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Abstract

In response to environmental and physiological stimulations or fluctuations, the
synapse has to perform plasticity and also maintains homeostasis. Accumulating
evidences support the role of the ubiquitin-proteasome system (UPS) in regulating
synapse formation and remodeling, thus maintaining long-term neural circuit
plasticity and homeostasis. Here we characterize the function of BTB-Kelch protein,
the substrate receptor in the Cullin3 (Cul3)-organized ubiquitin E3 ligase, in the
formation and neurotransmission of* Drosophila neuromuscular junctions (NMJs).
Mutant NMJs lacking henji, activity show a dramatic in‘crease in bouton number,
including the appearance of numerdiéj_ié;w_satellite boutons.  Ultrastructurally, the
electron-dense membrane;” area délineatir-:mg the | presynaptic active zone and the
postsynaptic density (PSD).is exioénded and _the ‘periactive zone is concurrently
decreased in henji mutants. The PSD houses glutamate receptors (GIuRs) 1A and 1B
that show distinct transmissions at Drosophila NMJs. In henji mutants, the GIuRIIA
abundance is upregulated and the GIuRIIB is downregulated. Our electrophysiological
results also support a composition shift toward a higher GIuRIIA/IIB ratio at henji
mutant NMJs. By rescue experiments, we show that Henji acts in the postsynapse to
regulate proper NMJ growth and GIuRITA/IIB composition.

We further show that Henji controls NMJ growth and GIuRIIA/IIB ratio by



downregulation of dPak at PSDs. The postsynaptic dPAK marks the PSD area and
regulates the GIuRIIA abundance. Losing one copy of dpak suppressed the bouton
phenotype and GIuRIIA abundance in the henji mutant. Also, the intensity and area of
dPAK punctates at PSDs were increased in henji mutants. We found that dPAK
interacts with Henji, which promotes ubiquitination and degradation of dPak.
Therefore, Henji acts at PSDs to restrict both the presynaptic bouton growth and the
postsynaptic GIURIIA clustering via controlling dPAK protein level.

Several questions remain to be addressed: the subcellular localization of Henji; how
dPAK is regulated by Henji.during its activation; and:how: the GIuRIIA/IIB balance is
controlled by Henji-regulated dPak Ievél§§;§ome preliminary results and future works
will be presented in the thesis. ‘

In addition, we also addressed the rol‘e of integrin Bviin restricting NMJ growth. In the
loss of Bv activity, drastic increase In bouton number was observed. Further, we
dissected the downstream signaling of Bv/FAK56 and reported a bifurcating cascade

of NF1-regulated cAMP/PKA and Vap-mediated Ras/MAPK pathways.
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Chapter 1. General Introduction

Synapses are highly dynamic structures that are subject to developmental cues
for their assembly and maturation and are also modulated by neuronal activities
throughout life. This extensive plasticity includes modulations of both morphology and
neurotransmission properties. The former includes changes in synaptic size, shape and
branching patterns; the latter is often perceived as alterations in protein synthesis,
distribution, post-translational modificationssand degradation (Nelson ef al., 2003; Yi
and Ehlers, 2005). We are especially interestedk,ih understanding mechanisms regulating

synaptic growth and the role of ubiquitifiation i modulating:synaptic physiologies.

."-..‘_‘"

The Drosophila neuromuﬂuldgﬁﬁétibn (NMJ) has been employed as an
accessible model synapse and:has ‘)een S;[ljl;iied ;‘ir“:ltensively for decades (reviewed by
Keshishian et al., 1996). The mbtdneuron axon terminals innervate body wall muscles
with specified, stereotyped patterns which allow comparisons between individuals. At
the contact sites, presynaptic nerve terminals branch and forms enlarged bulb-like
structure named varicosities or boutons where neurotransmitter-containing vesicles
aggregate and dock (Ruiz-Cafiada and Budnik, 2006). Starting to form from late
embryos, the NMJs undergo dramatic extension along with 10-100 folds of body muscle
enlargement throughout three stages of larval development (Schuster ez al., 1996). With

the advantage of fly genetic tools and electrophysiological measurements, numerous




aspects of synapse biology have been described in the language of molecules.

The establishment of NMJs is regulated by transsynaptic developmental cues
such as anterograde BMP/Gbb signaling and retrograde Wntl/Wg pathway in order to
coordinate pre- and post-synaptic growth (Collins and DiAntonio, 2007). Another
phosphatidylinositol-4,5-bisphosphate/Wiscott-Aldrich syndrome protein (PI(4,5)P2/
WASP) signaling inhibits synaptic growth via cytoskeleton reorganization and is
independent of BMP/Gbb pathway (Khuong et al., 2010). NMJ morphology and growth
are highly sensitive to various developmentai,n'elnd environmental changes: increased
neuronal activity by locomotion' dramatically remodels and strengthens the NMJ (Sigrist

o | |
et al., 2003). More pathways inﬂlferciﬁ'%.-:gil"ﬁaptic growth in response to different
physiological contexts are still waiti%;g to b-e:;iescr;il):ed.

The extracellular matfi){ (EEM) moleculés secreted from neurons, muscle
cells and glial cells accumulate in the synaptic cleft and bridges the pre- and
postsynapse in both structural and signaling ways (Dityatev and Schachner, 2006).
Integrins, one large family of transmembrane ECM receptors, are heterodimers
comprised of one o and one 3 chains; combination of different oo and [ variants
produces integrins with diverse properties (Geiger et al., 2001). Emerging interests has

been dedicated to study the roles of integrin in the nervous system. Integrins are

indispensable for the maintenance of activity-dependent synaptic plasticity as multiple




mice mutants with reduced expressions of o or 3 subunits showed impairments in
neurotransmission, long-term potention (LTP) or paired-pulse facilitation (Chan et al.,
2003; Chan et al., 2006). Regulations of these forms of synaptic strengthening are
dependent on the phosphorylation, recruitment and rearrangement of glutamate
receptors (GluRs) (Dityatev and Schachner, 2006). In addition to the activity-induced
alterations in synaptic transmission, integrins are also involved in the regulation of
structural plasticity since hypomorphs,for: pesition-specific integrins have overgrown
synapses and are defective in:functional trahémission upon acute pharmacological
treatments (Beumer et al., 1999; Rohtbough etaly, 2000). However, compared with the
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postsynaptic GluR-reorganization fuin tiofr {)f’ integrins during synaptic strengthing, the
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detailed molecular basis undgrlying Fhe a-c.t-ivvity-;d:ependent structural plasticity of the
NMIJ is not well-elucidated.

As a well-established Drosophila model synapse, the glutamatergic NMJ is
unlike to that of vertegrate and nematode’s but instead shares many similar properties to
the mammalian central nervous system excitatory synapse (Gramates et al., 1999;
Featherstone and Broadie, 2000). Fly glutamate receptors (GluRs) are homologous to
vertebrate AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and kainite
receptors while NMDA (N-methyl-D-aspartate) receptor homologs dNR1 and dNR2 are

only known to be expressed in the CNS (DiAntonio, 2006; Xia and Chiang, 2009).




Functional fly glutamate receptors are tetramers composed of three common subunits,
GIuRIIC, GIuRIID, GIuRIIE, and an additional subunit of either GIuRIIA or GIluRIIB
(Qin et al., 2005). GluRITA- and GluRIIB-containing types of glutamate receptors differ
mainly in their channel-opening kinetics; therefore, changes in the ratio of
GIuRITA/GIuRIIB can greatly influence the postsynaptic responses to neuronal
activities (DiAntonio et al., 1999; Marrus et al., 2004). GIuRIIA-type of receptor is
abundant at immature boutons, presenting ashigh GIuRIIA/GIuRIIB ratio. Along with
the gradual maturation of the PSP, more GluRiIﬂlB subunits are recruited to the synaptic

contacting site and the GIuRIFA/GIuRITIB, ratio/bécomes:balanced (Schmid et al., 2008).
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However, mechanisms underlyin% 3sﬁ@ﬁfdélvelppment- dependent GIuR subunit
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composition switch remain urlldeterlﬁm?ned.- Additio:nal to developmental cues, synaptic
growth is also shaped by neﬁrbnal activity.- Ovérexpression of GIuRIIA at the
postsynapse results in a larger junctional quantal size and bigger NMJs with more
boutons than wildtype controls while postsynaptic overexpression of GluRIIB reduces
quantal size (DiAntonio et al., 1999; Sigrist et al., 2002).

