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Abstract

The great complexity of dendrites is important for their proper functions on receiving
and integrating signals. Although the cellular mechanisms regulating dendrite
development are largely unknown, secretory and endocytic pathways were recently
shown to be involved. Numb-associated kinase (Nak) is an endocytic kinase required
for dendrite morphogenesis. Nak depleted da neurons showed decreased numbers of
dendritic branches. YFP-Nak is highly co-localized with clathrin light chain (Clc)-GFP
at the tips of growing dendrites; however-the moiecul\ar mechanisms of Nak in
dendrites are still unclear. “. Tam interes,ged i 4issecting the endocytic steps that Nak
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participates in.  In this study, Tdemonstrated the differential distribution of
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Rab4-mRFP, Rab5-GFP, Ral; 11-GFP, a“md I\;I:a;nH—GFP along ‘l‘;he dendritic processes, in
which Rab4-mRFP and Rabl 1—GFP preferen.tiallydis.'.[ributed in proximal or distal
dendrites, respectively. This data suggest the distinct requirements of cellular
activities in different regions of dendrites. ~Although YFP-Nak colocalized largely with
all the examined endocytic markers, knocked-down Nak by RNAIi did not exert
significant effects on the numbers and distributions of these markers. Moreover,
YFP-Nak showed different dynamics with Rab5-GFP and Rab4-mRFP. Collectively,
Nak is not functioning in the establishment and maintenance of the polarized

distributions of Rab4-mRFP, Rab5-GFP, Rab11-GFP, and ManlI-GFP.
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Introduction

Neuron is a highly polarized cell type, with the somatodendritic compartment for
receiving and integrating upstream signals, and the axonal compartment for transmitting
signals. Distinct dendritic branching patterns in different neuronal types are important
for their proper functions, and thus must be tightly regulated during development. In
fly, dendritic arborization (da) neuron is a group.of peripheral multi-dendritic neurons
underlying larval epidermis (Grueber, Jan-et al 2.002)‘: Da neurons can be divided into

four sub-classes according te their brafiching commplexities, from the simplest class I da

o |
i

neurons to the most complex class IY | Cfé!sas 'I."(leﬂdrites are smooth, with few side
branches. Class II dendrites‘gr.e loqger tha-lr.l- clas% I and.have some high order branches
when extending to distal targets. ‘ Class TII peurons aiso have long primary and
secondary dendrites, but featured in their spiked protrusions along the dendritic shafts
and at the ends of main trunks. Class IV neurons have the most extensive branches
and the largest dendritic field. The diversity in growth and shape of each class of da
neurons has been shown to be regulated by intrinsic cell fate-specifying transcriptional
regulators as well as extrinsic guidance cues and dendrite-dendrite interaction-mediated

responses (Parrish, Emoto et al. 2007; Corty, Matthews et al. 2009). However, little is

known about the cellular activities regulating the dendrite morphogenesis. What are



the down-stream effectors of transcription factors to control dendritic branching and
outgrowth? How do dendrites sense and respond to the guidance molecules for their
proper innervations? What are the exact cellular mechanisms for dendrites to mediate
the contact-dependent regulations, such as self-avoidance and tilling to establish their
territories?  All the questions above are interesting and largely unsolved. To answer
those questions, a fundamental issue must be resolved. That is, mechanistically, how

do dendrites elongate and branch?

The elongation and branching of"dendrites’Can require dramatic changes in

|
i

membrane organizations and protein lcomls"El;sa-iLtwi(;ns. Thas, there should be polarized
trafficking machineries that can .med;ia"te the:, .s-pecific targeting of membrane

supplements as well as growth réqﬁiring—cargo prbteirls to the growing sites of dendrites.
Indeed, the isolated Golgi apparatus, termed Golgi outposts, are shown to be important
for proper branching and extension of mammalian as well as invertebrate
dendrites(Horton and Ehlers 2003; Horton, Racz et al. 2005; Ye, Zhang et al. 2007).
Importantly, limiting ER-to-Golgi transport in Drosophila da neurons result in dendritic,
but not axonal, growth defects (Ye, Zhang et al. 2007). This distinct reliance of

dendrites and axons on the secretory pathway provides a possible mechanism of

establishing axon-dendrite polarity. They also found that the Golgi outposts are



distributed primarily in dendrites but little in axons.  Moreover, the location of Golgi
outposts in dendrites can be correlated with dendritic outgrowth, indicating that the
polarized distribution of Golgi outposts is important for their growth-sustaining function
(Ye, Zhang et al. 2007). How is this polarized distribution of Golgi outposts and their
specific cargos established? A hint came from redistribution Golgi outposts when
expressing the dominant-negative form of Lava lamp, a protein involved in the
association of Golgi to the dynein complex (Ye, Zhang et al. 2007). More recently,
two independent forward genetic.screens-for mut.atior}s that affect the morphology of
class IV da neuron identified the mutations in dyfi'ein lightimtermediate chain (dlic) that

o |

could also cause a proximal shift of dehdn’ﬁlg%r'élnches(Satoh, Sato et al. 2008; Zheng,

| i

Wildonger et al. 2008). Irnll)gs)_rt.antl}l, Rab5 ,: -the small GTPa;“se involved in early
endocytosis, was identified as thé interacting protein (;f Dlic. Rab5 endosomes are lost
in the dendrites, but enriched in the soma of dl/ic mutated da neurons (Satoh, Sato et al.
2008). Expression of dominant-negative Rab5 in dlic mutant neurons can strongly
suppress the proximal bushy dendrite phenotype, suggesting the branching-promoting
characteristic of Rab5. The mechanisms of Rab5 endosomes to promote dendritic
branching is still unknown, however, it may regulate the signal transductions from the
membrane receptors uptake (Satoh, Sato et al. 2008). Collectively, the vesicle

trafficking system has been implicated in the machineries of dendrite growth and



branching, but how the machineries exactly work is still unknown. For example, how
are the activities and distributions of Golgi outposts and early endosomes regulated?
Moreover, what are the effectors, or cargos, transported by these polarized
trafficking? And how do they function to coordinate dendrite morphogenesis? In
addition to the identified Rab5 and Golgi outposts, what are the distributions of other

trafficking components and, are they involved in dendrite development?

Numb-associated kinase (Nak) is an endocy.tic kinase originally identified as a

Numb-interacting protein, and'it functions as an antagonist:of Numb in the development
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of sensory organ precursors (Chien, ?Vang*?la?-hawl.." 1‘958). In nak knock-down da neurons,
the dendritic branch number and totahl dend;i:t-e length are "red;lced. Nak has implicated
roles in endocytosis by the sequehc'e homology with Ark/ Prk protein kinase family in

its N-terminal serine/ threonine kinase domain (Smythe and Ayscough 2003). In yeast,
Ark/Prk family proteins are actin regulators involved in endocytosis. For example,
Prk1p was proposed to localize around the endocytic vesicles to locally inhibit
Panlp-Arp2/3-dependent actin polymerization, thus enabling the actin to associate with
endosomes (Toshima, Toshima et al. 2005). In mammals, Adaptor-associated kinase 1
(AAK1), the human homolog of Nak, can associate with AP2 complex in

clathrin-mediated endocytosis (Conner and Schmid 2002). The phosphorylation of p2



subunit of the AP2 complex by AAKI1 can promote the binding between p2 and the
sorting signals of cargo proteins. In addition, the efficacy of this phosphrylation is
normally low, but strongly enhanced in the presence of clathrin cages, suggesting a
tightly regulated kinase activity that can only be activated in the close vicinities of
clathrin coated vesicles (Conner, Schroter et al. 2003). Moreover, in the AAK1 RNAI
knock-down cells, Transferrin recycling from early endosomes is impaired, suggesting
that AAKT is also involved in endosomal recyeling (Henderson and Conner 2007). In
da neurons, expression of AAK1.can restore the cllendyitic—undergrowth phenotype of

nak mutant, indicating a funetional cofiServation between human and fly homolog (Peng,
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Yang et al. 2009). Reeently, Nak Waé rep"c'l)?thew'd." t;) i)e associated with the o subunit of
AP-2 complex and the y subugit. of A:P—l co-r;;plexuand reg;ula&e the polarized distribution
of Dlg, a septate junctional protein,' in Drosophila‘saliuvary gland cells (Peng, Yang et al.
2009). Collectively, Nak is an important regulator and may participate in multiple
clathrin-mediated trafficking processes such as early endocytosis and endosomal
recycling. What are the functions of Nak in regulating dendrite development? In this
study, I am interested in dissecting the endocytic/ recycling steps Nak regulates in

controlling da dendrite morphogenesis.

