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SUMMARY

In order to determine the timing of events during the shibire’s and semaphorin lawe provided evidence that
assembly of a neural circuit in Drosophila we targeted  Semaphorin 1a was one of the proteins being regulated by
expression of the temperature-sensitivehibire gene to the  endocytosis and its removal was a necessary part of the
giant fiber system and then disrupted endocytosis at program for synaptogenesis. Temporal control of targeted
various times during development. The giant fiber expression of thesemaphorin lagene showed that acute
retracted its axon or incipient synapses when endocytosis excess Semaphorin 1a had a permanent disruptive effect on
was blocked at critical times, and we perceived four phases synapse formation.

to giant fiber development: an early pathfinding phase, an

intermediate phase of synaptogenesis, a late stabilization Key words: Synaptogenesis, Semaphorin, Endocytosis, Dynamin,
process and, finally, a mature synapse. By co-expressing Drosophila

INTRODUCTION system affect signaling and their loss led to a large over growth
of the presynaptic terminal (Sweeney and Davis, 2002).
The transformation of a motile growth cone to a sedentar@imilarly Wingless/Frazzled and its trafficking has been linked
synapse requires a conversion of the cell surface artd maturation of the presynaptic terminal (Packard et al., 2002).
cytoskeletal components of the growth cone from thén both cases the first step in the process is the dynamin-
requirements for movement to the requirements for synaptidependent endocytosis of the receptor. Thus, we reasoned that
transmission. Although the molecular aspects of thist might be useful to disrupt endocytosis at various times during
conversion are poorly understood there are a number dfie transition from growth cone to synapse and determine
suggestions that endocytosis is a critical component of thehether there are critical periods during which endocytosis is
transformation. Growth cones exhibit considerable membranerucial to synapse formation, maturation or stabilization.
trafficking and depend on endocytosis for their activities that In Drosophilg there is suggestive evidence that blocking
include the mechanics of movement and the regulation afndocytosis during particular stages of development of the
receptors by ligand-induced endocytosis (Diefenbach et algiant fiber (GF) system disrupts synaptogenesis (Hummon and
1999; Fournier et al., 2000; Jurney et al., 2002; Kamiguchi an@ostello, 1987). The original mutation in dynamin was a
Lemmon, 2000). Recently, receptor and membrane traffickintemperature-sensitive paralytic mutant Dmosophila called
has emerged as a regulator of a variety of cell-cell interactiorshibire, which was linked to synaptic transmission (Koenig and
and a wide variety of receptors have been demonstrated to bkeda, 1996; van der Bliek and Meyerowitz, 1991) and to the
inactivated by ligand-induced endocytosis (Hicke, 1999)regulation of signaling systems (Di Fiore and De Camilli,
Blocking endocytosis with a temperature-sensitive allele 02001). The mutant functions as a dominant negative at the
dynamin interferes with this process, disrupting the balance @éstrictive temperature and can be used to block endocytosis
proteins on the surface of the pre- and postsynaptic cells durirg a wild-type background (Damke et al., 1995a; Damke et al.,
synaptogenesis (Heerssen and Segal, 2002). 1995b; Kim and Wu, 1987). The problem with the original
The complexities of the signaling pathways that regulatexperiments that examined development of the giant fiber
synapse formation are only now being recognized. At theystem was that temperature shifts blocked endocytosis in all
Drosophila neuromuscular junction, the trafficking of TGF cells and made the interpretation of the results difficult
and Wingless/Frazzled have recently been linked to synapt{tiummon and Costello, 1987). The temperature-sensitive
differentiation. In the case of the TGfhe role of membrane allele ofshibire has now been cloned into a P-element (UAS-
trafficking was emphasized because proteins in the endosonsdiis) and can be targeted to cells of interesDiwsophila
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thereby gaining both temporal and cell specific control ovecontrol of one of the three Gal4 constructs (Kitamoto, 2001;
endocytosis (Kitamoto, 2002). In addition, a panelGafl4  Kitamoto, 2002). A UAS-semala construct on the 2nd chromosome
gene targeting constructs for the GF system is available, whig#gs used to express Semala (Yu et al., 1998). Finally, a UAS-lacZ
allow targeted expression to different components of the GEonstruct on either chromosome 1, 2 or 3 was expressed under
system (Allen et al., 1998; Allen et al., 1999; Allen et al. zooocontrol of the relevant enhancer and expression revealed
Godenschwege et al., 2002a). This provides a method to assE&gunohistochemically.