Opposing to de novo protein synthesis, temporal-spatial specific protein
degradation by the ubiquitin-proteasome system (UPS) has emerged as an additional yet
indispensible mechanism to control key molecular components at the synapse in both

development and plasticity aspects (Yi and Ehlers, 2005). Malfunctioning UPS is also




deeply involved in the pathogenesis of several notorious neurodegenerative diseases
including Parkinson’s, Alzheimer’s, Huntington’s, and Prion diseases (reviewed by
Ciechanover and Brundin, 2003). Therefore, decoding the molecular mechanism of the
UPS network is highly valuable for the search of future therapies. The UPS tags target
proteins with ubiquitin (Ub) chains through a serial action of the ubiquitin-activating
enzyme (EI), ubiquitin-conjugating enzyme (E2) and the ubiquitin ligase (E3). The
polyUb-labeled proteins are subsequentlystrecognized and degraded by the 26S
proteasome. Substrate specificity is typicall};n'determined by the large and diverse
population of E3 ligases: each of themi fecognizes, certain'subsets of target proteins and

."-..‘_‘"

mediates the attachment of ublqu1tl1’l to fﬁese sﬂbstrates Among all the identified E3
ligases, a great understanding .come% lrom studles ;Jf the Cullin-RING family. The SCF
complex is the largest E3 family known so fat and éanonically it is composed of the
scaffolding Cullinl (Cull), the E2-binding RING-finger protein Rocl, the adaptor
Skp-1 and the substrate-binding F-box protein. The E3 ligase complex binds the
Ub-loaded E2 and F-box protein that recruit substrates at the same time. By bringing
them in close proximity, Ub is transferred from E2 to the bound target. Specificity of
ubiquitination by a particular SCF depends on the recognition of substrates by F-box

proteins (reviewed by Deshaies, 1999). Cull-containing SCFs recognizes distinct

subsets of proteins targets from Cul3-containing ones. Regardless to the structural




similarity with conventional Cull-based SCFs, Cul3 recruits BTB-containing proteins
as substrate receptors (Geyer et al., 2003; Furukawa et al., 2003). The Drosophila
genome encodes 60 BTB proteins and nine of which contain conserved Kelch-repeats.
The N-terminal BTB domain binds to Cul3 and the C-terminus Kelch-repeats recognize
ubiquitination targets, making these proteins substrate receptors of the Cul3 E3 ligase
complex.

In the first part of study, our lab has done a series of genetic interactions and
demonstrated that integrin Bv specifically interééted with focal adhesion kinase (FAK56)

in the regulation of NMJ: growth A(Tsai et /aly 2008)::Here we characterized the
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phenotypes of fv mutant and found i]t | ldﬁ?é'fiticgl role in inhibiting NMJ elaboration.
| | 1
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Being activated and transducing tl}e. extracvellul;glr‘f cue/from Bv receptor, we further
revealed a bifurcating signaling ddwnstream of FAK56, including Neuorfibromatosis 1
(NF1)-activated cAMP/PKA pathway and Vacuolar peduncle (Vap)-activated
ERK/MAPK pathway. Both signalings are required for integrin aPS3Pv to restrain
unnecessary synaptic growth.

In the second part, a conserved BTB-Kelch protein, named as Henji, had been
previously identified by our lab to cause overgrown NMlJs featured with numerous,
crowded satellite boutons. Drosophila p21-activated kinase (dPak), a kinase required

for the clustering of GIuRIIA at the postsynaptic membrane, was found to be a




ubiquitination substrate for Henji-Cul3 E3 ligase complex. In the absence of Henji,
overall dPak protein accumulates and the protein levels at the NMJ were also elevated.
Along with the enhanced dPak clustering, GIuRIIA abundance was also increased as
expected. When the phosphor-mimicking, constitutive-active form of dPak was
overexpressed in the muscle, synaptic GIuRIIA abundance was not altered. However,
when this constitutively active form of dPak was postsynaptically overexpressed in
henji”” background, the intensity of GluRIIA punctae was significantly augmented as
compared to heterozygous, conteol and henji’/ - mutant, This result showed that dPak
protein level near the synapti¢ conta'crt.‘siteg‘ ﬁégded to.:be tightly controlled which

=_1k
critically modulated local GluRIIA tb‘ larfé?.-’ Our study provides evidences for spatial
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protein level regulation at subsynaétic sites by lghb UPS:and this regulation is tightly

associated with the electrophysiology propetties of the synapse.




Chapter 2. Integrin Bv/FAK56 negatively regulate Drosophila NMJ growth via

bifurcating signaling cascade

2-1. Integrin Bvis required for restraining bouton growth but not for the assembly
of NMJs.

To understand the function of integrins at NMJs, the gross morphology was examined
by co-immunostaining for horseradish peroxidase (HRP) labeling presynaptic
membranes and Synapsin (Syn) ‘marking presyﬁéptic vesicles. Boutons were defined as

bulged structures positive for/both HRP*and Syh and total:bouton number from NMJ6/7

T Ly
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was quantified and normalized to its Eniusé'l'%fea. Wall-climbing third instar larvae from
wildtype and v/ were compared. T\fvg seté ;)-f NMJ s: NMI6/7 and NMJ4 were analyzed
for a general observation. The NMJ6/7 contains ;omplex branching and numerous
boutons innervated by two motoneurons. Only NMJ6/7 from abdominal segment A3
hemisegments were used, regarding the slight morphological differences between
segments. NMJ4 represents a simple, Y-shaped axon terminal having less boutons and
lower-order branching than NMJ6/7; the NMJs look similar between segments and thus
A2 to A6 segments were recorded. The most striking feature of #v' mutant NMJ was the

overelaborated axon terminals from both NMJ6/7 and NMJ4 (Figurel A, B). Loss of Bv

activity caused a 30% increase in total bouton number (FigurelC. w'’®, 13.00, n = 20;




AV, 17.18, n = 18, p < 0.05 by student t-test). Detailed examination of the synapse
structures by immunostaining also showed no significant difference between mutant and
wildtype (data not shown). Ultrastructural analysis by electron microscope (EM)
showed no significant differences between v mutant and wildtype control (Figure 1 D,
E). Our observation supported previous reports studying multiple integrin mutants that

Pvalso plays as a negative regulator on synaptic growth at fly NMJs.

2-2. Integrin Bv is required for:synaptie growih regulation

With the aid of the tissue-specific UAS=GAL4/géne expression system, it is possible to

T Ly
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differentiate the requirement of a %eheﬁ?‘;ﬁfe- ‘dr postsynaptic comportments of the
synapse. We were interested :to @LW Wﬁethef | Py petforms its growth-restricting
function in the neuron or in the muscle cell. Therefore, UAS transgene of fv was cloned
and transgenic flies generated. I tried to rescue the fv'/v’ transheterozygous mutant by
expressing the UAS-fv transgene in either pre- or postsynapse using tissue-specific
GAL4 drivers. Only expression of Sv in the presynaptic compartment with
pan-neuronal elav-GAL4 driver fully rescued the overgrown NMIJ found in Av'/pv’
mutant (Figure2). On the other hand, expression of UAS-pv with muscle-specific

MHC-GAL4 had no rescuing effect and the bouton numbers were similar to those from

BAv'/pv’ mutant NMIJs (Figure2).




2-3. Integrin Bv suppresses NMJ growth via regulating RasGAP activities

The bouton over-addition and nearly intact synapse structure of fv phenocopied the loss
of FAK56 (the Drosophila FAK gene), which was characterized by a previous work from
our lab (Tsai et al., 2008). In this study, losing one gene copy of Sv caused significant
bouton number increase when combined with the hypomorphic FAK56 allele
(FAK56™"%%), while either Sv"~ or FAK56™"%¢ did not alter bouton number. Among
the complex signaling network downstream of integrin, this strong genetic interaction
suggested that FAK may be responsible-for fégulating synaptic growth. Further, the
accumulation of diphosphorylated ERK*staining*and reduced FaslI signal at the NMJ
proposed that FAK56 may regulate s?/ﬁapgi.i::-;g;fomh by inhibiting ERK activity.