Generally speaking, endosomal network is composed of early endosomes,



recycling endosomes, and lysosomes (Appendix 1)(Kennedy and Ehlers 2006). Newly
internalized vesicles take off their clathrin coats and either fusing with each other or
with early endosomes. Then the early endosomes are acidified and matured into late
endosomes and ultimately fused with lysosomes for degradation. However, if the
cargos have to be recycled, they will escape from lysosomal degradation, entering the
recycling routes. There are mainly two recycling routes; the first one is to travel from
early endosomes to recycling endosomes,-and:then back to the plasma membrane; the
second one also goes from early ehdosomes to reéycliﬂng endosomes, however, instead
of traveling back to the cell“membrane€; the cargo.‘S"*are sent t0'Golgi apparatus, and then
traffic along with the secretory, pathvsfdy. E;;T-l{cw'fdentities and functions of different
endosomal compartments can P‘? det?rmine-d:,- at least partiallgf, by the Rab family small
GTPases (de Renzis, Sonnichsen‘e;t' al.2002). Rab5s iocalizes and regulates the fusion
between endocytic vesicles as well as the fusion between endocytic vesicles and early
endosomes. Rab4 is associated with early and recycling endosomes, and is regarded to
play a role in fast and continuous recycling events. Rabl1 locates at recycling
endosomes and mediates the recycling routes to plasma membrane or Golgi apparatus.
Although the mechanisms of endocytic machineries in regulating dendritic

outgrowth are still unclear, there are extensive studies in synaptic plasticity on the

dendritic spines in mammalian neuronal cell culture system (Appendix 2) (Newpher and



Ehlers 2008). Rabl1-marked recycling endosomes are regarded as the reservoir of
AMPA receptor during long-term potentiation (LTP)(Park, Penick et al. 2004). LTP
induced by Ca®* influx through NMDA receptors can mobilize the recycling endosomes
to move into the spines and insert AMPA receptors into the spine membrane through
exocytosis (Park, Salgado et al. 2006; Brown, Correia et al. 2007). Moreover, in LTP,
Rab4-dependent constitutive recycling is critical for the maintenance of spine size,
albeit it does not influence the transport of receptors (Brown, Correia et al. 2007).
However, in long-term depression (L.TD); AMPA receptors are endocytosed by a

clathrin-, dynamin-, and RabSidependént‘.;nam}er;"*into early endosomes, which in turn

o |
i

transport to late endosomes and subsgacjuen"f T§é’t§somes for degradation (Brown, Tran et
al. 2005).  Thus, localization and dy;n"amics of the endocytic system are highly

organized in the dendritic spines'and are ¢rucial'for proper functions of dendrites.

To know the function of Nak, we must know the subcellular localization of Nak.
YFPNak was thus made and expressed in da dendrite (Wei-Kan Yang, unpublished),
revealed the possible localization of Nak in dendritic branch points and tips. It is not
yet clear what other cellular activities also present in the YFPNak positive area.
However, the presence of YFPNak is correlated with dendrite elongation, indicating a

growth-sustaining role of Nak (Wei-Kan Yang, unpublished). In addition, YFPNak



showed almost perfect colocalization with Clathrin light chain (Clc)-GFP, which
suggests Nak may participated in clathrin-dependent trafficking pathways (Wei-Kan
Yang, unpublished).

In my study, I characterized the distributions of endocytic machineries in da
dendrites by expressing endosomal markers tagged with fluorescent proteins. Also, |
examined the colocalizations between YFPNak and those markers to explore the
functional relevance of Nak on these trafficking routes. Then I depleted Nak in da
neurons by RNAI, and observed the changes in fﬁe di§tributions and numbers of the

markers. Finally, I performed time-lapseimagifng'on the da dendrites of living larva,

b 2 o
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and demonstrated the behaviors of YFPN a‘EEellnd enaosomal compartments.
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Results

Differential Occupation of Endocytic Compartments along da Dendrites
Endocytosis is known to be involved in dendrite growth and spine formation (Brown,
Correia et al. 2007; Satoh, Sato et al. 2008). However, the distributions of endocytic
compartments in da dendrites during development are still unclear. Moreover, Nak is
involved in endocytosis and YFPNak has-intriguing localizations at dendritic branch
points. To gain more insights into the dendritic .locat“ions of endocytosis, I took the

advantage of GAL4-UAS system to express Rab4mRFP, Rab5GFP, Rab11GFP, and

W
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ManlIGFP in da dendrites, and examined fhigi_f tiistributions individually.

! L

1\ -  §
Rab4mRFP is a marker of reeycling and early endosomes. When expressed in da

neurons by GALA4'P@80, Rab4mRFP puncta.wereloc;hzed in the dendritic shafts (Fig.
1A-B, arrows) as well as branch points (Fig. 1 A-B, arrowheads). Moreover, Rab4mRFP
puncta showed the preference in locating at proximal dendrites (Fig. 1A-B). The
straighten dendrite of Rab4mRFP expressing neuron also displayed this
proximal-prominent distribution of Rab4mRFP puncta (Fig. 1K). To further elucidate
this property of Rab4mRFP, I developed a scoring method to describe and compare the
distributions of markers based on the distances between the puncta and the soma.

The ideal indicator of puncta localization preference would be the “puncta



number/unit dendrite length”; the higher of this value could be interpreted as the more
possible localization of puncta in the scored dendritic region. So it would be possible to
compare the puncta distributional preferences in different regions of dendrites, for
example, proximal and distal dendrites. However, the measurement of dendritic
lengths is extremely laborious and, in my case, it would be almost impossible to score
all the dendritic lengths of da neurons expressing many different endocytic markers.
Thus, I developed an alternative approach which.uses dendritic intersections in Sholl
analysis (Sholl 1953) as an indicator for dendritic lengths, assuming that the dendritic

lengths are reflected by the number of ffitersections. By this approach, I can efficiently

1 i
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gain insight into the distributions of many‘endocytic puncta in different dendritic
| .‘E-‘
|

o=

regions.
Practically, 14 concentric cifcIes m25 um intervails were drawn with the center at
soma, and only the upper hemispheres were scored. The numbers of puncta in each
interval of concentric circles were scored manually; also, the Sholl analysis was
performed to determine the number of intersections between dendritic branches and
circles. To more precisely estimate the dendritic branch numbers in the intervals
between each pair of concentric circles instead of on the circles, the intersection
numbers of the two concentric circles defining each interval were averaged. This

value was defined as the Dendrite number (Dendrite No.), and I used it to represent the

10



dendritic branch numbers, and thus dendrite lengths in the space between concentric
circles. After all, the final readout of the distributional preferences in each interval of
concentric circles was ‘“Puncta number/ Dendrite.” One example for this scoring was
shown in a simplified diagram (Fig. 2A). If we want to score the distributional
preference of puncta (asterisks) between circle 1 and 2, the puncta number would be 5.
The dendrite number would be the average of the numbers of intersections between
dendrites and circle 1 and 2, that is, 2 (cirele I intersection number) plus 3 (circle 2
intersection number), then divided by 2, obtaini.n'g Dgpdrite No.=2.5. Finally, the

readout, puncta number/ dendrite, would be 5195 2.

| iy ‘
-

I scored the distributional prefe{encef(!)af ﬁ"albé;mRFP puncta in different distances
from soma (Fig. 2C, deep red gircles?." RagglmRFP occurred with a maximum
frequency at about four puncta pér branch in.the régio;l of 50-75 pum from soma, and
then decreased as the distance increases, finally a minimum at less than one puncta per
distal branch in the region of 325-350 um, the most distant region from soma.
Rab5GFP, an early endosomal marker, also localized to the dendritic shafts (Fig. 1C-D,
arrows) as well as the branch points (Fig. 1C-D, arrowheads). However, its
distribution had little discrimination in dendritic regions, as revealed by the straighten

dendrite (Fig. 1L) and the scoring results (Fig. 2C, orange circles).