the required timing for endocytosis in the developing nervougiocking endocytosis

system. ) Endocytosis was compromised by shifting specimens to the restrictive
In the present report, we targeted expression of th@mperature (30°C in most experiments). Although development
temperature-sensitive dynamin to the GF system and blocke@eeds up with temperature it shows a biphasic curve and slows at
endocytosis during development. Blockade of endocytosi80°C to a rate similar to that at 22°C (Ashburner, 1989) so this
at different times revealed four phases of sensitivity andemperature shift has relatively small effect on the rate of
temperature shifts during each phase have a differedevelopment. To show that the construct was blocking endocytosis,
previously demonstrated that Semaphorin 1a (Semala) wagd then temperature shifted the specimens acutely. We mounted the
involved in assembly of the GF system (Godenschwege et a&peumens on wax on a pelltier battery which allowed a rapid shift of

) - -1&€mperature (less than 3 minutes) fronf@2o0 30C. Recordings
2002a) and we now show that defects were induced primari ere obtained before during and after the temperature shift. This

during the period of synapse formation. Finally, when UAS+ocked synaptic transmission within minutes at the DLM, in a
semalawas co-expressed with UASHS and endocytosis manner parallel to that seen in early experiments on the original
was blocked at different times, the two effects interactedshibire mutant (Koenig and Ikeda, 1996), and at the TTM.
suggesting that one of the proteins being regulated bz _
endocytosis was Semala. hysiology
The physiological methods are standard (Oh et al., 1994; Tanouye and
Wyman, 1980) and we have modified them only slightly (Allen et al.,
1999; Godenschwege et al., 2002b). The specimens were anesthetized

MATERIALS AND METHODS by placing them on ice and then mounted on soft wax. Tungsten
) electrodes were used to stimulate the GF, and glass electrodes to

Fly stocks and rearing methods record from the muscles. The data was recorded using P-Clamp

Specimens were reared at one of two baseline temperati@08 software (Axon Instruments).

22°C. The duration of pupal development was ~144 hours°& 22d In specimens (A307/+;UAShiS/+) reared at 2ZC and never given

192 hours at 1. When third instar specimens stopped wanderingany form of temperature shift, we were unable to obtain recordings

and shorten, this was considered the onset of metamorphosis andfedim the TTM. Sections of the thorax demonstrated that the TTM

timing refers to this as PO or time 0. We used the number of hours fanuscle was small or absent in these specimens although the DLM was

staging the pupae rather than the embryonic markers of (Bainbridgermal. The A307 construct is known to be expressed in the muscles

and Bownes, 1981) because most of the events occur in a tino the thorax and we assume that the expression of the P$OIRS-

period when there were relatively few markers. The variance imn the muscle at 2Z, throughout development disrupts normal

developmental timing had a number of components, includingnuscle development, suggesting teh#s has an effect at the non-

intrinsic developmental variation between different strains and theestrictive temperature. When A307; UABISwas reared at 28 the

variance of the rate of growth of the GF. As assayed by time tdTM muscles of control specimens were intact and we used this

emergence the overall variance was between 10 and 15% of thearing temperature for the physiological experiments described

duration of the pupal stage. Pupae were collected at PO and movedoglow. We examined the anatomy of the GFs at both rearing

separate vials for treatment. For temperature shift experiments, viemperatures and in spite of the absence of TTM muscleS@is2ii

moved vials containing selected pupae into an incubator at thieir presence at 18 we saw no difference in the anatomical

restrictive (usually 3TC) temperature (Koenig and Ikeda, 1996). Thephenotypes of the GFs after temperature shifts.

specimens were temperature shifted for 24 hours unless otherwise ) )

specified. The 24-hour temperature shift represents 12.5% dfmunohistochemistry

development for specimens reared at 18°C and 16.6% of pup@he CNS was dissected from adults or pupae at the appropriate stage

development for specimens reared &2 and standard methods were used to rdeelin the various neurons
Three P[Gal4] drivers were used to drive various constructs in th@llen et al., 1999; Godenschwege et al., 2002b).

