic contact may be stabilized as spines, rather than new
branches. However, in general this process can provide a mechanism
for directing growth into regions of appropriate synaptic contacts,
and implies that the factors that determine synapse stabilization dis-
cussed above are brought to bear in shaping the dendrite itself. The
synaptotropic mode of growth would ensure the matching of den-
dritic morphology with a specific set of synaptic connections, and
hence may be a key element in the appropriate development of func-
tional neural circuitry.

METHODS

Generation of PSD-95:GFP plasmid. Searches of GenBank databases identified
a zebrafish EST clone encoding a protein with high sequence homology to the
guanylate kinase domain of mammalian MAGUK family proteins, of which
PSD-95 is a member. This EST sequence was used to probe an adult zebrafish
retina cDNA library. Iterative rounds of screening using progressively more 5'
probes resulted in the isolation of a single clone encoding full-length zebrafish
PSD-95. Zebrafish PSD-95 was PCR amplified using the primer pairs: 5'-
GGAATTCGTCGCCACCATGCCTCTCAAACGAGAAGATAC-3" and 3'-GAC
CTAGGGTCGTGCTCTCTCTGACCCTCCTCCTGGGCCC-5', which gener-
ated an EcoR1 site, a Kozak consensus sequence immediately 5’ to the transla-
tional start codon of PSD-95, a tri-glycine linker, and a Smal site at the extreme
3" terminus of PSD-95. The PCR-amplified PSD-95 was fused in-frame to
EGFP (Clontech). An upstream activator sequence (UAS)*® was cloned into the
multiple cloning site immediately upstream of PSD-95 to generate UAS:PSD-
95:GFP. UAS was also cloned into the multiple cloning site of pDsRed-Express-1
(Clontech) to generate UAS:DsRed-Express. The UAS:PSD-95:GFP fragment
was subcloned into the UAS:DsRed-Express-1 plasmid to generate UAS:PSD-
95:GFP:UAS:DsRed-Express.

Validation of PSD-95:GFP as a synaptic marker. Although the localization of
PSD-95:GFP is consistent with it acting as a postsynaptic marker, we wanted to
validate this further by examining the degree of colocalization of PSD-95:GFP
with a known presynaptic marker. Fish expressing PSD-95:GFP in tectal cells
were fixed and wholemount labeled as described*” with an antibody to SV2.
Presumably as a result of high synapse density in the tectal neuropil, SV2 stain-
ing was extremely dense, making it impossible to show meaningful colocaliza-
tion of SV2 puncta with PSD-95:GFP puncta (see Supplementary Fig. 1
online). However, in dissociated immature rat hippocampal cultures, where
synapse density is much lower, we were able to show that our zebrafish PSD-
95:GFP had a punctate distribution in dendrites and that 86% of GFP puncta
colocalized with immunolabeled synaptophysin puncta (see Supplementary
Fig. 2 online). Culturing and transfection were performed as described*®. For
immunolabeling, hippocampal cells were fixed in 4% paraformaldehyde, 4%
sucrose for 20 min at room temperature, and labeling was performed as
described*’. Comparison of dendritic branch length over multiple days of
development, between cells expressing PSD-95:GFP + DsRed, versus GFP-
labeled control cells (see Supplementary Fig. 3 online), showed no significant
difference, indicating that expression of PSD95:GFP and DsRed did not per-
turb tectal cell development. Also, in tectal cells there was no systematic varia-
tion in the density or intensity of PSD-95:GFP puncta with distance from the
soma, indicating that the GFP puncta we observed are not nonspecific aggre-
gations resulting from overexpression. Furthermore, PSD-95 is known to form
head-to-head multimers®’, making it likely that PSD-95:GFP is binding to,
and recapitulating the expression of, endogenous PSD-95.