In contrast, Rab11GFP, the recycling endosomal marker regarded to regulate

11



long-loop recycling, showed distal-dendrite preference by localizing not only to
dendritic shafts (Fig. 1E-F, arrows) and branch points (Fig. 1E-F, arrowheads), but also
to dendritic ends of the terminal dendrites (Fig. 1E-F, asterisks). The wider
distribution of Rab11GFP along the straightened dendrites (Fig. 1M) could also reflect
the scoring of Rab11GFP which showed preferential distribution in distal dendrites (Fig.
2C, yellow triangles). On the other hand, the Golgi resident protein, ManIIGFP, had
less puncta number than Rab4mRFP, RabSGEP, and Rab11GFP (Fig. 1G, 2D), however,
it localized to the dendritic shafts(Fig. 1G-H; a;fows) and branch points (Fig. 1G-H,
arrowheads) as well. The straighten-deng‘lrites,‘ (Fig. IN) and the Puncta no./ Dendrite

W

values (Fig. 2C, green triangles) demonstrgég(_i“'t‘lilat ManlIGFP is also distributed equally
n || :

along the dendritic processes as Rab5GFP ci(.)es. In addition, YFPNak could also be
observed in dendritic shafts (Fig. ‘ 11-J,-arrows) and brﬁnch points (Fig. 11-J, arrows).
And YFPNak did not display any preference in distributing in proximal or distal
dendrites, either, as shown by the straighten dendrite (Fig. 10) and scoring results (Fig.
2C, indigo squares).

In the straighten dendrites (Fig. 1K-O), we could see that all the examined markers
can localized to the branch points, and the differences in distributional preferences were

mainly displayed by the small puncta in the dendritic shafts. For example, Rab4AmRFP

(Fig. 1K) localized to almost every branch points (Fig. 1M, asterisks) just like RabSGFP

12



did (Fig. 1L, asterisks), however, Rab4mRFP was highly enriched at the proximal
dendritic shaft in the form of small continuous puncta (Fig. 1K, bracket). Moreover,
the puncta number varied between markers; Rab4mRFP had the greatest number of
puncta per each neuron (Fig. 2D, deep red bar), whereas ManlIGFP and YFPNak were
the least (Fig. 2D, green and indigo bars). By plotting puncta numbers of each interval
to their distances from soma (Fig. 2B), the differences in puncta number were reflected
by the different heights of the peaks. Rab4mREP had the highest peak at region
150-175 pm from soma (Fig. 2Bj.deep red circiej, Wh§reas ManlIGFP (Fig. 2B, green

triangle) and YFPNak (Fig.“2B,indige Square) had broad and the lowest peaks at about

W
i

150-200pum from soma. « Note that Rab4rﬁl§=‘l:7"P; RabS GEP, and Rab11GFP peaked at
|25 || 2
different regions of dendrite, vgiph Rab4mR-FIP peaked at the proximal dendrites
(150-175 pm from soma) (Fig. 2B, deep red.circle), t;en Rab5GFP at medial dendritic
region (175-200 um from soma) (Fig. 2B, orange circle), and Rab11GFP peaked at the
relatively distal region (200-225 pm from soma) (Fig. 2B, yellow triangle). This
differential peaking of endocytic components can partially correlate their preferential
distribution revealed by “Puncta No./ Dendrite” in Fig. 2C.  Also note that the dendrite
numbers of neurons were not dramatically changed by expressing different endocytic

markers, as revealed by summing the dendrite numbers of each neuron (Fig. 2E).

Together, these data showed a differential distribution and distinct numbers of endocytic

13



markers, implying the different requirements of distinct endocytic machineries in
different dendritic regions. In addition, all the examined endocytic compartments had
the common localization at branch points, which suggests that the branch points may be
different structures from ordinary dendrites, and may play some special roles that are

not yet known.

Colocalizations between YFPNak and Endecytic markers
To understand what cellular activities Nak regula{tes to-control dendrite morphogenesis,
the colocalizations of YFPNak and Rab4mRFP/(Fig. 3), Rab5GFP (Fig. 4), Rab11GFP

| gl

(Fig. 5), or ManlIGFP (Fig. 6) were exami%?dj’ When Rab4mRFP and YFPNak were
n '8 || |

co-expressed in da neurons, la{ge angi ‘ﬂ)righ;.Rab4&nRFP puncta showed good
colocalization with YFPNak in tﬁé proximal.(Fig:‘SA.—:D, arrowheads) and distal
dendrites (Fig. 3E-H, arrowheads). However, the smaller Rab4mRFP puncta
distributed along the dendritic shaft, mostly, with no YFPNak signal in it (Fig. 3A-H,
arrows). Rab5GFP colocalized with YFPNak in proximal (Fig. 4A-D, arrowheads)
and distal (Fig. 4E-H, arrowheads) da dendrites, too, although there were still
dis-colocalized signals observed (Fig. 4A-H, arrows). Interestingly, Rab11GFP also

colocalized with YFPNak in bright-large puncta in proximal (Fig. SA-D, arrowheads)

and distal dendrites (Fig. SE-H, arrowheads). But similarly, there were dis-colocalized

14



signals with relatively smaller sizes and weaker intensities (Fig. SA-H, arrows). On
the other hand, the golgi-resident protein, ManlIGFP, colocalized with YFPNak in
proximal (Fig. 6A-D, arrowheads) and distal dendrites (6E-H, arrowheads). Almost
all the visible ManlIGFP puncta were at least partial colocalized with YFPNak, albeit to
different degrees.

To compare the colocalization statuses between YFPNak and different endocytic
components, I quantified the images for coloealization by a pixel-based (Fig. 7A) as
well as an intensity-based (Fig. 7B) method: fﬁe pi§el—based scoring method

calculated the percentage of colocalized pixel ntumber over:the total pixel number of
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YFP channel, and termed as "colocaljzati(;"ﬁlacgéfficient" (Fig. 7A). The
intensity-based colocalization parameter Wa-ls.-calculated by summing the intensities of
colocalized pixels and then over tﬁé total intensity of YFP channel (Fig. 7B) thus
yielding a percentage. The term “weighted colocalization coefficient” means that the
pixels are weighted by their intensities in this scoring method. Thus, in the pixel-based
“colocalization coefficient”, only the area of colocalization was counted (i.e., the larger
the colocalized area, the higher coefficient). Whereas in the intensity-based “weighted
colocalization coefficient”, not only the area, but also the intensity were taken into
account, that is, the larger and brighter colocalizing signals contributed more than the

smaller and weaker ones on the coefficient.
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In the scoring results, pixel-based scoring (Fig. 7A) revealed similar values of
colocalization coefficients (about 0.4~0.5) between YFPNak and different endocytic
compartments. This result suggests about half of YFPNak positive signals were
colocalizaed with the endocytic markers. However, when intensities were taken into
accounts (Fig. 7B), Rab4mRFP (Fig. 7B, deep red bar), Rabl11GFP (Fig. 7B, yellow
bar), and ManlIGFP (Fig. 7B, green bar) showed as high as 0.8 in their weighted
colocalization coefficient, indicating about:80% of YFPNak intensity units were
colocalized with Rab4mRFP, Rab11GFP;-and M;nIIC%FP. Although slightly lower,

Rab5GFP had more than 0.6:1n it weighted colotalization coefficient with YFPNak (Fig.