GF system. The enhancer known as P[Gal4]-A307 an insert on the )

second chromosome (Allen et al., 1998) was expressed primarily #fnage processing

the GF and weakly in other components of the system including thienages of selected whole mounted specimens were captured using a

tergotrochanteral motoneuron (TTMn) and the dorsal longitudinaBPOT digital camera (Diagnostic Instruments, Sterling Heights MI)

motoneuron (DLMn) and the muscles of the thorax particularly theand imported into Adobe Photoshop 5.0 software. Montages were

tergotrochanteral muscle (TTM) and the dorsal longitudinal muscleonstructed using the clone tool to show a two-dimensional image of

(DLM). The enhancer known as P[Gal4]-c17 an insert on the secortfie three dimensional neurons.

chromosome (Allen et al., 1999; Godenschwege et al., 2002a) is

expressed in the GF but not in the postsynaptic neurons and it can be

used for exclusively presynaptic expression. Finally, the postsynaptiRESyULTS

cells were labeled by the P[shakB-Gal4] construct, a fragment of the

gap junction promoter fused to Gal4 and inserted on the 2ng)

chromosome (Jacobs et al., 2000). This construct is expressed nevelc_)pmer.n of the GF system .

TTMn, DLMn, a variety of other motoneurons and the PSIThe giant fiber (GF) system of the fly consists of a large

(peripherally synapsing interneuron). The UsIES on the third  interneuron that controls the visually evoked escape behavior

chromosome was obtained from Kitamoto and expressed undérough its synaptic contacts with thoracic motoneurons
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(Tanouye and Wyman, 1980; Thomas and Wyman, 1984tages (Allen et al., 1998; Phelan et al., 1996). The P[Gal4]-
Trimarchi and Schneiderman, 1995). Anatomical studies havel7 enhancer (referred to as c17) is active in the presynaptic
provided the outlines of the development of this circuit,GF but not in the postsynaptic motoneurons (Fig. 1B4) and is
summarized schematically in Fig. 1A (Allen et al., 1998;expressed most strongly just prior to synapse formation and
Phelan et al., 1996). The dendrites of the jump motoneuratontinues expression until emergence of the adult (Allen et al.,
(TTMn) grow into the target area at the beginning of pupaR000). The shalB(lethal)-Gal4 construct (hereafter called
development, before the axon of the GF reaches the thorahalB) is expressed in the motoneurons particularly the TTMn
(Jacobs et al., 2000). The GF initiates growth in the late larvdFig. 1B2), during pupal development and expression ceases
stage and the axon leaves the brain and reaches the target a&teartly after emergence of the adult (Jacobs et al., 2000).
in the second thoracic neuromere by ~25% of pupal The dye injection results provided a very detailed picture of
development (Allen et al., 1998; Phelan et al., 1996). Théhe neurons but rather little about the temporal variability
growth cone of the GF appears to contact the TTMn dendritiof these developmental processes. By combining the cl17
growth cone at this time, and during a synaptogenic phasnhancer and thehalB-Gal4 element, we labeled the pre-
(~25-50% of pupal time) the GF elaborates a lateral ‘bendand postsynaptic cells simultaneously and this provided an
along the TTMn that becomes the presynaptic terminal anicidication of the variability in GF growth. We focused on the
by 40% of pupal development the two neurons are dyeperiod when the GF was reaching the target area and collected
coupled (Allen et al., 1998; Jacobs et al., 2000; Phelan et ai,number of specimens at this time. The results showed that at
1996). 33% of pupal development the TTMn dendrite had always
A number of Gal4 constructs are available that target geneached the midline but there was considerable variability in
expression to the GF system during pupal development. Alie position of the GF axon terminal; approximately half
enhancer trap known as P[Gal4]-A307 (referred to throughoytL6/33) of the GFs had contacted the TTMn and half had not.
as A307) is expressed strongly in the GF throughout the puphd a typical specimen at this stage, both GFs can be seen
and adult stages and it is also expressed weakly in some of theéjacent to the midline glia but only one has reached the
targets (Fig. 1B3), including the TTMn during the mid-pupaldendrite of the TTMn (Fig. 1B1).