To begin with, we tempted to (_Jlarify; tge dév;-nstrehm sighaling players of the fv/FAK56
cascade; hypothesis was FAKS6 may ' inhibit ERK phosphorylation by activating
RasGAPs. All three Drosophila RasGAPs, namely, NF1, GAP1 and Vap, were tested for
genetic interaction with FAK56" vKG hypomorph (Appendix 1). Introducing one copy of
NFI® null allele into FAK56""%¢ background induced dramatic bouton increase;
heterozygous NFI1“’ mutant alone did not alter total bouton number. Similarly, one copy

6"3"KG also showed extensive bouton

of vap' mutant allele combined with FAKS

addition phenotype. GAP1 in contrast did not have noticeable genetic interaction with

FAK56 hypomorph in the regulation of NMJ growth. Therefore, FAK56 shows selective




genetic interacts with two RasGAPs, NF1 and Vap but not GAPI, to influence bouton
addition. We then turned to dissect the functions and molecular mechanisms of NF1 and

Vap at the synapse individually.

2-4. The integrin PBv/FAKS56 cascade regulates synaptic growth through
CAMP/PKA pathway

NF1 is reported to regulate two parallel signaling pathways: Ras/MAPK and
cAMP/PKA via its GAP, andi-adenylate C};,(;'Iase activation activities respectively
(reviewed by Shilyansky et-al:,/22010)."Studying Specific NF{ mutants has revealed that

o | |

lacking of NF1 GAP activity results r disﬁ%%éa Qrcadian rhythm (Williams et al., 2001)
and reduced larval/pupal length an%i.adul£:;§ing: area (Walker et al., 2006) and both
circadian rhythm and body size é;);ltrol are dependel;t on the Ras/MAPK. On the other
hand, as an activator for adenyl cyclase, NF1 positively regulates Drosophila
longevity--NF1 mutant flies have shortened life span and this can be rescued or even
prolonged by overexpressing PKA (Tong et al., 2007).

To figure out which signaling is involved in synaptic bouton growth regulation mediated
by NF1, we asked and were grateful to receive various NF1 transgenic flies from Dr J.

Walker. At first, I tried to confirm GAP activity is important for NF1 to regulate fly

body size. I re-expressed rescue the NFI** mutant pupae by wild-type, full-length NF1




transgene (hs-NF1 wt) or NF1 carrying point mutations (hs-NF1 RP and hs-NF1 KA)
disrupting its GAP activity. The RP mutant substitute the arginine 1320 residue in the
critical GRD finger loop for a proline(Scheffzek et al., 1997) and the corresponding
human R1276P point mutation found in some neurofibromatosis patients has been
shown to have more than 1000-fold reduction in the protein’s GAP activity (Klose et al.,
1998; Sermon et al., 1998); the replaced lysine1481 in KA mutant did not map within or
close to the catalytic site but instead-interfere with the binding affinity for Ras
(Ahmadian et al. 2003). After 30.minutes-of hee;t'-shock every 24 hours until pupae were
formed, wildtype NF1 expression almiost, completely restored NFI E2 pupal size back to

] X

wildtype level. On the contrary, I\!IF“I '%{’ryﬁii'lg KA or RP mutations or NF1 with
‘ T ;

truncated GAP-related domain (G#D) f;i‘:l-éd t6: rescuerand showed reduced body
lengths as in NFI* (Figure 4A):. Alternatively, I al;c; overexpressed the GRD of NF1
alone in the presynapse and confirmed that this domain was sufficient to rescue pupal
length of NFI®® null mutant as reported. Presynaptic introduction of NF1 GRD
harboring KA also recued mutant pupal length while NF1 GRD RP did not (Figure 4B).
It seemed the GAP activity of NF1 is both required and sufficient to regulate fly body
size and its partial activity is sufficient for this control.

To understand the importance of the GAP activity of NF1 in regulating NMJ bouton

growth, I firstly overexpressed either wildtype NF1 GRD or GRD RP in the presynapse




of NF1*?. NMJ morphology was examined by immunostaining and bouton number was
quantified. Surprisingly, both NF1 GRD wt and GRD RP failed to rescue the bouton
overgrown phenotype in NFI®* (Figure 5). On the other hand, heat-shock
overexpression of all full-length NF1 wt, NF1 KA or NF1 RP rescued the over-sprouted
boutons to wildtype level (data by Tsai, not shown). These results demonstrated the
GAP activity was not required for NF1 to suppress synapse growth at the NMJ.

Additional to RasGAP activity, NF1 can pessibly regulate synaptic growth through
activating cAMP/PKA signaling;;To ptove the ﬁ;/pothesis, I fed NFI1*? flies with dibutyl
cAMP (di-cAMP, a cell-permeable, 1SS rapidly metabolized'cCAMP analog) or forskolin

|-

(a direct activator of adenylyl cycla]s:) fEF"éée whether this manipulation on cAMP
‘ il

level can bypass the loss of NFI. ‘;NF]Ez NMJé had excess boutons while the same

mutant flies fed with di-cAMP. ér forskolin.had ‘nom‘lal number of boutons (Figure 6).
di-cAMP and forskolin feeding similarly suppressed FAK56"’ K2 mutant and i
bouton overgrowth (Figure 6 and Appendix 2). From the above results, we understand
that Bv/FAKS56/NF1 signaling axis modulates NMJ bouton addition with

cAMP-dependent mechanism.

2-5. The integrin PBv/FAKS56 cascade regulates synaptic growth through

ERK/MAPK pathway




Another candidate involved in FAK-mediated bouton growth restriction was RasGAP
Vap. NMJ morphology from vap mutants was firstly examined. Regardless to the
grossly normal synapse structure, boutons increased significantly in both vap’ and vap’
(Figure 7) as seen in ,BVI (Figure) and FAKS 63k (Tsai et al., 2008). Noteworthily, as a
gene localized on X chromosome, only male vap larvae had overgrown boutons but
NMIJs from female homozygous mutant were quite normal in total number of boutons
(Figure7). The molecular reason underlying this phenomenon was not clear.
Considering this special prerequisite, only mai,e:'lawae from vap mutants were used in

all the following experiments.
To further understand ‘whether the !\/Tp 'rﬁ%?éﬁt' NMJs were constructed appropriately,

&

several pre- and postsynaptic’ markFr.s werevimrriu‘}nostained and analyzed. Bruchpilot
(Brp) stained specialized Vesicl‘e‘release structures‘ known as T-bars. Brp formed
punctae at AZs and signals from vap’ appeared normal in both intensity and distribution
(Figure 8A). Futsch, a microtubule associated protein, showed strong, continuous
staining within axonal terminals and loop structure were found in some terminal
boutons, which were stereotyped in wildtype (Figure 8B and data not shown). Discs
large (Dlg) as a large scaffold protein required for the assembly of the postsynapse
formed a halo surrounding the HRP-labeled neuronal membrane. Both intensity and

thickness were similar between vap’ and wildtype (Figure 8C). Drosophila




p21-activated kinase (dPak) decorated each postsynaptic density (PSD) in a punctuate
fashion (Figure 8D) and no obvious differences in punctuated pattern, punctae size or
intensity were found in the lack of vap. Lastly, glutamate receptor subunit IIA (GluRIIA)
was also scrutinized and its distribution and clustering in each PSD were quite normal
(Figure 8E)

Fascilinll (Fasll), a NCAM-like adhesion molecule localized both pre- and
postsynaptically, adheres and helps assemble the synapse via homophilic interaction
(Sone et al., 2000). Local abundance of Fasli :f;t'the NMJ is regulated by Ras-activated
ERK/MAPK pathway and“certain degree of reéduction 'in Fasll level promotes bouton
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addition during activity-dependent pthlc‘Tt{ (th et ali, 2002 The Ras1-MAPK signal
transduction pathway regulates )% aptlc plastlclty through fasciclin II-mediated cell
adhesion. J Neurosci 2002, 22:2496-2504; Schuster et al., 1996). Considering the
bouton overgrown phenotype vap mutants, I also analyzed and quantified FaslI level at
the NMJ. As expected, Fasll intensity was reduced in vap’ when to wildtype (Figure
9A). Moreover, to know the degree of Fasll reduction, I quantified its staining intensity.
The intensity of Fasll from a single branchlet containing 4 to 5 boutons were averaged
and normalized to the HRP intensity from the same area. Results show local levels of

FaslIl decreased about 20% (Figure 9B) and this decrease corresponded to the increase

of bouton number (Figure 7).