o |
i

7B, orange bar). The differences in Valué&

|

%f '{;veighted and un-weighted colocalization
coefficients could be due to the faet t;hat bri-g.f-lter and larger;puncta were more tend to be
colocalized, whereas the dis—coloﬁa{lized puncta ‘were ;nostly smaller and weaker ones,
as demonstrated in Fig. 3-6. The bright colocalized puncta can cause the shifts of
weighted colocalization coefficients toward higher values than un-weighted
colocalization coefficients, because the bright puncta weighted more than the
dis-colocalized weak puncta in their intensities, which were not counted in the
un-weighted pixel-based scoring parameter. In addition, one may expect that there
should be differences in the colocalization statuses between each marker and YFPNak,
as suspected by the differential occupation of endocytic compartments along the
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dendrites. However, the colocalization statuses did not reflect such differences, neither
in pixel-based nor in intensity-based scoring method. This may due to the strong
tendency of colocalization occurrences in the large and bright puncta, thus
overwhelming the contributions of smaller dis-colocalized puncta on the coefficients.
Thus, my scoring method may not be sensitive enough to discriminate the different
colocalizations of YFPNak and small puncta of markers. However, good
colocalizations (all > 0.6 in weighted cologalization coefficient) between YFPNak and
the bright-large puncta of endocytic markers still.indigate the possible functional

relationships between them:
'\-ﬂ"E_ .
i

| |
| = |
Marker distribution in nak knoek-down da dendrites:

In da neurons, YFPNak and CIC—GFP are almost pérfé;:tly colocalized with each other
(Appendix 3, Wei-Kan Yang, unpublished). Nak knock-down by RNAI1 led to a dramatic
global decrease of Clc-GFP puncta along the da dendrites (Fig. 8, Wei-Kan Yang,
unpublished), as well as the significant decrease in dendritic complexity (Fig. 8B and D,
Wei-Kan Yang, unpublished). These phenotypes were also reflected by the scoring
method developed in this study (Fig. 9). The Clc-GFP puncta number (Fig. 9A; 9D,
left two bars) and Puncta number/Dendrite (Fig. 9C) all decreased dramatically along

the dendritic processes. The dendrites of nak RNAi expressing neuron also decreased
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significantly (Fig. 9B; 9D, right two bars), suggesting that the Nak may regulate
dendrite development through a clathrin-dependent process. To determine whether
Nak is also functionally related to the endocytic components, I used RNAi to
knock-down Nak in da neurons, and examined the changes in numbers and distributions
of markers.

However, nak knock-down did not exert any significant effects on either the
distributions or numbers of the endocytic-markers examined.  In Nak depleted da
dendrites, the distribution of Rab4mRFP;.the reC)./cling“;r and early endosomal marker,

was not significantly changed (Fig. 10A=B, La¢Z control; C-D, nak RNAI), and

| gl
p—

remained proximal dendritically enrif:hed iis?é\;ealed by the scoring method (Fig. 11C).
n |25 || 2
The distribution pattern (Fig. 11A) and the ;(.)tal number of puncta (Fig. 11D, left two
bars) were not significantly changed. Note.that the RNAi expression did not exert
strong dendritic loss phenotype in this experiment (Fig. 11B and D). Early endosomal
marker Rab5SGFP (Fig. 12A-B, LacZ control; C-D, nak RNA1) also remained its
unbiased distributions along the dendrites in nak knocked-down neurons (Fig. 13C).
Albeit nak RNAi expression cause mild dendritic loss phenotype in high order dendrites
(Fig. 12B and D; for statistics, Fig. 13B, and Fig. 13D right two bars), the distribution
pattern (Fig. 13A) and the total number (Fig. 13D, left two bars) of RabSGFP puncta

were not altered. Also, recycling endosomal marker Rab11GFP (Fig. 14A-B, LacZ
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control; C-D, nak RNAi; 15C, statistics) remained distally prominent in nak
knock-down dendrites, in which the dendrite number was significantly reduced (Fig.

15B and, 15D, right two bars). The distribution pattern (Fig. 15A) and total number
(Fig. 15D, left two bars) of Rab11GFP puncta were not altered by nak RNAi expression.
In addition, the marker of golgi outposts, ManIIGFP, remained its unbiased distribution
along the dendrites in nak knocked-down neurons (Fig. 16A-B, LacZ-expressing control;
C-D nak RNAi; 17C, statistics), note thatin this experiment, RNAi expression did not
cause significant dendritic loss phenotype-—In these f:xperiments, the dendrites of nak
knocked-down neurons were controlled tQ display mild or'no'dendritic loss phenotype,

W

e %
to ensure the possible effects onithe distributions of endecytic markers by nak depletion

| Y

| e | §
were not due to the general disruption of dendritic structures or the sickness of the

dendrites.

However, since there were no distributional differences of endocytic compartments
observed in the dendrites of LacZ-expressing and nak knocked-down neurons, it would
be intriguing to examine the distributions of endocytic markers in the dendrites with
strong dendritic loss phenotype. Thus, I expressed two copies of nak RNAIi in da
neurons to produce severe dendritic loss phenotype, and then examined the dendritic
distribution of Rab4mRFP. As expected, when two copies of nak RNAi were

expressed, dendrites showed severe loss of dendrite numbers (Fig. 18B, 2X LacZ
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control; Fig. 18D, 2X nak RNAI; for statistics, Fig. 19B, and 19D right two bars).
However, Rab4mRFP remained its proximal preference (Fig. 18 A-B, 2X LacZ control;
Fig. 18C-D, 2X nak RNAI1) in nak depleted dendrites, and was still enriched in the
proximal dendrites, with no significant differences when compared with the control
dendrites, which expressed two copies lacZ (Fig. 19C). Collectively, the numbers and
distributions of Rab4mRFP, Rab5SGFP, Rab11GFP, and ManlIGFP were not as sensitive
as ClcGFP to Nak level, suggesting that Nak may serve as a highly specific regulator of
ClIcGFP puncta, instead of being:a general regulafor Of endocytic/ recycling trafficking

during dendrite development.
‘::‘E‘— .

Dynamics of YFPNak and ﬁpdocytic Ma-r:l;ers |

To further elucidate the differencés'between YFPNak .;:md endocytic compartments, |
examined the behaviors of RabSGFP, Rab4mRFP, and YFPNak puncta in living larvae.
The results suggested that RabSGFP is highly mobile (Fig. 20, arrows), moving
relatively fast and long range, although there are still stationary large puncta located
primarily at the branch points (Fig. 20, arrowheads). In contrast to the fast and long
traveling characteristics of RabSGFP, Rab4mRFP moved locally (Fig. 21, arrows),
either slowly moved back and forth, or split and refused locally, whereas some branch
point-localizing Rab4mRFP puncta were stationary (Fig. 21, arrowheads). However,
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different from the mobile nature of RabSGFP and Rab4mRFP, all observed YFPNak

puncta were relatively stationary, and did not move as the time goes on (Fig. 22,

arrowheads). This data demonstrated the different behaviors between YFPNak and

endocytic markers.
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Discussion

In this study, I demonstrated a differential distribution of endocytic markers in
Drosophila da dendrites, with Rab4mRFP located proximally, Rab11GFP distally,
Rab5GFP and ManlIGFP equally. Although YFPNak puncta had good colocalizations

with these markers, nak RNAi did not affect the distributions of them.

Highly enriched Rab4mRFP in.proximal dendrites

Rab4mRFP has the most significant preference/6f distribution; it ranged from as high as

1 I
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4 puncta/ dendrite in the most proxir?al regid_?r_l“',‘énd decreased to about only 0.8 puncta/
'8 ||
dendrite in the most distal dengr.ites.; ““Rabé-l.is known to regulate fast and continuous
endosomal recycling, which is irﬁpbrtant for,LTP induéed spine formation: Rab4 is
shown to be required for the maintenance of the spine size, although it does not affect
AMPA receptor transport (Brown, Correia et al. 2007). It is very interesting that why
proximal dendrites contain more Rab4 proteins. One possibility is that the formation
and growth of dendritic branches requires dramatic membrane reorganizing, Rab4 may
ensure the membrane supplement via its rapid and constitutive recycling function,

thereby prevents the membranes to be highjacked by other trafficking pathways.