A Fig. 1. Development of the GF
system. (A) GF development. The
timing of events is based on the work
presented in the present paper as well
as the dye injection work of Jacobs et
al. (Jacobs et al., 2000). The time line
is recorded as percent of pupal

I | | i
1 1 1 1 .
development with time zero
GF j t1 according to Bainbridge and Bounds
(Bainbridge and Bounds, 1981). The
TTMn %_, Sl_/ 5'_/ %_/ 2 phases indicated below the time line

were determined experimentally in
3 the present work. The time of dye
- coupling was determined by Jacobs et
al. (Jacobs et al., 2000). t1, t2 and t3:
percent of first, second and third thoracic
development | 1 1 1 1 neuromere. (B) Expression patterns of
100 the three Gal4 constructs.
(B1) Simultaneous staining of the GF

0 25 50 87.5
(with ¢17) and the TTMn (with
|4— phase I ‘>|<— phase 11 _.l‘* phase 111 —blﬂhase ]V4 shalB-Gal4) at 33% of pupal

development. In this particular
I—I—’ f specimen, the left GF has reached the
TTMn and the right GF has not.
‘ contact ‘ [ dye muplingJ (B2) When driven byhalB-Gal4,

lacZis expressed in the postsynaptic
motoneurons and TTMn exhibits the
strongest staining. (B3) The P[Gal4]-
a307 enhancer is expressed strongly
in the GF and more weakly in the
postsynaptic cells. In this specimen
both GFs are labeled and the
dendrites of the left TTMn are
revealed. (B4) The P[Gal4]-c17
enhancer is expressed in the GF but
not in the motoneurons. The
developmental stage of each

L ) specimen is indicated in the lower
c17,shakB right of each panel. Scale bar: 26.
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Blocking endocytosis at different times produces connected to the DLM (Table 1). The GFs that were able to
three distinct axonal phenotypes drive the DLMn did so much less reliably than controls and
In order to begin to assess the role of endocytosis in the GF afpically only a single response occurred at the beginning of a
provide an outline of critical periods in pupal development wdrain of ten stimuli (Fig. 2B1, Table 1). Unfortunately, the
blocked endocytosis during various phases and assessed ®BPnosynaptic GF-to-TTMn synapse could not be studied
structure and function. The P[UASHS (Kitamoto, 2001; during this phase because shifts to the restrictive temperature
Kitamoto, 2002) was expressed under control of the A307 (Fiefore 50% of pupal development caused loss or dramatic
1). We used the A307 because it was expressed strongly in tlefinkage of the TTM muscle fibers, presumably owing to
GF throughout the pupal stages and this allowed us t@Xpression by A307 in the muscles (see Materials and
compromise endocytosis at anytime during pupal developmeMethods).

and assess the effects on GF growth. Endocytosis w % . .

compromised by shifting specimens from the permissivg’ ase Il (target recognition and synapse formation)
temperature (1& or 22C) to the restrictive temperature When the temperature shift occurred during the period of target
(30°C) at various times during pupal development. Thg€cognition and synapse initiation (25-50% of pupal
restrictive temperature disrupted the pupal development of tifevelopment), the adult axon usually terminated in the target
GF system and the phenotype in the adult correlated with ti¥ea but the ending was abnormal (Tables 1, 2). Most GF axons
timing of the temperature shift. In parallel physiologicallacked the large laterally directed presynaptic terminal (Fig.
experiments, we examined the efficacy of the synapti@A2). Thisbendlesdike phenotype was similar to the original
connections from GFs to the motoneurons by stimulating€ndlessnutant phenotype (Thomas and Wyman, 1984; Oh et
the GF in the brain and recording from the TTM and DLMal., 1994). In accordance with the anatomy, almost all GFs were
muscles in adults (Allen et al., 1999; Tanouye and Wymargonnected in the target area (either to the DLMn or the TTMn)
1980; Thomas and Wyman, 1984). Here, we focus on theut the GF-TTMn connection was severely disrupted. The GF-
monosynaptic GF-TTMn response and use the response of th&Mn response was either absent (67%, Table 1) or weakened,
polysynaptic GF-DLM pathway to determine the percentage o®s indicated by an increased response latency and the inability
GFs making a connection, demonstrating their presence in te follow stimuli at 100 Hz (Fig. 2B2, Table 1). The
target area. Four phases of sensitivity during development of ti¢fect/absence in the response was attributed to a disruption of
GF system were identified. For narrative purposes, we descrilfige GF-TTMn synapse itself as the direct stimulation of the
these phases as having distinct boundaries although there gtetoneurons confirmed that the muscle and neuromuscular

continuous transitions between the stages (Tables 1, 2). ~ junction were intact (data not shown). Interestingly,
temperature shifts between 17 and 50% (Tables 1, 2) of pupal
Phase | (pathfinding) development occasionally resulted in adult specimens with