UAS-RasGAP transgene was expressed in presynapse and and turned out to rescue the
excess bouton phenotype in vap’ mutant (Figurel0), suggesting a presynaptic

requirement of Vap in regulating bouton growth.




Chapter 3. Characterization of Henji: results by Tze-Ting Lali, Pei-l Tsali, Ying-Ju

Chen and Hsiu-Hwa Kao in the Chien lab

3-1. henji mutants

To understand the functions of Henji in synapse development and plasticity,
loss-of-function Aenji mutants were generated. Firstly, the P-element insertion BG01766
(Appendix 3A) was excised to generate-the C8-2 line that includes 1670 bp deletion,
truncating parts of the 5° UTRs of CG67169 kzllnhd CG06224. (which is named henji to
describe its NMJ phenotypes): Mutants homozygous for, the'C8-2 allele was embryonic

'»*-" 14 |

lethal and the lethality could be re?c edrb]y 1ntr0duc1ng the CG6169 genomic rescue
construct (CG6169-GR). The ‘€5-2 Fhromosome .carrymg CG6169-GR was referred to
as the henji’ allele. The P-element line PB{04604}, i;lserted in the 5’UTR of henji, was
named as henji’ in this study. Both alleles were tested for expressions of Henji protein
by immunoblotting with anti-Henji antibodies (Appendix 3B). Lane 1 to 3 and lane 6,7
were prepared form wall-climbing third instar larvae. Lane 1 showed endogenous Henji
expression in w'/’® control larvae. Lane 2 showed almost completely abolished Henji
protein in the /enji’ mutant. Reintroduce henji gemonic rescue rescued about 80% of

endogenous expression in /enji’ mutant. Lane 7 showed a significantly reduced Henji

expression but still had some faint signal left in the henji’ mutant compared to lane 6.




Lane 3 and 4 were extracted from S2 cell lysates. Lane4 showed strong endogenous
Henji expression. Henji overexpression in Lane 5 showed a saturated band at the
predicted molecular weight and some strong signals from higher molecular weight
product, suggesting potential posttranslational modifications. These results are
consistent with that senji’ is a near null allele and henji’ is a hypomorphic allele.

Although both %enji’ and henji’ flies survived to the adult stage, they were found dead
in the food several days after eclosion with ne-obvious morphological defects. Indeed,
henji'/ " flies had difficulties in glimbing-and \;vélking and the larvae also move more

sluggishly than normal individuals, Mifting péténtial disability in locomotion ability.
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We therefore examined any defect in] Te '15}1751'NMJ -
| | 1
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3-2. henji mutant has abnorma‘ll‘y“ expanded active 2ones

In wildtype NMJs, synaptic boutons decorate the presynaptic terminal process with
simple branches in a beads-on-a-string pattern (Appendix 4A, C). NMJ morphology was
revealed by co-immunostaining for HRP and Synaptotagamin (Syt) marking synaptic
vesicles. Strikingly, henji’/ " mutants displayed dramatically overgrown NMJs with
supernumerary boutons (Appendix 4. controls, 56.5 + 2.34, n = 26; henji’, 101.7 + 5.07,

n = 24) and small satellite boutons (controls, 2.7+0.48, n=26; henji] , 30.1442,57, n=24)

that are defined as small protrusions emanating from the primary axial branch of nerve




terminals (Dickman et al, 2006). Impressed by this unrestrained bouton addition
phenotype, we named this mutant ‘Henji’, indicating overcrowdedness in Chinese.

To gain insight into the detailed structural aberration of /enji mutant NMJs, synaptic
marker proteins were stained and analyzed for their expression levels and subcellular
localization. The Brp pattern was normal in size, level and distribution in the henji
mutant; however, the total punctae number in a single NMJ increased by about 25% as
compared to wildtype (Appendix 5A, B);showing an overall increase in total vesicle
release sites. On the postsynaptie-side, PSDs re?/ealed by dPak staining showed striking

augment in both intensity and"patch aréasin henji™(Appendix 5A, C, D). However, these
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enlarged PSD patches were still nTe bf%:'gflzc')dalized and had normal apposition to
presynaptic active zone labeled by;B.,rp inléinglé ‘fsection images. The enlarged dPak
patches hinted that AZs may be‘ éBnormally expandéd in the lack of henji. Consistent
with this presumption, peri-active zone area marked by Fasll staining was drastically
reduced and the remaining FaslI signal occasionally overlapped with dPak patches, a
phenomenon rarely found in wildtype boutons (Appendix 5E). Taken together with the
upregulation of dPak, these results suggest the area of AZs is enlarged and the boundary
between AZ and PAZ becomes ill-defined in Aenji mutant.

We further confirmed these NMJ defects by performing transmission electron

microscopy (TEM). In henji' NMYJ sections, active zones were increased both in number




(control, 4.00 + 0.37, n = 17; henji’, 472 + 0.25, n =43) and in length (control,
0.64+0.03, n=17; henji’, 0.75+0.03, n=43) while average bouton perimeter was only
slightly reduced (Appendix 6; control, 7.61+0.84, n=17; henji’, 7.88+0.49, n=43).
Regardless of the abnormalities in active zone area, synaptic vesicle size, distribution
and density appear comparable between mutant and control boutons. The ultrastructural
analysis supports the idea that AZ is expanded and the PAZ was concurrently reduced at
NMUJs lacking henji activity, suggesting-that-Henji has a role in regulating the size of
active zones during synaptogenesis.

3-3. Henji interacts with dPak apr ngIm"dtes‘its degradation via the ubiquitin

'

-proteasome system 26, L | .

Considering the elevation of dPak in:PSDs and Hénji being an adaptor protein for
ubiquitin E3 ligase, we wondered that dPak might be a substrate ubiquitinated by the
Henji-Cullin E3 complex. To test this hypothesis, the dpak’® null allele (homozygous
dpak® animals are embryonic lethal) introduced into henji'/ " and the bouton phenotypes
were evaluated. With one copy of dpak removed, the number of boutons found in &enji
mutant was reduced to the wildtype level and the appearance of supernumerary satellite

boutons was also strongly suppressed (Appendix 7). The suppression of senji phenotype

by reducing dpak activity is in consistence with the role of Henji in downregulating




dPak protein levels.

We then tested whether Henji functions as a ubiquitin ligase for dPak degradation. In
Drosophila S2 cells transfected with henji dsSRNA that depleted Henji expression, the
dPak protein level was increased. Lysates prepared from larval body wall muscles of
henji'/ “had increased levels of dPak as well. As a control, the Drosophila Wntl/Wg
receptor Frizzled (dFz) expression remained unaltered in henji’/ " mutant lysates
(Appendix 8A, B). We then tested whether Henji promotes the ubiquitination of dPak in
S2 cells by transfecting S2 cells. with plasnkllin'ds expressing Flag-Henji, Myc-dPAK
and/or HA-Ub. In the presence’of Henji, polyubiquitination' of dPak was increased, as

e | | 1 .
Xpr’c?'gismn of Henji (Appendix 8C). The BTB
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compared to that without ectepic
domain-containing substrate receptor 3.is recll‘;iited; by Cul3:to form a functional E3 Ub
ligase Further analysis reveals iﬁtéractions between dPak and both Henji and Cullin3
and the later interaction is impaired in Henji8A, a mutant with its Cullin-interacting

ability abolished (Appendix 8D, E).

3-4. dPak regulats postsynaptic glutamate receptor abundance and accounts for
the alterations in mEJP amplitude.
Glutamate receptor ITA (GIuRIIA) clustering at PSDs requires synaptically localized

dPak. In dpak null mutants, GIuRIIA abundance at the NMJ is dramatically diminished




(Albin and Davis, 2004). Consist with an increase in dPak levels and patch size,
GIuRITA intensity was greatly increased in henji mutants while the cluster size and
number appeared normal (Appendix 9A). On the contrary, GluRIIB abundance was
reduced in hen]z mutants, representing a competing relation between these two GulR
subunits (Appendix 9B).