DNA preparation and microinjection of zebrafish embryos. Raising, main-
taining and spawning of adult zebrafish were performed as described*’. All
procedures were approved by the Institutional Animal Care and Use
Committee of Stanford University. The pan-neuronal goldfish alpha-1 tubulin
promoter was used to drive Gal4-VP16 expression on an activator plasmid?®.
This was used in conjunction with the PSD-95:GFP effector plasmid to drive
mosaic transient expression in zebrafish embryos. Plasmid DNA was prepared
using Qiagen miniprep kits, and both effector and activator plasmids were
injected at a concentration of 25 ng/pl in 0.1M KCl into 1-4 cell stage zebrafish
embryos. Injected embryos were raised at 28 °C, in fish water containing meth-
ylene blue and phenylthiourea to block pigment formation.

Imaging. Zebrafish larvae from 3-10 d.p.f. were mounted on a microscope
slide imaging chamber in 1% agarose and covered with embryo medium®*’.
The agarose was sufficient to restrain movements of the larvae so that anesthe-
sia was not required. Larvae could be maintained in this configuration for
imaging sessions up to 24 h, at the end of which they appeared healthy and
continued to develop normally. Imaging was performed on a custom-built
two-photon microscope with a 63x/0.9NA water-immersion objective (Zeiss).
Excitation was provided by a Mira 900 Ti:Sapphire femtosecond pulsed laser
system (Coherent) tuned to 920 nm, which allowed efficient simultaneous
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excitation of GFP and DsRed-Express. Up to forty optical sections were
obtained at 1-1.5 pm intervals for each time point, using custom acquisition
software (N. Ziv, Rappaport Institute, Israel). Except for punctum-centric
movies, all analyses used the full 3D dataset.

Image analysis. Image processing and analysis was performed with custom
Matlab software (Mathworks). Two-color sections were median filtered to
reduce dark noise and shot noise, and subjected to a ratio-preserving gamma
correction, which enhanced visibility of fine structures such as filopodia
without distorting the use of the DsRed-Express channel to normalize
PSD-95:GFP levels to cytosolic volume. Branch length was measured by trac-
ing the dendritic arbor through three dimensions. The local axonal arbor
was identified by its stereotyped U-turn initiation in layer 4/5, the presence
of varicosities, and the exclusion of PSD-95:GFP, and was not included in
dendritic arbor length.

Individual puncta were identified in single sections as localized increases in
the ratio of PSD-95:GFP to DsRed-Express which were greater than two pixels
(0.35 pm) in diameter. Custom software was used to track the 3D coordinates
of each punctum through consecutive frames of a time-lapse video. These
coordinates were then used to create punctum-centric movies, which were
maximum-intensity projections of a small subvolume centered on the location
of each identified punctum. These movies allowed every punctum observed to
be scored for characteristics such as site or mode of appearance.

Extension and retraction events were measured from high temporal resolu-
tion (5 min) movies spanning approximately 5 h. This shorter total imaging
time restricted the number of extension and retraction events that could be
observed unobscured in their entirety; all such events were analyzed and com-
piled in Figure 5a,b. Punctum intensity was measured by totaling the corrected
PSD-95:GFP fluorescence for each pixel within a rectangle surrounding the
punctum. Corrected PSD-95:GFP fluorescence was calculated by multiplying
the DsRed value in a pixel by the ratio of GFP to DsRed-Express in a neighbor-
ing non-punctate region of the branch, and subtracting this value from the
PSD-95:GFP intensity. This allowed correction both for small bleed-through
of DsRed emission into the GFP channel, and the relatively uniform level of
non-punctate GFP.

Lifetimes of terminal dendritic processes (Fig. 5¢,d) were measured by
marking all such processes at one time point within a time lapse, and generat-
ing sub-volume movies centered on them. These movies were scored for total
lifetime, as well as number of puncta in each frame, which was used to gener-
ate the average number of puncta on the process over its lifetime. Theoretical
curves were: dashed, Poisson distribution P(N,n,,) with the observed mean
e and solid, modified Poisson distribution to include hypothesized effect of
elimination of filopodia, defined by Py, (N < 1) = 0 and Py, (N = 1) =

P(N,n,.), where . was calculated such that the mean of Py, equals n,.

GenBank accession number for PSD-95: AY520570.
Note: Supplementary information is available on the Nature Neuroscience website.
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