When the temperature shift was initiated during the first quartépFs terminals that can be seen in the brain (Fig. 2A1). No such
of pupal development (P0-25%) and the GF was examined phenotype was found in control specimens, suggesting that
the adult stage an unusual overgrowth of the axons wd§mperature shifts at this pupal developmental stage caused
observed in the thoracic neuromeres. In the majority ofome GFs to retract into the brain and not regenerate after the
specimens (61%) the axons branched throughout the secot@nperature shift.

and third neuromeres (Fig. 2A1 and Table 1). In a minority, the o

GFs grew straight through the target region and terminated fhase Il (stabilization)

the third thoracic neuromere and a few axons terminated in tAieemperature shifts at 62.5 or 75% of pupal development had
subesophageal neuromere in the brain. Correlated with thminor effects on the GF anatomical phenotype; typically the
anatomy, 60% of the GFs reached the target area and wdyend was present and normal in size although it may contain

Table 1. Critical periods in GF development

Anatomy* Physiology*
™ TT™
Stagé Wild Over- TT™ TT™ TT™ dis- or DLM
TS type growth  Bendless Brain wild type latency FF connection connection
Phase begins n (%) (%) (%) (%) n (%) inms (%) (%) (%)
| 0 36 17 61 22 0 16 nd nd nd nd 60
| 12.5 16 19 62 19 0 10 nd nd nd nd 60
1l 25 21 13 7 60 20 10 nd nd nd nd 80
1l 50 18 21 0 74 5 12 17 1.56 44,8 67 92
I 62.5 12 100 0 0 0 10 0 1.96 56.8 20 80
1l 75 7 100 0 0 0 10 60 1.% 83 10 100
v 87.5 13 100 0 0 0 12 85 1.1 100 15 100
No TS 12 100 0 0 0 15 53 0.87 100 0 93

*Genotype: anatomy, UA&cZ/+;A307/+;UASshis/+; physiology, A307/+;UASshiS/+.

TPupal stage as % of total duration at@§196 hours), restrictive temperatur€ G0

*Wild type is defined as1 msecond and able to follow stimuli one-to-one at 100 Hz.

nd, not determined (the TTM muscle is missing or reduced in size for TS before 50%); TS, temperatoréhehifymber of GFs examined.
SSignificantly different from the non-TS controls at the 0.05 level.
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Table 2. Retraction and regeneration of the GF

Stage* Location of the axon terminal

Phase TS begins Dissection n t3 (%) t2 [bendless (%)] tl (%)  Connective (%) Brain (%)
| 0 After TS 36 0 3(0) 53 36 8
| 0 Adult 57 46 53 (14) 2 0 0
| 17 After TS 31 0 10 (10) 50 27 13
| 17 Adult 78 27 52 (31) 0 0 18
1l 33 Before TS 42 5 90 (0) 5 0 0
Il 33 After TS 56 0 36 (32) 64 0 0
Il 33 Adult 21 0 86 (52) 0 0 14
Il 50 Before TS 10 0 100 (10) 0 0 0
Il 50 After TS 65 0 95 (17) 3 0 0
Il 50 Adult 58 0 98 (38) 0 0 0
1l 67 Before TS 20 5 95 (0) 0 0 0
1] 67 After TS 22 5 95 (0) 0 0 0
I} 67 Adult 19 5 95 (0) 0 0 0

Genotype: UASacZ/+;A307/+;UASshis/+ reared at 2ZC; restrictive temperature 30.

*Pupal stage as % of total duration at@Z144 hours).

TS, temperature shift; t1, first thoracic neuromere; t2, second thoracic neuromere (% of total GFs that do not exhilié,atiehth)pracic neuromere;
the number of GFs examined.

Zmscands AN 111 . MMSM

x%_ - Nl
AL T e S e o o

phase | phase ll phase lll phase IV

B2 B3,
I

Fig. 2. Defects in the adult GF and TTMn are induced by blocking endocytosis at various stages in development. (A) Anatomy of the GF
system after various temperature shifts when WAB-was driven by the A307 Gal4 enhancer. (A1) A temperature shift at 16% of pupal
development followed by regeneration and examination in the adult stage. Two specimens are represented. In one a Git tiseraied

in the thorax of another both GFs exhibit the ‘overgrowth’ phenotype. (A2) A temperature shift at 33% of pupal developuest arod
bendlesdike phenotype where the large lateral bend is missing from both GFs in the adult. (A3) A temperature shift at 75% ofedévelopm
had no detectable effect on the structure of the GF. (A4) Both late temperature shifts and controls exhibit normal beartisuldris