We then tested whether overexpression of Henji was sufficient to downregulate dPak
levels. When Henji was overexpressed in the-muscle using C57-GAL4, dPak protein at
the PSD was dramatically, redueed, accompaﬂiéd with decreased GIluRIIA levels. In
addition, the bouton became enlargedand the ntrmber was also decreased (Appendix 9C
and data not shown), epposite to hTTz rﬁ'utant phenotypes These results suggest that
Henji regulates dPak levels in the po‘stsynapse of the NMJ.

To understand whether henji mutations dlter the‘physiological responses, we measured
the electrophysiological properties at the senji mutant NMJ. No obvious alteration was
found for EJP (excitatory junctional potential) amplitude (Appendix 10A, B). However,
a significant increase in mEJP (miniature excitatory junctional potential) was recorded
(Appendix 10C, D), coinciding with the increased GIuRIIA/GIuRIIB ratio (since the
presynaptic vesicle size and number were not significantly changed according to TEM

data) in henji mutants. The frequency of mEJP was comparable to wildtype, consistent

with intact presynaptic vesicle release machinery as seen in TEM sections. On the other




hand, the quantal content, calculated as the EJP amplitude divided by the mEJP
amplitude, was decreased in the henji mutant (Appendix 10F), implying homeostatic
compensation responsive to the augmented postsynaptic sensitivity in senji mutants. In
addition, the NMJ of the henji mutant displays a larger decay time constant than control
(data not shown), further confirming a glutamate receptor field composed of more

slowly decayed GIuRIIA and less rapidly decayed GIluRIIB.

3-5. Henji functions at the postsynapse-to reddlate both presynaptic bouton growth

and postsynaptic dPak protein levels
With effects in presynaptic bouton %r‘ WtHTan"c'I'postsynaptic dPak degradation by henji
‘ i ;

&

mutations, we then asked where. He:n{rii3 functioﬁs. fl}ll-length henji cDNA was expressed
presynaptically with elav-GAL4 ‘o‘r“postsynaptically \-)v:ith C57-GAL4 in the henji mutant
background. Postsynaptically expressed Henji rescued both bouton number and satellite
bouton phenotypes found at senji mutant NMJs (Appendix 11D-F). However, neuronal
expression of Henji failed to suppress the overgrown boutons (Appendix 11A-C),
suggesting that Henji controls synaptic growth at the postsynapse. Therefore, some
unidentified retrograde signaling is presumably to be involved in this transsynaptic

regulation.




Chapter 4. The BTB-Kelch protein Henji promotes dPAK degradation to regulate

synaptic growth and Glutamate receptor composition at Drosophila NMJs

4-1. Henji functions in the postsynapse to regulate GIuRIIA abundance

Given that Henji function in postsynapses ie n regulating postsynaptic dPak levels and
presynaptic bouton growth, we further tested t , while presynaptic expression of Henji
failed to do so. To further test whether postsynaptic Henji activity also regulates NMJ
physiology, the GIluRIIA abundance were egalmined 1n henji mutants with pre- or

postsynaptic expression ofiHenji. Théyintensity, of membrane GIuRIIA staining is
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comparable to wildtype when Heinji iEF{Ierexpressed postsynaptically in henji'/'
1 | " 1
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background. On the contrary; _GluIL{ILIA bll:l;ctae; intensity of the presynaptic rescued
NMJs is not significantly different from thé henji mutant (Figure 1A).
Electrophysiological analysis also shows a restoration of mEJP amplitude recorded
from postsynaptically rescued NMJs but not presynaptically rescued ones (Figure 1B).
These data suggest Henji’s role in regulating NMJ growth and development is most

importantly at posysynaptic sites.

4-2. Henji regulates GIuRIIA abundance via dPak

Our previous data indicates that dPak is a degradation substrate of Henji-Cullin3




ubiquitination E3 ligase complex. In addition, we have shown that Henji regulates
presynaptic bouton growth via downregulating dPak (Appendix 9). I further check
whether reducing one copy of dpak gene can also rescue GIuRIIA accumulation in kenji
mutant. This speculation comes from the report stating dPak is required for GluRIIA
clustering at the NMJs (Albin and Davis, 2004). Similarly, I introduce one copy of
dpak’ null mutant allele into henji'/' flies and stained GIuRIIA for analysis. Like
presynaptic boutons, postsynaptic GluRIIA punctae intensity at the synapse is restored
to levels close to wildtype after dpak-gene k,dlosage reduction (Figure 2). We then
conclude that the elevation:of GluRHA%abundarice in henji mutants is an outcome of

."-..‘_‘"

impaired dPak degradation in the la? : of’-H-el;iji' and that dPak 1s an important substrate
| | 1
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for Henji to regulate NMJ functions ‘Pt both sides bf the synapse.

4-3. Henji promotes dPak downregulation regardless to its active state

Mammalian Paks can be grouped into two categories, according to their structural
homologies. dPak is homologous to type 1 Paks, which is known to form inactive
dimmers via the N-terminal autoinhibitory (Al) domain. When type 1 Paks are activated
by Cdc42 and Rac, this binding would rearrange local conformations of the Al domain,
releasing the activation loop and dissociating the dimer. Considering the drastic

conformational change after activation, we wonder if Henji has any preference to target




only certain form(s) of dPak. Three forms of UAS-dPak transgenes are generated by T.
T. Lai according to the structure-based studies. The constitutive active form of dPak
contains a point-mutation of T423E, mimicking a constitutively phosphorylation at the
first autophosphorylation site. Expression of T423E Pak CA construct is sufficient to
promote motility, and anchorage-independent growth via the MAPK kinase pathway in
human breast cancer lines (Vadlamudi et al., 2000). On the other hand, the dominant
negative form of dPak carries three, point-mutation, H§3L/H86L/K299R, with the
former two mutations disrupting.the interactioﬂn'with €dc42/Racl and the later being a
kinase dead mutation. This‘eonstructS also preved to inhibit the downstream activation

."-..‘_‘"

of Ras signaling in mammalian cell 1i : eS'ET'.'aﬁg' et al., 1997). The last construct is made
| | 1
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from full-length wildtype dPak: '&he e>;1;-réssi6r} of «these constructs is tested by
immunoblotting using specific aﬁti—Myc antibody (figure 3A). Both Myc-tagged dPak
CA and dPak DN are successfully overexpressed in muscle cells using C57-GAL4;
however, Myc-dPak wt lines are somewhat problematic. The UAS-Myc-dPak wt
construct is not defective in its construct sequence. More lines will be generated in order
to obtain strong, proper-expressing ones.

Myc-dPak CA and dPak DN constructs are overexpressed postsynaptically with
muscle-specific C57-GAL4 and then GIuRIIA intensity is analyzed as a terminal

phenotype in response to dPak activity at the synapse. However, the abundance of




GIuRIIA in all three forms of dPak overexpression is similar to C57-GALA4, henji”’
heterozygous control (Figure 3B-E), while C57-GAL4, henji*/henji’ mutant still shows
an enhanced GIuRIIA clustering (Figure3G). Nevertheless, this data is consistent with
the previous report that overexpressing myristoylated dPak, mimicking a constitutively
active form, in wildtype flies is not sufficient to upregulate GluRIIA abundance at
Drosophila NMJs (Albin and Davis, 2004).