Moreover, usually the proximal dendrites are thicker than the distal ones, so the
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reorganization and growth of larger surface membrane may demand more Rab4 activity.
That is, Rab4 grab the membranes faster than other membrane trafficking machineries,
thus the membrane pool is largely trapped in the Rab4 mediated recycling route, and
cycled up and down the dendritic surface very rapidly. My live-imaging data were
consistent with this idea, in which Rab4mRFP puncta only moved locally and may
mediate local membrane addition (Fig. 21). However, my later studies (data not
shown) as well as the live-imaging moviessmade.by other groups (Stone, Roegiers et al.
2008) also showed that some Rab4-mREP punétai can ‘”still move distantly in da dendrites

in addition to local motion, ‘suggesting the existénce of sub-populations among all the

W
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Rab4-positive puncta (i.e., stationary, at branch points, local motion at the vicinities of
| F
, i

| 1 | §
cell bodies, distant movement in. the relatively distal dendritic processes), and may

fulfill different functions in dendrite development.

Differential Requirements of Endocytic Machineries in Different Dendritic
Regions

In this study, the endocytic markers displayed different distributions on the distance
from cell bodies. Although previous studies in non-neuronal cells have also suggested
distinct trafficking routes are regulated by different Rab proteins (de Renzis, Sonnichsen
et al. 2002), but this is the first study clearly showed the dramatic difference in
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distributions of endocytic components in neurons with a macroscopic view. In
non-neuronal cells, the distinct endocytic routes are only few micrometers apart,
however, we observed the differences in the sight of hundreds micrometers. Thus, the
meaning of this spatial regulation is still unknown. However, in the spines of
mammalian dendrites, the spatial regulation of different endocytic compartments is
known to be important in synaptic plasticity (Newpher and Ehlers 2008). In addition
to Rab4 function in maintaining the spine sizes, Rab11 positive recycling endosomes are
regarded as the reservoir of AMPA receptors and.moy§s into dendritic spines during the

LTP (Park, Salgado et al. 2006; Brow, Correia‘etal. 2007).> On the other hand, Rab5
was known to regulate ETD-related qndocif't!;;is" of AMPA receptors, thus facilitating the

subsequent degradation of AMPA rec;:eLtors- (:iBrovwn, Tran et ;11. 2005). But again, these
different Rab protein-marked endoc'ytio compartrrientsf localize near the spines and they
apart from each other only in few micrometers. What’s the meaning of the
macroscopic distributional difference of endocytic compartments in my study and, how
is it established, are still open questions. Moreover, one endocytic component may
mark different sub-populations of vesicles and/ or compartments, which may exert
distinct functions in different dendritic regions. How to do functional studies in local
compartments is still a critical issue. Ultimately, the distinct distributions of endocytic

components may be the hint for the existence of sub-dendritic compartments, and the
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polarity of proximal and distal dendrites; however, the boundaries of these sub-dendritic
compartments are still unknown. It will also be interesting to examine how this

distal-proximal-dendritic polarity is established.

Dendritic branch points are specialized structures

Although the distributions of endocytic markers were different, the differences are
mainly occurred in the small puncta locateded in.dendritic shafts. However, all the
examined endocytic markers have good colocaliz.atio;“l with YFPNak at the dendritic

branch points, in which all the'markers as, well 4s YFPNak are highly enriched. That

W
i

may be the reason why:we could see lowercolocalizations in the pixel-based scoring

! L

| e | §
method, but much higher colocalizations in the intensity-based scoring method. It is

not clear how do these endocytie ‘m'achineries funCtioﬁ in the branch points. In
mammalian studies, they have shown that clathrin coated pits and vesicles exist in
dendrites and spines (Blanpied, Scott et al. 2002; Cooney, Hurlburt et al. 2002), and the
dynamics of clathrin coats is developmentally regulated in an actin dependent manner
(Blanpied, Scott et al. 2002). In dendritic spines, clathrin enriches at the region
adjacent to the postsynaptic density (PSD), forming a so called “endocytic zone,” which
is proposed to undergo fast and local clathrin-mediated recycling of diffused AMPA
receptors (Blanpied, Scott et al. 2002; Newpher and Ehlers 2008).
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As monitored by clathrin light chain-GFP (Clc-GFP), clathrin is also enriched in the
dendritic branch points of da neurons, with almost perfect colocalization with YFPNak.
Dendritic branch points thus have very concentrated cellular activities, including
endocytic, recycling, and secretory pathways. Golgi outposts and Rab5 endosomes
were recently shown to promote dendritic outgrowth and branching and can localize to
the branch points (Horton and Ehlers 2003; Horton, Racz et al. 2005; Ye, Zhang et al.
2007; Satoh, Sato et al. 2008). Moreover; the existence of YFPNak, which can also
localizes to the branch points, 1s also correlated V\I/ith QCndrite extension. We do not

exactly know that the enrichment of ¢ellular activities at the branch points is established

o |
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before the branch formation, or is recurliited:l ;fter br:anch formation. However, because
of the time-lapse study of gollgl__i Qutp?sdts (Y-e:,-Zhamg et al; 2607) and YFPNak (Wei-Kan
Yang, unpublished) revealed the éoi‘relation of the exiétence of the puncta and dendritic
outgrowth, we can imagine that the branch points of mature dendrites were originally
the sites of new branch formation during development, thus, it is likely that the
endocytic and secretory compartments are recruited to these sites where to form the new
branches, and then they sustain the branch formation by their cellular activities.
However, are the highly enriched cellular machineries in the branch points of mature

dendrites just the vestiges of developmental stages and have little function? We do not

know the answer, but the existence of cellular machineries in branch points can serve as
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transfer posts for cargos, organizing the transmissions of the signals as well as
establishing the polarities and sorting of dendritic proteins in mature neurons.
However, the exact mechanisms of their functions in the branch points to regulate

dendrite morphogenesis are still unknown.

Nak is not involved in the formations and the polar distributions of examined
endocytic components
Despite of the colocalizations between endocytic.components and YFPNak, nak

knock-down by RNAI did net'affect their,puncta numbers‘and distributions. However,

W
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ClcGFP showed global decrease.of puncta"ﬁfl_rﬁl;er under similar RNAi condition.
47}

|

Thus, the distributions and formations

of er;c.i;)cytib ‘comp“onents examined in this study
are less sensitive to Nak level whéri compared to CICGFP. Importantly, the proximal
preference and the total puncta number of Rab4mRFP were not altered in the dendrites
of neurons expressing two copies of nak RNAi, which showed strong dendritic loss
phenotype (Fig. 18 and 19). This data strongly suggests that Nak is not involved in
either the formation of the Rab4mRFP puncta or the establishment of distal-proximal
polarity. Notably, in the dendrites bearing two copies nak RNAI, the dendrite number

(Fig. 19B, open circles) decreased in the distal dendrites (150-350 um from soma) as

compared to the control, however, slightly but significantly increased in the proximal
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dendrites (25-125 pum from soma). This increase may be due to the growth retardation
of some dendritic main trunks, causing some crowed and shortened higher order
branches to locate in the proximal region, thus displayed a slight increase of dendrite
numbers in the proximal region. In addition, the peak of Rab4mRFP puncta
localization shifted proximally when compared to the control (Fig. 19A). This
suggests that the Rab4mRFP puncta formation was unaffected even when the dendrite
outgrowth was significantly disrupted, and: the dramatic reduction of distal dendrites
may result in the accumulation of Rab4AmRFP puhcta 1n the proximal dendrites.
Alternatively, the proximal increase of puncta pqmbers could be caused by the similar

|

reason as dendrite numbers (proximallized-:ﬁéﬂéﬁér ofder branches may bring the
additional Rab4mRFP puncta‘;go. the PIJOXiIn-Eil: regions). <Because of the increase in both
proximal puncta and dendrite nurhbers, the value'of “};uncta number/ dendrite” was
unaltered. In this case, we can clearly see a draw-back of my scoring method for
distribution, that is, the distance of the dendrite can not exactly reflect the order of
dendrites. Even in the normal neurons, the dendrite numbers in every region are
composed of a mixture of high order and low order dendrites, no matter in distal or
proximal regions. When the dendrites exhibit strong phenotype, the compositions of
low or high order dendrites in each region are dramatically altered, thus this scoring

method may not be the most sensitive way to calculate the distribution. However, this
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scoring method is still efficient and sensitive when comparing the dendrites without too
severe phenotypes, for example, examining different markers’ distributions in the
dendrites, or the effect of single copy nak RNA1 (which only exert mild dendritic
phenotype).