specimen was never temperature shifted and illustrates the structure of the GF in the adult stage. Sqaihe. {B): RBysiology of the GF
system. Each pair of traces is taken from a specimen temperature shifted at the time indicated. (B1) Early temperagrgstifthe TTM
muscle and no recordings could be obtained. The DLM was often excited by the GF but latencies were long and very fewa staimuélioit

a response. (B2) Temperature shifts during synapse formation increased the latencies and decreased following frequespmngB3) Re
latencies were increased and, following frequency, decreased when temperature shifts occurred between 62.5-75% of pupatdevelop
(B4) Temperature shifted at 84% had no statistically significant effect on the physiology and this specimen illustrated thteysmiogy

(see Table 1 for quantification). In control specimens, the latency for TTM is about 0.9 mseconds and for DLM was 1.4 twstaconds;
motoneurons could follow the 100 Hz stimulus without fail. The upper trace in each panel is taken from the TTM, the |dn@ntthee

DLM. In each set of traces, the individual stimulus illustrates the latency and wave form of the response, the sweemwilhlLGsates

the response to repetitive stimuli.



3676 R. K. Murphey and others

irregularities in shape (Fig. 2A3). However, physiologically,Dynamics of GF retraction and regeneration
these specimens were defective in the adult, the TTM exhibiteglxon retraction

long latencies and low following frequencies (Table 1). Iny, orger to appreciate the dynamics of the anatomical changes,
brle_f, during this phase the GF anatomy had stz_ablllzed and was, sed P[Gal4]-A307 to express UABIS and examined the
resistant to the blockade of endocytosis, while the synapsgona| phenotypes before the temperature shift, immediately
physiologically was still sensitive to temperature shifts. after the temperature shifts as well as at later times (Fig. 3,
Table 2). The GF grew into the thorax at the beginning of pupal
Phase IV (mature synapse) development (Allen et al., 1998; Phelan et al., 1996) and when
Finally, very late temperature shifts (e.g. at 87.5% of pupallissected immediately after the temperature shift, the GF
development) had no impact on the GFs or their ability to drivanatomy could be reliably observed. Most of the GF axons
the motoneurons. terminated in ‘retraction bulb’ (Fig. 3A2, arrows) often
The anatomy of the GFs was indistinguishable from controlexhibiting a long slender extension towards the target

(Fig. 2A4) and functionally there were no significant defect{Bernstein and Lichtman, 1999). These retraction bulbs were
on latency or following frequency for either TTMn or DLMn located in the connective (36% of the GFs) or the first thoracic
(Table 1). neuromere (53% of the GFs) and a minority terminated in the

I_Jef“re ‘_s m ¥ Fig. 3. The dynamics of axon retraction and regeneration. Each

row represents the results for a temperature shift initiated at the
time indicated. Each column represents the structure at a
different time with respect to the temperature shift. The left
column shows examples immediately before the temperature
shift, the middle column immediately after the temperature
shift and the right column illustrates the adult CNS after the
temperature shift. (A) Temperature shift initiated at the
beginning of pupariation (P0). (A1) Schematic version of the
GF at PO. The GF has not reached the target area in the early
phase of growth and the axons are very thin, making it difficult
to stain and visualize with our methods. The schematic
illustrates the approximate location of the axons at this time as
well as showing the portion of the CNS represented in all the
panels (dashed box). (A2) The axons at the end of a
temperature shift that began at pupariation. Both axons have
retracted into the anterior end of the thorax and each exhibits a
retraction bulb (arrow) near the terminal and a thin retraction
tail extending toward the target. (A3) Overgrowth of the axon
in the adult after regeneration at the permissive temperature.
(B) Temperature shift initiated at 33% of pupal development
(Phase II). (B1) The structure of the GF at 33% of
development. Most specimens exhibited the laterally projecting
terminal illustrated by the left GF, a minority of GFs have just
begun to make the bend as seen for the right GF.

(B2) Dissection at the end of the temperature shift (50%)
shows that both axon terminals have retracted into the first
thoracic neuromere and terminate in retraction bulbs (arrow).
In this specimen the dendrites of the TTMn were also visible
(arrowheads) indicating the extent of the GF retraction. The
dendrites of the TTMn appeared normal in this specimen.