In our hypothesis, Henji is responsible,tosspecifically downregulate dPak at the NMJs.
When dPak CA is overexpressed postsynéln)'tically, Henji rapidly promotes the

degradation of the excess ‘dPak proteins Therefore, even:though it is the CA form of
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dPak overexpressed, the functional Péﬁ:FEi%ein at the synapse is not sufficient to
promote additional GluRHA qh;sterfng to tile PSDS. In:order to prove this hypothesis,
these three dPak constructs a‘re‘ overexpressed \%ﬁth C57-GAL4 in henji“ " flies.
Strikingly, GIuRIIA punctae intensity is further enhanced in dPak CA overexpressing
flies compared with C57-GALA4, henji“ " heterozygous control and even stronger than
C57-GAL4, henji’/henji’mutant (Figure 3F-H). On the other hand, GIuRIIA clustering is
significantly inhibited in dPak DN overexpressing henji“ "NMIJs (Figure3F,G and I). To
know whether the overexpressed dPak is localized to the synapse and thus perform its

function to enhance GIuRIIA clustering, anti-Myc antibody (9E10) is employed for

staining. When Myc-dPak CA or dPak DN is overexpressed in the muscle, the overall




background signal of Myc staining is elevated in the muscle cell compared with
C57-GAL4 control (Figure 3J, K and M). However, when these constructs are
overexpressed in henji” " flies, strong Myc-positive punctae appear and specifically
surround the NMJ (Figure 3L and N). These results indicate a role for Henji to very
specifically regulate local dPak protein levels at the PSDs and this regulation is not

related to the active states of dPak.




Chapter 5. Discussion

5-1. Bifurcated signaling downstream of Bv/FAK56

Ras/MAPK signaling was shown to specifically downregulate Fasll level at the synapse
and this negative regulation is well-correlated to bouton addition (Koh et al., 2002). On
the other hand, PKA was shown to affect transmitter release from the presynapse (Davis
et al., 1998); mutants defects in cAMP preduetion also showed abnormal bouton growth
(Cheung et al., 1999). In both cases, the upst;elam cue modulates activities of Ras or
cAMP was not clearly defined. In thissstudy; we deseribed an integrin Bv-mediated
ECM signaling, distinet form BMP&/th;:'-:-:;FWnt/Wg pathways, functions to restrain
NMJ bouton growth. This pathway inclﬁ:cied thg: activation of FAKS56 and further

elevation of cAMP signal by NF1 and 'inhibiton of Ras’/MAPK via Vap. These two

bifurcated signaling pathways finally converge to regulate synaptic growth.

5-2. Cullin3/Henji E3 complex affects postsynaptic GIURIIA/GIURIIB ratio by
downregulating dPak protein level

During the development of the NMJ, strengthening of both neurotransmission and
synaptic structure requires modulations in local protein level and proper localization.

When GIuRITA expression is augmented in the postsynapse by either UAS-GIuRITA




transgene overexpression or genetically reduce glurllB gene dosage, proper clustering
of ITA-containing GluRs were formed at PSDs and the evoked response and synaptic
bouton number were significantly elevated (Sigrist et al., 2002). In our experiments, we
have identified a Cullin 3-based E3 ligase comples responsible for regulating the GluR
subunit composition at the postsynapse. In Aenji mutant, the GIuRIIA/GIuRIIB ratio is
increased and this alteration corresponded to the enhanced muscle response to the
presynaptic spontaneous vesicle release.

The postsynaptic GluRIIA, localization require;,s' dPak-activity but when constitutively

active, membrane-bound dPak transgéne, was everexpressed postsynaptically, GIuRITA
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abundance was not further enhanced] (rl %Ff'al,, “2004). We generated a constitutively
phosphorylated dPak transgene:and i{:c.)nsis‘;él-qvtly, %)Yerexpression of this dPak CA in the
muscle did not change GluRIIA. However, when ‘;l-iis construct was postsynaptically
overexpressed in henji” " background, GIuRITA clustering at PSDs were dramatically
enhanced. Therefore, we propose that Henji is required at the synapse to regulate dPak
protein level and further influence local GIuRIIA abundance; GIuRIIA CA construct
expressed in wildtype synapse, this protein would be rapidly downregulated by Henji

and thus had no effects on GIuRIIA abundance.




5-3. Neuortransmission homeostasis is not disrupted in henji mutant

Brp-positive punctae were quantified and in henji mutant there was a 20% increase in
total release sites per NMJ (Appendix 5B). However, EJP remained unaltered in henji
mutant regardless to the increase of both release sites and boutons, showing intact
homeostatic machinery. The enhanced postsynaptic GluRITA augments muscle response
to neurotransmitter released; to compensate such hyper-sensitivity of the postsynapse
and to maintain synaptic homeostasis in-neurotransmission, presynaptic vesicle release
machinery was attenuated to keep' EJP unchanf;eld. The:enhanced synaptic structure and
expanded AZs were suppressréd by this"ﬁqﬂmeo“‘stzitif: compensation.
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Materials and methods
Fly stocks
All flies were reared in standard conditions at 25°C. We use w'’® from Bloomington
stock center as wild-type in this study. Mutant flies integrin8v' and SV have been
described previously (Devenport and Brown, 2004). N30 and K24 deletions of FAK56
were generated from KG00304 P-element insertion as previously described as Tsai et al.,
2008. The transgenic lines elav-GAL4 (X) and elav-GAL4 (III) were obtained from the

Bloomington stock center. MHC=GAL4, vap’ and vap2 mutant flies were kind gifts from

Dr. S. Schneuwly’s lab and“the alleles"were as described (Botella et al., 2003). NF 1%, w;

e o)
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is02;is03, hs-NF1 wt, hs-NFI KA, f: —NFﬁ?P, \UAS-NE1 GRD, UAS-NFI GRD KA,
[
» - - | ‘
UAS-NFI GRD RP and UAS-NEI EzﬂGRD tran%;genic flies. were generated by Dr. J.

Walker. The nature of NF1-related mutant alleles were as previously described (Walker

et al., 20006).

Immunostaining

Wandering third instar larvae were dissected for analysis of NMJ phenotypes in all
experiments. Dissected larval fillets were incubated in fixative solution (4%
formaldehyde in 1% phosphate-buffered saline) for 20 minutes. The following primary

antibodies were used for immunostainig: anti-synaptotagmin (mouse, 1:25; DSHB),




anti-synapsin (3C11, 1:100; DSHB), HRP conjugated with TRITC (rabbit, 1:100;
Jackson ImmunoResearch), anti-FasIl (1D4, 1:100; DSHB), anti-Brp (Nc82, 1:100;
DSHB), anti-Dlg (mouse, 1:100; DSHB), anti-dGIuRIIA (mouse, 1:100; DSHB),
anti-Futsch (22C10, 1:100; DSHB) and anti-GFP (chicken, 1:1000; Abcam). Alexa 488-,
FITC-, TRITC-, Cy3- and Cy5-conjugated secondary antibodies and FITC-phalloidin

were used (Jackson ImmunoResearch).

Image processing and presentation

Confocal images were acquired using Zeiss LSM\510 Meta-or Zeiss LSM 710. Images

N

were processed using ‘Adobe Phot(TsF op"'(}?-lgf':}}outon number and muscle area were
_ - - | ‘

quantified with Zeiss LSM_ 510 iJ}nage exa-lmin:’aﬁon software. For comparison and

quantification of signal intensity at NMJs, Jarval ﬁlléts were stained in the same tube

and the images were acquired under the same scanning parameters. NMJ silhouettes

were outlined and the signal intensity was calculated by histogram analysis using Adobe

Photoshop CS.




Transgenes

UAS-pv-GFP was made by cloning the full-length Sv insert from cDNA library into
pTWG vector (DGRC) using the Gateway recombination cloning system (Invitrogen).
The resulting construct carries a C-terminal GFP tag. UAS-GFP-vap wt and
UAS-GFP-vap R695K were cloned from cDNA library; Missense point mutation of
R695K was made by PCR-based mutagenesis. Both inserts were cloned into pTGW
vector from DGRC and the Gateway recombination cloning system was also used. All
constructs were checked by sequencing prior tdlémbryo microinjection. Transgenic flies

were generated by standard“proc¢edures. ™

Electrophysiological recording. *, | | ‘.‘

For sample preparation, dissecfed larval body‘wall‘s (including the central nervous
system and motor axons) were exposed in cold (4°C) HL3.1 Ca2+ free saline (70 mM
NaCl, 5 mM KCI, 4 M MgCI2, 10 mM NaHCO3, 5 mM trehalose, 115 mM sucrose, 5
mM HEPES pH 7.2) [66]. Experiments were performed on muscle 6 of segment A3 in
late third instar larvae. The segmental nerve was cut near the ventral ganglion.
Preparations were then incubated in HL3.1 saline containing 0.2 or 1 mM CaCl2 for
electrophysiological experiments at room temperature (22°C). For stimulation and

recording, a glass microelectrode (30—-50 MO in resistance) filled with 3 M KCI was




impaled in the sixth muscle of the third abdominal segment to record the EJPs. The
mEJPs occurring in the background within 200 seconds were obtained without any
stimulation on the segmental nerve. To evoke an EJP, the segmental nerve was
stimulated every 30 seconds through the cut end with a suction electrode with 0.1 ms of
pulse duration at 2 times the threshold voltage. Once the threshold voltage was reached,
the size of EJPs remained unchanged despite the increase in stimulating voltage. Signals
were digitized at 64 KHz by a PCI-6221 data acquisition card (National Instrument,