Although Nak seemed not functioned in the formation and the polarized
distribution of endocytic compartments, the effect of Nak knock-down on the endocytic
markers may be reflected on other aspects instead of distribution. For example, Nak
may functionally cooperate with:these machinerics to‘“regulate dendrite development
after the endocytic distributions‘are al-r'eacly sety . The data presented here cannot rule

W

out the possibility that Nak is still functioﬁ'aﬁi;' telated tofthe endocytic proteins in
| | i ’
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dendrite morphogenesis.” To address that question, the genetic interactions between

Nak and endocytic machineries could be done.

YFPNak puncta showed behavioral differences with endocytic markers

In the live-imaging data, YFPNak showed stationary behavior and mainly stayed
steadily at branch points. In contrast, RabSGFP and Rab4mRFP puncta are relatively
mobile. However, we also observed RabSGFP and Rab4mRFP puncta that were
constitutively presented in the dendritic branch points, which may indicate the different
characteristics of the branch-residing puncta and the traveling puncta. Again, my
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live-imaging data suggest that the dendritic branch points are equipped with multiple
cellular machineries and may thus serve as specialized structures which are different

from the ordinary dendritic shafts..

Rab endosomes and motor proteins

Although we can clearly see that endosomes are dynamic structures which move locally
or distantly, the motor proteins carrying these.endosomes and the mechanisms
regulating the transport are still not clear—In the preyious studies, early endosomes

have been shown to interactwith kinesifn-3 familysmember; KIF16B, in a Rab5
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dependent manner, thereby diréeting uthe e-ﬁ'rl‘lli-}; w'é:liildo‘somes to move toward the plus end
of microtubules (Nakagawa, S;gt.ou e? al. 20-0:(-)). In addit"ion; Rab4 and Rab5 were
shown to coordinate the associaﬁoﬁ of-early endoSomés and dynein motors (Nielsen,
Severin et al. 1999; Bielli, Thornqvist et al. 2001). Rab7 recruits dynein to late
endosomes via the cooperation with its effector (Jordens, Fernandez-Borja et al. 2001),
whereas Rab11 recruits myosin Vb to recycling endosomes (Hales, Vaerman et al. 2002).
Moreover, in Drosophila da neurons, Rab5 was identified as the dynein interacting
protein, and was shown to be transported by dynein motor toward the distal ends of
dendrites to control dendritic branching (Satoh, Sato et al. 2008). Because the

microtubule orientations in Drosophila da neuron are exclusively (~95%) minus end out
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in primary dendrites and mixed orientation (~50%) in the terminal dendrites (Stone,
Roegiers et al. 2008), the cargo transport from cell bodies to dendrites relys exclusively
on the dynein motors. However, the microtubule orientation between the primary
dendrites and terminal dendrites are not known, are they gradually mixed with plus-end
out microtubules as the distance from soma increases? Or the microtubules remained
exclusively minus end-out orientation until reaching a “critical distance” that the
orientations of microtubules suddenly become mixed? In addition, after carrying the
cargos to the distal regions of dendrites, dyneins .coulq be transported back to the cell

bodies in a kinesin-dependent'manner(Satoh, Sato et al. 2008), as suggested by the

|
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“dynein clumps” observed in kinesinu heavi?gizmaliin(khc) mutant dendrites. It would be
very interesting to examine the rloles;mJotor -;;oteim “played in the distribution of
endocytic compartments. Two bo'ssible scenarios co{ﬂd occur, depending on the
microtubule organization along the dendritic processes. If the minus end-out
microtubules in the primary dendrites gradually mix with plus-end out microtubules as
the distance from soma increases, Rab4 endosomes may be transported toward distal
region exclusively by dynein, so the distributional density will gradually decreased
because of the reduction of minus end-out microtubules. In this scenario, Rab5

endosomes would have to associate with dynein and kinesin motors at the same time, or

to exchange their motors between dyneins and kinesins, so that as the Rab5 early
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endosomes were transported to the distal regions, they can switch the motor from
dyneins to kinesins, thus displaying an unbiased distribution along the entire dendritic
process. In addition to the dynein to kinesin switch, Rab11 may recruit myosins as
they reach the dendritic ends, thereby associating with actin networks at the dendritic
ends to establish the distal preference of Rabl11 recycling endosomes. However, in the
second scenario, microtubules remained exclusively minus end-out orientation until
reaching a “critical distance from soma’’ or “‘eritical dendritic order” that the
orientations of microtubules suddenly become nﬁxed,‘“ the distributions of Rab positive

endosomes are heavily depends/on the balances between, dynein motors and kinesin
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motors, because the plot of “Puncta No./ Dendrite”|to “Distance from soma” of

| Y

Rab4mRFP and Rab11GFP di§p1aye€1 ngO-t:l’; cur\}és instead ‘of a sharp cut-off at certain
distances from soma. Oritis aléd possible.that the ﬁab4rnRFP and Rab11GFP do
exist a sharp cut-off at certain dendritic orders (which can not be properly demonstrated
by my scoring method), that can correlate with the possible “critical dendritic order” of
microtubule orientations. Notably, in both scenarios, there should be at least two
populations of kinesin motors, one to transport cargos retrogradely to the cell bodies and
the other one to carry cargos anterogradely toward the distal ends of the dendrites. So
that the Rab endosomes will be able to transport bi-directionally and in the meanwhile,
maintain their specific distal-proximal polarities.
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Materials and Methods

Drosophila strains

All flies were fed with standard food and raised at 25°C. In this study, used GAL4
lines were GAL4-109(2)80, and ppk-GAL4. UAS lines used to mark dendritic
morphologies were UAS-mCDS8GFP, UAS-myrmRFP, and UAS-mCDS8-DSRed. UAS
transgenes of endocytic markers were UAS-Rab4mRFP (BL8505, Bloomington stock
center), UAS-Rab5GFP (Wucherpfennig, Wilsch-Brauninger et al. 2003),
UAS-Rab11GFP (BL8506, Bloomington.stock ;:e.nter), and UAS-ManlIGFP (Ye, Zhang
et al. 2007). In addition, UAS-nakRNAiLJ24-3 ].Or UAS-nakRNAi[J35-1] were used to

g

——
knockdown Nak expression. -
i
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Confocal Imaging 1

All images were acquired by LSMSlO Meta (Carl"‘Ze.i;s), and processed and measured
in ImageJ software. Most of the images were acquired by directly mounting late 31
instar larvae in 87% glycerol, except for the live-imaging images which will be
described below. In addition, all the da dendrites examined are dorsal group da
neurons.

Live-imaging for trafficking of endocytic markers

Late 2" or early 3™ instar larvae were anesthetized by PBS containing 40% EtOH and

20% glycerol for about 30 minutes, then mounted in a small drop of halocarbon oil 27
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and subjected to confocal scaning. The scaning periods were no longer then 10
minutes to avoid the death of larvae. After image acquisition, larvae were put back to
vials with standard foods, only the data from the larvae which can form pupae were
shown. The images for Rab5SGFP were taken in 1 sec/frame, for YFPNak were about
10 sec/frame.