(B3) After regeneration, both GFs tapered to an end in the
target area and neither showed the laterally projecting terminal.
(C) Temperature shift initiated at 50% of pupal development.
(C1) Both GFs exhibited the normal lateral extension of the
presynaptic terminal at 50% of pupal development.

(C2) Retraction of the presynaptic terminal immediately after a
temperature shift. Note that the presynaptic terminal has
withdrawn but the axon did not retract away from the target
area. (C3) The adult regenerated axon. In this case a large
swollen region was present on the right GF just anterior to the
presynaptic terminal. (D) Temperature shift initiated at 66% of
pupal development. (D1) The GF structure at 66% of pupal
development exhibited normal lateral extensions.

(D2) Immediately after a temperature shift, there was no
obvious defect. (D3) An adult specimen indistinguishable from
controls. Genotype of all specimens; UAS-
lacZ/+;A307/+;UASshis/+. Scale bar: 2Qm.

PHASE I

PHASE 11 PHASE 11

PHASE II1
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brain (Table 2). By contrast, GFs treated in the same way bbend, albeit smaller and thinner than in adults (Fig. 3B1, Table
examined as adults exhibit overgrowth (Fig. 3A3) and th&). These observations suggested that the axons had reached
terminals were located in the second thoracic neuromere (53#e target area and often elaborated incipient presynaptic
of the GFs) and often extended to the third thoracic neurometerminals, which were then retracted during the temperature
(46% of the GFs), demonstrating regeneration of the axorghift. When specimens were allowed to mature to the adult
after return to the permissive temperature. When the axon watage after the temperature shift the axons usually regenerated
examined at various stages after the temperature shift axémthe target area but the lateral bend along the TTMn dendrite,
growth recovered and the overgrowth phenotype was detect@as missing and the axon tapered to an end in the target region
as soon as 48 hours after the temperature shift ended (at 7%f4g. 3B3, adult). Apparently, the inability to form a functional

of pupal development). This suggested that the regeneratirsgnapse after the temperature shift was not due to a defect in
axons exhibited the overgrowth defect as soon as they reachaxbnal growth, as the axon was able to regenerate into the

the target region. target area, but rather to a defect in synapse formation.
) At 50% of pupal development the GF is known to be dye-
Synapse retraction coupled to a number of its targets, including the TTMn (Jacobs

When the temperature shift was initiated at 33% of pupadt al., 2000; Phelan et al., 1996), and the presynaptic terminal
development and the GF was examined immediately after the beginning to take on the adult appearance. Temperature
shift approximately two thirds of the axons (64%) terminatedshifts at this stage exhibited less dramatic retraction and
in retraction bulbs. These retraction bulbs were located eithémmediately after the temperature shift the presynaptic
in the first or second thoracic neuromere, none retracted interminal had retracted only slightly from the target area (Fig.
the connective or brain (Table 2). In some specimens thgC2). The defect developed progressively and more GFs were
retraction bulbs exhibited single long extensions thaanatomically defective in the adults than immediately after the
resembled ‘retraction tails’ that reached the target area (Fitemperature shift (Table 2). When examined in the adult stage
3B). In occasional specimens the expression in the TTMn wabke presynaptic terminal had expanded but there were often
strong enough to reveal the structure of the GF and TTMdefects in its structure and the bend was not as large as in
simultaneously and the separation between the GF and thentrol specimens (Fig. 3C3). The synapse retraction was more
dendrites of TTMn was clear (Fig. 3B2, arrowheads). Ircomplete if the temperature shift was longer in duration (48
control specimens for this genotype, all of the GFs had reachédurs rather than 24 hours, data not shown). These results
the target area by 33% and most exhibited the characteristiemonstrated that this immature synapse could be retracted

Fig. 4.Interactions betweeshis and
semalaEach row illustrates the results for
a different UAS-construct, driven by c17.
Each column indicates the results for a
temperature shift at the indicated time. All
specimens were dissected in the adult
stage. (A) Specimens expressing UAS-
semalalone. (A1,A2) Temperature shifts
during synapse formation caudaehdless
like phenotypes. (A3) Late temperature
shifts (62.5% of pupal development) had
no effect and were indistinguishable from
(A4) controls that were not temperature
shifted. (B) Specimens expressing only
UAS-shis. Very few defects were observed,
usually all axons reached the target area
and extended a lateral bend independent of
the temperature shift. (C) UASemaland
UAS-shits were targeted to the presynaptic
GFs. (C1) When temperature shifted at
37.5% of pupal development GFs exhibited
a swollen terminal filled with vesicles in
the target area (arrow). (C2) The left GF in
this example at 50% of pupal development
exhibits a swollen terminal and a retraction
tail, the right GF is dramatically swollen
and filled with membrane bound vesicles
(arrow). (C3) Late temperature shifts cause
some retraction and few swellings or
vesicles. (C4) Control specimen that was
not temperature shifted. Scale bar in Al:
20 pm.