Austin, Texas, USA), and saved on an IBM com'ﬁatible PC for analysis.
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Western blots ‘ | - l
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\EJ
Third instar larvae or adult heads 01% ifferent geﬁdtypes were homogenized in in RIPA
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lysis buffer. Equal amounts of' lysétes were separated in 7.5% or 8% SDS-PAGE gel.
Blots were probed with anti-dPak (rabbit, 1:10,000), anti-Myc (9E10, 1:1000, Santa
Curz), anti-GFP (mouse, 1:1000, Invitrogen), anti-a tubulin (mouse, 1:200,000, Sigma)

and HRP conjugated secondary antibodies.

Dibutyl cAMP/forskolin feeding
Adult NFI* flies were put into vials containing standard medium mixed with 10nM of

di-cAMP or forskolin. After 6 hours all adult flies were transferred into another vial




filled with standard medium and the eggs laid on media mixed with di-cAMP or
forskolin were reared until late third instar when they were dissected and NMJ

morphology analyzed.

Electron Microscopy

For ultrastructural NMJ studies larval fillets were dissected at room temperature in
calcium free medium and subsequently. fixed overnight in 4% paraformaldehyde /1%
glutaraldehyde/0.1 M cacodyliciacid (pH 7.2);i'Microwave irradiation (MWI) with the

PELCO BioWave® 34700“laboratory microwave, system'was used for subsequent EM

—

processing steps. After overnight ﬁ)jario'n’;':ﬁfé":ﬁ)(ed fillets were additionally post-fixed
_ - - | :

with 1% aqueous osmium tet.rqxidel ZLX at 9OW ﬁor 2mintON-2minOFF-2minON under

vacuum and placed on ice in bétWeen changes with additional 1 hour incubation on

rotator, dehydrated in increasing ethanol concentrations(50%,70%,80%,90%,100%) 1x

at 150W for 40s each,. Samples were gradually infiltrated with increasing resin to

propylene oxide ratio up to full resin 2x at 250W for 3min each under vacuum. The

samples were embedded in flat silicone mold with EMBED-812 resin and cured in the

oven at 60°C
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(A) (B) Third instar la :- S ) ed with HRP and Syn.

a1

phenotype (B) as compared to » (A). outon number is significantly
increased in BV mutant. Triple-asterisks indicate significance by Student's t test (p <
0.001) and error bars represent the standard error of the mean (SEM). (D)(E) Electron
micrographic sections of type I bouton in SV/+ heterozygous control (D) and B
larvae (E). Lower panels show electron-densed active zones with a clear T bar. Though
sample number is not large enough for meaningful quantification, no significant
alterations in SSR morphology, bouton size, active zone length, vesicle size and number,

T-bar morphology and number are observed.
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Figure 2. Bvis required presynaptically to-regulate bouton growth.
The same UAS-Bv-GFP line is used. in-this experimeiit.to compare the expression level

118 - ontrol shown

of this transgene. Bar 3 and bar 4 differ statistically significant from w
by bar 1 (both p < 0.001). elav>pv-GFP rescued the bouton-overaddition phenotype in

BV mutant and their bouton number is not significantly different from wildtype

control (p > 0.05).
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Figure 3. GRD of NF1 is both required and sufficient to rescue reduced NF1

mutant body length.

]E2

(A) Isogenic fly iso2; iso3 were used to generate the NF /™ null mutant; therefore this

line was used as a control. Pupal length was measured with a caliper gauge with
resolution for 0.0lmm. Triple-asterisks indicate significance by Student's t test (p <
0.001). Asterisk represents significance with p < 0.05. (B) All the flies, including
is02;iso3 control and NFI*’ were put inte-the same heat-shock procedure at the same

time. Embryos of 24hours  AEL(after egg-la;‘fi'ng)‘were heat-shocked in 37°C water

bath for 30 minutes. This transient leatsshock Wgs repeated every 24 hours until late
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Figure 4. GRD of NF1 is net'essential for the‘regulation:of bouton addition.

Neuronal expression of wildtype NF1 GRD failed to.tescue NF

]E2

NMJ overgrowth

phenotype (p=0.26). Similarly:NEl GRD RP also failed forestore NF1“° NMJ.
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Figure 5. Bv and NF1 regulates bouton number through-cAMP-dependent pathway.

(A) w''® wildtype larvae were rearedwinl foodweontaining DMSO, forskolin, distilled
water or dibytyl cAMP (di-cAMP). Bouton numbers of wandering third instar larvae
were counted and normalized to muscle 6/7 areas. 8/ mutant larvae (B) and NFI** null

mutant larvae (C) fed with the same chemicals as in (A).
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Figure 6. Vap is required in the presynapse to regulate bouton addition.

(A) Bouton numbers from two vap mutants were compared with wildtype. Only male
larvae from both vap’ and vap’ mutants have overgrown NMJ phenotype. Female larvae
of vap’ mutant show bouton number comparable to wildtype NMIJs. n.s. stands for

non-significant by Student’s t-test. (B) Vap is required in the presynapse to regulate
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Figure 7. Synaptic marker staining in vap mutant.

(A-J) Expression pattern of Brp at presynaptic active zones (green in (A) and (B), white
in (A’) and (B’)), Futsch for presynaptic microtubule structure (green in (C) and (D),
white in (C’) and (D”)), Dlg in postsynapse (green in (E) and (F), white in (E’) and (F”)),
dPak (green in (G) and (H), white in (G’) and (H’)) and GIuRIIA (green in (I) and (J),
white in (I’) and (J”)) at PSDs. All images were acquired form confol sigle sections;

only Futsch images come from Z-s:‘ﬁacr:}i _.Hmj.egt}on of all single sections. For GIuRIIA
(N

A
1'. - 5 i‘ i .
‘used:<Staining for other markers were

staining, Bouin’s fixative §9i'1‘ﬁi}j¢_jg (S’"' )
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Figure 8. Fasll intensity at the NIMJ is reduced invap mutant.

(A) (B) Expression of FaslI (green in (A)amd(B), white in (A’) and (B)) at NMJ 6/7 in
wildtype (A) and male vapl-mutant (B). HRP was ¢o-stained and shown in red. Images
were confocal single sections. (C):Quantification-of FaslI intensity relative to HRP
immunoreactivity of the same area. vap’ mutant showed reduced FaslII level in the
peri-active zone. Triple-asterisks indicate significant difference by Student's t test (p <

0.05) and error bars represent the standard error of the mean (SEM).
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Figure 9. Postsynaptic overexpression of Henji rescues GluRIIA abundance and
mEJP amplitude increase in henji mutant. (A-D) NMJs at muscle 4 of wandering
third instar larvae are labeled with anti-HRP and anti-dGIuRIIA. Lower panel, only
GIuRIIA signals are shown. The intensity of GIuRIIA punctae is elevated in henji
mutant but restored to wildtype level when Henji is expressed in the muscle cell. (E)

mEJP amplitude. Error bars represent S.E.M.
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henji'/+ henjit/henji? pak®, henjiz/henjit