Scoring of dendritic distribution of endocytic markers

A punctum is defined by at least 3 continueus-pixels with intensity larger than 20
(0-255), but because of the highercytosolie baékground in proximal dendrites, the
punctum was identified by naked eyes 'ba§¢d on t.he morphologies and higher intensities

of the signals.
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Measurement of colocalization

To measure the colocalizations bét\iveen endocytic mafkers and YFPNak, I crop each
image with a distal region and a proximal region, in which the thresholds of true signals
were determined separately. The thresholds were defined as the intensity values at
20% of the brightest pixel in the cropped images. The “colocalization coefficient” is a
pixel based measurement that calculates “colocalized pixel number/ total pixel number
of 1 channel.” Thus, for each measurement we could get two values with YFP positive
pixel or GFP (or RFP) positive pixel as denominators. However, “weighted
colocalization coefficient” takes the intensities of each pixel into consideration. It is
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defined by “sum of colocalized intensity of channel A (or B)/ total intensity of channel

A (or B)”. Thus there will also be two values, one for YFP, the other for GFP(or RFP)

channel.
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Figure 1. Distributions of endocytic markers in da dendrites.

(A, B) Rab4mRFP (white in A, green in B) was expressed in 109(2)80 > mCDSGFP
(red in B) neurons. Large puncta were observed at branch points (arrowheads), small
puncta were observed in dendritic shafts (arrows)

(C, D) Rab5GFP (white in C, green in D) was expressed in 109(2)80 > myrmRFP (red
in D) neurons. Rab5GFP is also located at branch points (arrowheads) and dendritic
shafts (arrows).

(E, F) Rab11GFP (white in G, green in H)-was ;:){pressed m 109(2)80 > myrmRFP (red
in H) neurons. Rab11GFPis"locatedat branch Points (arrowheads) and dendritic shafts

W

(arrows). Rabl11GFPalso prominently ldéééli%éd to the.end tips of dendritic processes
| ] .
|
(asterisks). i |

(G, H) ManlIGFP (white in A, grééh inB) was expres..sed in 109(2)80 > myrmRFP (red
in F) neurons. Branch point-localizing signals (arrowheads), and dendritic shafts
localizing puncta (arrows) were indicated.

(I, J) YFPNak (white in I, green in J) was expressed in 109(2)80 > myrmRFP (red in J)
neurons, and was branch-points (arrowheads) and dendritically (arrows) localized.
Sometimes we can observe large patches of YFPNak in the shafts (asterisks).

(K-O) Straighten dendrites from (A-J). Dendrites were marked by either mCD8GFP
(K, red) or myrmRFP (L-O, red). The markers were shown in monochrome as well as

40



merged image with dendrites. (K) Rab4mRFP puncta appeared the most at proximal
dendrites and decreased as the distance from soma increased. (L) Rab5GFP distributed
evenly along the process. (M) Rabl1 can travel along the dendrites to reach the most
distal part. (N) ManlIGFP was evenly distributed. (O) YFPNak was equally

distributed in the dendrites.
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Figure. 1 (cont.)
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Figure 2. Scoring results of the marker distributions.

(A) Simplified diagram to describe the scoring method. (B) Puncta numbers of
Rab4mRFP, Rab5GFP, Rab11GFP, ManlIGFP, and YFPNak in each concentric interval
were shown. Rab4mRFP was peaked at the region 150-175um from soma, RabSGFP
peaked at region 175-200um, and Rab11GFP at 200-225pum. (C) Distribution density
indicators, Puncta number/ Dendrite, were plotted to their distances from soma.
Rab4mRFP displayed strong proximal distribution, Rab11GFP showed distal preference,
and the others distributed equally”  (D)..-Total p.unctg number/neuron was the highest

in Rab4mRFP, the least in ManHIGFP-and, YFPNak. (E) Expression of markers did not

o |
i

exert dramatic differenees in the . dendrite rumbers.

|
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Figure 3. Rab4mRFP partially colocaized with YFPNak

Rab4mRFP and YFPNak were coexpressed in 109(2)80 > mCDS8GFP neurons. Good
colocalizations at branch points in proximal (A-D, arrowheads) and distal (E-H,
arrowheads) branches were observed. Note that within the colocalized puncta,
YFPNak signals were usually with larger areas than Rab4AmRFP. Moreover, there were
also small Rab4mRFP puncta in the dendritic shafts which did not colocalized with

YFPNak (A-H, arrows). gl "'_'I"':"ﬁ:'-f'-ﬂ:;'g._ ..

b
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Figure. 3
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Figure 4. Rab5SGFP partially colocaized with YFPNak

Rab5GFP and YFPNak were coexpressed in 109(2)80 > myrmRFP neurons. Good

colocalizations at branch points as well as dendritic processes in proximal (A-D,
arrowheads) and distal (E-H, arrowheads) branches were observed. However, there
were still some YFPNak and RabSGFP signals not overlapped (A-H, arrows), which

located primarily in dendrtic shafts.
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Figure. 4
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Figure 5. Rab11GFP partially colocaized with YFPNak

Rab11GFP and YFPNak were coexpressed in 109(2)80 > myrmRFP neurons. Good

colocalizations at branch points as well as dendritic processes in proximal (A-D,

arrowheads) and distal (E-H, arrowheads) branches were observed. There were also

not overlapping YFPNak and Rab11GFP signals (A-H, arrows).
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Figure. 5
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Figure 6. ManlIGFP partially colocaized with YFPNak

ManlIGFP and YFPNak were coexpressed in 109(2)80 > myrmRFP neurons. They

showed good colocalization in proximal (A-D, arrowheads) and distal (E-H, arrowheads)

dendrites.
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Figure. 6
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Figure 7. Colocalization status between YFPNak and endocytic compartments

The scoring results of Fig. 3-6 demonstrating the colocalization coefficients (A) and

weighted colocalization coefficients (B) of YFPNak and endocytic markers. Deep red

bars: Rab4mRFP, Orange bars: Rab5GFP, Yellow bars: Rab11GFP, Green bars:

ManlIGFP.
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Figure. 7
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Figure 8. ClcGFP distribution was dramatically influenced by nak RNAi

109(2)80 > myrmRFP, ClcGFP neurons with (C and D) or without nak RNAi

coexpression (A and B) are shown. ClcGFP puncta were shown in green (A-D) and

dendrite morphologies were labeled with 109(2)80>myrmRFP (red in B and D). The

ClIcGFP puncta in nak RNAi expressing neurons (C-D) was reduced dramatically.

(Images were obtained by Wei-Kan Yang)
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Figure. 8

(By Wei-Kan Yang, unpublished)
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Figure 9. nak depletion globally reduced the puncta number along the dendrites
This is the statistic results of CIcGFP in control (109(2)80Gal4) and nak knockdown da
dendrites. (A) ClcGFP puncta numbers were plotted against their distance from the cell
body. Significant reduction of puncta numbers was observed. (B) Dendrite numbers
were plotted to the distance from soma, and a significant dendritic loss was observed in
nak RNAI1 expression neurons. (C) The densities of ClcGFP were plotted to their
distance from soma, the distributions of CleGFP.densities were dramatically reduced by
nak RNAI expression. (D) The:puncta number and Q}endﬁte number of each neuron
were summed. The puncta niImber/n'eunQn shoWed striking decrease and the dendrite

| iy ‘

number/ neuron was also significantly redticed in nak depleted neurons.
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Figure 10. Rab4mRFP distribution in dendrites was not altered by nak depletion

109(2)80 > mCDSGFP, Rab4mRFP neurons were coexpressed with either lacZ (A and

B) or nak RNAI (C and D). Rab4mRFP puncta were shown in green (B and D) and

dendrite morphologies were labeled with 109(2)80>mCDS8GFP (red in B and D). Single

channel images of Rab4mRFP were shown in A and C. The dendritic distribution

pattern of Rab4mRFP in nak RNAi expressing neurons (C-D) is similar to lacZ control

neurons (A-B). Scale bar = 20um.
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Figure 11. Rab4mRFP puncta number and distribution was not sensitive to Nak
level

This is the statistics results of Rab4mRFP in control and nak knockdown da dendrites.