HRP GluRIIA

Figure 10. Loss of one copy of dpak resteres postsynaptic GIuRIIA clustering. (A-C)
NMJ4 from larval body wall .smuscle-A2-A6 is labeled with anti-HRP and anti-
dGIuRIIA. Introduction of ‘pak6é null/allele reduces pak'gene copies and suppresses the

enhancement of GluRIITA intensity in Aenji/ mutant.
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Figure 11. Postsynaptic overexpression-of-constitutively active form of dPak. (A)
Myc-dPak wt, Myc-dPaki 'CA or* Myc-dPak, DN" is “overexpressed using the
muscle-specific C57-GAL4. Western blott.i.l_ag with 9E 10 anti-Myc antibody detects the
expression of Myc-dPak CA~and Myc-dPék DN proteins.. However, Myc-dPAK wt
expression is aberrant. The expreriment has. been-repeated and another muscle-specific
MHC-GAL4 was also used. Results from these experiments are similar. Lower panel,
anti-a tubulin is used as a loading control. (B-C) GIuRIIA abundance at NMJ4 is not
altered when Myc-dPak CA is overexpressed in the muscle cell. C57-GAL4 is also tried
in this experiment. The results are similar to the ones using MHC-GAL4. (D-F)
C57-GALA4, henji2/henjil (E) has a stronger GIuRIIA intensity compared to C57-GAL4,
henji2/+ heterozygous control. Postsynaptic overexpression of Myc-dPak CA (F) further

enhanced GIuRIIA intensity than the /enji mutant (E). (G-1) NMJ4 labeled with specific




anti-Myc antibodiy 9E10 and HRP. Postsynaptic overexpression of Myc-dPak CA cause
an overall elevation of Myc signal in the muscle (compare H to G). Postsynaptic
overexpression of Myc-dPak-CA in henji” " mutant background results in enhanced
intensity of Myc-positive punctae; in addition, these strongly-stained Myc punctae tend

to aggregate around the NMJ, roughly coincide with the region of SSR(subsynaptic
reticulum) (I).
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Appendix 1. Fak56 has strong genetic interactions with NF1 and vap
" =

All three fly RasGAPs (NF1, de] and Vap) were t"é""'s'ted__for their genetic interactions
i if"—" '\,F i

with Fak56. Heterozygous loss-of-fu cte'_g_:nlllﬁ?z} t alleles were introduced into Fak56

hypomorphic background.“Bouton [1 mber ;_.fronﬁ‘n wandering third instar larvae were

|
ol
i

counted and normalized to r‘nu.s‘c’l_e area. Both-NFEI. and Vap mutants show strong

enhancement in bouton numbers compared with Fak56 hypomorph alone.
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Appendix 2. Fak56 affects bouton addition via cCAMP-dependent pathway.
Feeding db-cAMP or forskolin do not alter bouton number in wildtype flies. However,

Fak56 mutant fed with db-cAMP or ferskelin show suppressed bouton number as

it

compared with Fak56 mutant controls fed-with {A:/éteg or. DMSO.
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rescue ATG of CG6215
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Appendix 3. Characterization of henji mutants. (A)Scheme of Henji genomic region.

Three rectangle represent three genetic loci, Henji (CG6224) in magenta, and the

neighboring CG6169 and CG6215 in orange and blue. P elements BG0I/766 and

PB[c04604] respectively inserted in the CG6169 and CG6224 are marked in blue and

red. Deleted chromosomal regions in C8-2 alleles isolated in this study are shown as

black boxes. The 5.2Kb genomic rescue construct is shown below the CG61659 (the

orange cylinder). (B)Western blots of extracts prepared from late-third instar larvae and

Drosophila S2 cells. The left three lanes show the Henji protein expression, detected by




anti-Henji antibodies, in wild type (lanel), henji ‘mutant (lane2) kenji ° mutant (lane7)
and genomic rescue flies (lane3). The right lanes show the Henji expression in

Drosophila S2 cells overexpressing the UAS-Henji construct.
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Appendix 4. henji mutants show defective NMJ morphology. (A-D) NMJ

morphology is altered in Aenji mutants. Third instar NMJ synapses of muscle 6/7 (A and

B) and muscle 4 (C and D) are labeled with HRP (green) and synapsin (red) to mark the

bouton morphology. Arrowheads point to a clump of satellite boutons. Note that each




satellite bouton contains synapsin immunoreactivity. (E-F) Quantification of the total

number of boutons and satellite boutons at muscle 6/7 NMJs of wild type and henji

mutants (n=24 ,P<0.05).
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Appendix 5. dPak is dramatically increased but Fasll level is decreased in henji

mutants. (A,E) At wild type third instar larvae NMJ.(A) muscle 4 synapses of mutant

and wild type are stained for postsynaptic marker nc82 (green) and dPak(red). The panel




shows the fluorescence of dPak is strongly increased both in the single section or
projection. (B-D) Quantification of average active zone number, mean postsynaptic
dPak fluorescence intensities and the mean active zone size. dPak signals are adapted
from the single section. Mean dPak signals are increased in kenji mutants by 25% (wild
type,n=290; mutant, n=429,P<0.05). (E) In wild type, FaslI (green) is highly enriched in
the perisynaptic membrane but reduced at synaptic membranes. Fasll “hole” match the
PSD identified via dPak labeling (red). sHowever, in henji mutants, atypically
homogenous FaslI distribution with eithéf no sli'g.,;nals ot only one small accumulation at

dPak sites. (F) Quantification of thesFasII (gpeé'n) and" dPik (red) intensity profiles at

| |
single section | =11
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Appendix 6. Ultrastructure of type Ib boutons from NMJs in wild type and
mutants. (A-B)TEM of type Ib boutons of NMJs in A2 or A3 segments. Boutons in the

mutants exhibit significant enlargement of active zone length. Arrowhead indicates the




active zone and the asterisks show the SSR.
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Appendix 7. Henji and dPak interact genetically.

(A~C) NMJ morphology at the muscle 6/7 of the larval muscle segment 2.
Quantifications of bouton number in Aenji mutant background by the reduction of dPak
gene dosage is shown. Compared to wild type, henji mutants have more bouton and
satellite boutons. The reduction of dPak gene dosage in henji mutant can partially

reduce the bouton number and satellite bouton numbers compared to senji mutants.
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Appendix 8. Impaired ubiquitination and degradation of dPak in henji mutants

and henji RNAI knockdown S2 cells. (A) dPak protein levels are increased in henji

knock-down cells. (B) levels of polyubiquitin-modified dPak were greatly increased by

overexpression of Henji. (C) Only in the presence of Henji (lane2) but not Henji

8A(lane3, cullin3 interaction deficient mutants) , the endogenous cullin3 was

immunoprecipitated (D) Henji proteins can be pulled down in the presence of

myc-dPak.
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Appendix 9. GIuRIIA intensity is increased but GIURIIB intensity is decreased in
henji mutants. (A and B) Representative NMJ in wild type and henji' mutants are
shown that are respectively costained with anti-GluRIIA or anti-GluRIIB and anti-HRP.
At the henji mutant NMJ, synaptic GluRIIA abundance is substantially increased.
However, the GIuRIIB abundance is decreased. The quantification of the average
fluorescence intensity of GIuRIIA and GIuRIIB are shown. There is a statistically
significant changes in GLuRIIA and GluRIIB fluorescence intensity in Aenji mutants.
(C) In the muscle overexpression of Hen;i, tl;é dPak«level is decreased compared to
C57-GALA4 controls. In addition, the siz’re‘and _th’e' intensity-of GIuRIIA are decreased in

henji mutants. | |
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Appendix 10. Evoked release but not spontaneous release is normal in henji
mutant. (A-B) Sample EJPs and quantification of their amplitude for wild type and
henji mutants in 0.8mM Ca”".(B) mutants do not show a significant difference in EJP
amplitude in 0.8 mM Ca”". (C-D) Sample mEJP traces of wild type and /enji mutants.
The mEJP amplitude of ienji mutants is increased compared to the wild type whereas
the mEJP frequency is not altered (E). (F) The quantal content is estimated by the ratio

of EJP/mEJP. There are statistically _ii,%lgi_;ﬁ@g.?}%ques of quantal content in mutants.
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Appendix 11. Muscle expression of Henji can rescue the satellite phenotype. (A~F)
NMJ morphology at muscle4 of larval abnorminal segment2 label with anti HRP and
synapsin. Compared to elav-GAL4 and C57-GAL4(A andD), UAS-henji;henji mutants
(B and E) have more satellite boutons. A rescue with muscle expression of UAS-henji

cDNA in henji*/C8-2 background appears to restore NMJ morphology.




	論文封面目次.pdf
	final part I
	thesis final