(A) Puncta numbers of Rab4mRFP puncta distribution along the dendrites showed no

difference between control and Nak knockdown dendrites. (B) However, nak RNAi

expression did not exert strong dendritic phenotype, either. (C) The distributions of

Rab4mRFP were not affected by nak RNAi expression. (D) Puncta number and

dendrite number were not changed by nak-RN Al
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Figure. 11
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Figure 12. Rab5GFP distribution in dendrites was not altered by nak depletion
Either lacZ (A-B) or nak RNAi (C-D) were expressed in 109(2)80 > myrmRFP,
Rab5GFP neurons. RabSGFP puncta were shown in green (B and D) and the
myrmRFP-marked dendritic morphologies were shown in red (B and D). Single
channel images of RabSGFP were shown (A and C). The dendritic distribution pattern
of Rab5GFP in control neurons (A-B) was similar in nak RNAi expressing dendrites

(C-D). Scale bar = 20um. p——
4 1*— . _.. {f

g 2=

e,
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Figure. 12
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Figure 13. Rab5GFP puncta number and distribution was not sensitive to Nak
level
This is the statistic results of RabSGFP in control and nak knockdown da dendrites. (A)
Rab5GFP puncta numbers were plotted against the distance from the cell body. Their
distribution along the dendrites showed no difference between control and Nak
knockdown dendrites. (B) Dendrite numbers were plotted to the distance from soma,
and nak RN A1 expression showed mild dendritic.loss. (C) The densities of RabSGFP
were plotted to their distance from soma,-the deﬂsity Qistributions of Rab5GFP were not

affected by nak RNAI expression. (D) The puficta number and dendrite number of

W
i

- g
each neuron were summed. Dendrite nufnbet/ neuron was slightly decreased in nak
1\ - |
RNAi-expressing neurons, whereas the puncta number/neuron was unaltered.
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Figure 14. nak depletion did not affect Rab11GFP puncta number and

distribution in dendrites

109(2)80 > myrmRFP, Rabl1GFP neurons were coexpressed with either lacZ (A and B)

or nak RNAI (C and D). Single channel images of Rab11GFP were shown in A and C.

Rab11GFP puncta were shown in green (B and D) and dendrite morphologies were

labeled with myrmRFP (red in B and D). The dendritic distribution pattern of

Rab11GFP in nak RNA1 expressing neurons (€-D) is similar to lacZ control neurons

(A-B). Scale bar = 20um.
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Figure 15. The number and distribution of Rab11GFP puncta was not affected in
nak depleted neurons
This is the statistic results of Rab11GFP in lacZ control and nak knockdown da
dendrites. (A) Rab11GFP puncta numbers were plotted against the distance from the
cell body. Their distribution along the dendrites showed no significant differences
between control and Nak knockdown dendrites. (B) Dendrite number were plotted to
the distance from soma, and a mild but significant dendritic loss was observed in nak
RNAIi expressing neurons. . (C)The densities (;f. Rab} LGFP were plotted to their

distance from soma, the density/distribttions of Rab11GEP:were not affected by nak

RNAi expression. (D) The puncta number and dendrite number of each neuron were
1R
1\ -  §
summed. The dendrite number/neuron was reduced inqak depleted neurons and the

puncta number/ neuron was unaltered.-
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Figure 16. ManlIIGFP distribution in dendrites was not altered by nak depletion

109(2)80 > myrmRFP, ManlIGFP neurons were coexpressed with either lacZ (A and B)

or nak RNAI (C and D). Single channel images of ManIIGFP were shown in A and C.

ManlIGFP puncta were shown in green (B and D) and dendrite morphologies were

labeled with myrmRFP (red in B and D). The dendritic distribution pattern of

ManlIGFP in nak RNAI expressing neurons (C-D) is similar to lacZ control neurons

(A-B). Scale bar = 20pm.
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Figure. 16
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Figure 17. The number and distribution of ManIIGFP puncta was not affected
by nak RNAI expression
This is the statistic results of ManIlIGFP in lacZ control and nak knockdown da
dendrites. (A) ManlIGFP puncta numbers were plotted against the distance from the cell
body. Their distribution along the dendrites showed no significant differences between
control and Nak knockdown dendrites. (B) Dendrite number were plotted to the
distance from soma, and mild dendritic loss was.observed in nak RNAi expression
neurons. (C) The densities of ManlIGEP-were ﬁlotte;”d to their distance from soma, the

density distributions of ManlIGFP wefe not affected by nak RNAi expression. (D)

W
—

The puncta number and branch index of €ach neuron were summed. Dendrite number/

| IU
1\ Lo | §
neuron and the puncta number/neuron were unaltered.
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Figure 18. Distribution of Rab4mRFP puncta was not altered by two copies nak

RNAIi knock-down

109(2)80 > Rab4mRFP, mCDS8GFP neurons were co-expressed with two copies LacZ

as control (A-B), or two copies nak RNAi (C-D). The single channel images of

Rab4mRFP showed no significant difference (A and C). The dendritic complexity was

simplified in two copies nak RNA1 knock-down neurons (B and D). Scale bar = 20
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Figure 19. Distribution of Rab4mRFP puncta was not altered by two copies nak
RNAIi knock-down
This is the statistic results of Rab4mRFP in 2X lacZ control and 2X nak RNAi
knock-down da dendrites. (A) Rab4mRFP puncta numbers were plotted against the
distance from the cell body. (B) Dendrite numbers were plotted to the distance from
soma. (C) The densities of Rab4mRFP were plotted to their distance from soma, the
density distributions of Rab4mRFP were not affected by nak RNAi expression. (D)
The puncta number and dendrite:number-of each.neurpn were summed. The dendrite

number/ neuron (right two bars) was réduced in'nak depleted'neurons and the puncta

=
number/ neuron (left two bars) was unaltered:
| | .
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Figure 20. RabSGFP puncta showed dynamic behavior in dendrites

Rab5GFP monochrome live-image of 109(2)80 > myrmRFP, Rab5GFP dendrites were

shown in 10 sec intervals. Mobile Rab5SGFP puncta were marked by arrows, whereas

the motionless ones were indicated by arrowheads.
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Figure 21. Rab4mRFP puncta displayed local motion in proximal dendrites

Rab4mRFP monochrome live-image of ppk >Rab4mRFP, mCDSGFP dendrites were

shown in 10 sec intervals. Locally moved Rab4mRFP puncta were marked by arrows,

whereas the stationary ones were indicated by arrowheads.
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Figure 22. YFPNak puncta displayed static behavior in dendrites

YFPNak monochrome live-image of 109(2)80 > myrmRFP, YFPNak dendrites were

shown in about 10 sec intervals. YFPNak puncta were stationary and indicated by

arrowheads.
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Appendix 1.

Overview of the steps involved in the clathrin mediated endocytic pathway and the

role of Rab GTPases

(Taken from “The dynamic synapse” chapter 6 - Studying the Localization, Surface

Stability and Endocytosis of Neurotransmitter Receptors by Antibody Labeling and

Biotinylation Approaches, 2006, I. Lorena Arancibia-Carcamo, et al)
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Appendix 2.

Integrating Models for Receptor Trafficking and Diffusion during Synaptic

Plasticity

(Taken from Newpher, T. M. and M. D. Ehlers (2008). "Glutamate receptor dynamics in

dendritic microdomains." Neuron 58(4): 472-497)
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Appendix 3. ClcGFP and YFPNak are well colocalized

(A — D) ClcGFP (green) and YFPNak (magenta) were coexpressed by GAL4109(2)80

Nrg was stained to indicate the dendrite morphology (red).
showing the distribution of YFPNak.

distribution of ClcGF).

YFPNak and ClcGFP

(Images were obtained by Wei- Kan arigg; EFET .
- .|I"

(A) Single channel image

(B) Single channel image showing the

(C-D) Merged images shows good colocalization between
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Appendix 3

ClcGFP

—

ClcGFP Merge -- ClcGFP

(By Wei-Kan Yang, unpublished)
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