sema

sema;shi
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even after dye-coupling had occurred at 40% (Jacobs @&l specimens treated in this way exhibited wild-type
al., 2000) but could usually not be regenerated after thphysiology demonstrating that the UAS#S construct must be

temperature shift. driven by Gal4 in order to have its effects. Finally, we reared
o specimens carrying the UASHS construct and a Gal4 driver
Synapse stabilization without temperature shifts and this led to wild-type anatomy

Finally, temperature shifts during the final third of pupalin 90% of the cases (Table 3).
development caused minor anatomical defects in the synaptic ) o )
terminal but no retraction. For example, when exposed to tHateractions between  shibire ' and semaphorin
restrictive temperature beginning at 67% of pupal developmei@ne possible role for endocytosis is the regulation of the
and dissected immediately after the temperature shift, the axeesidence time of receptors at the surface of the axon terminal.
extended laterally as it would in wild-type specimens. TheéNe have shown that Semala is involved in assembly of the GF
terminal was often irregular in shape and contained swellingsystem and may serve presynaptically as a repulsive receptor
at various places along the terminal but the laterally directeduring target recognition or synapse formation (Godenschwege
bend was usually present (Fig. 3D2). When dissected in tret al., 2002a). To determine the phase of effect of Semala more
adult stage the result was very similar. Most terminalgrecisely and to test the idea that endocytosis regulates the
exhibited the lateral bend and approximately half of thes&emala during assembly of the GF system, we co-expressed
synaptic terminals were distorted by swellings in the bend dUAS-shis and UASsemalaand then examined the effects of
at a site just anterior to the bend. When the temperature shiémperature shifts at the time of synapse formation and
was extended to 48 hours, there was no additional synapstbilization (phase Il and Ill). We first determined the effects
retraction indicating that the synapse had stabilized after 67% UAS-shits and UASsemalalone and then compared these
and could not be retracted from the target area after this stageth specimens expressing both constructs. In order to simplify

) the interpretation, we limited the expression to the presynaptic
Controls for the temperature shifts cells through the use of the P[Gal4]-c17 enhancer and focused
A variety of controls were carried out to distinguish the effecbn phase Il when synapse formation occurs.
of blocking endocytosis from non-specific effects of the )
temperature shift. We temperature shifted specimens carryingmporal aspects of Semala function
the A307 enhancer and the UA®Z but no UASshis at It is well known that the P[Gal4] enhancers and the UAS-
various times but all GFs appeared wild type. Thus, thdrivers are temperature sensitive and we took advantage of
temperature shift per se did not cause detectable anatomic¢his property to determine the critical periods for Semala. In
defects in GF. To assess the possibility that the WS- specimens (c17/UASemala reared at 18 and never
construct was ‘leaky’, we applied temperature shifts tdemperature shifted most of the axons were normal in structure
specimens carrying the UAShS construct but no Gal4 driver. (83% wild type) and function (67% wild type) similar to that

Table 3. Interactions betweersemaphorinlaand shibirets

Anatomy Physiology
TT™ TT™ TT™
Stagé wild Bendles$ wild latency TTM  TTMdis- or DLM
of TS type (vesicles) 1 Brain type in FF  connection connection
Phase Genotype* (dissection) n (%) (%) (%) (%) n (%) mseconds (%) (%) (%)
| shits 12.5 (adult) 25 88 8 0 4 11 81 1.05 90.7 0 100
| sema 12.5 (adult) 31 58 26 13 3 19 33 fl14 58l 5 100
1] shits 37.5 (adult) 32 94 6 0 0 16 88 1.01 91.3 0 100
Il semala 37.5 (adult) 13 15 73 12 0 12 0 167 304 8 92
I shis+tsema  37.5 (adult) 18 6 44 (44) 6 44 13 0 I61 149 46 54
1] shit+sema 37.5 (after TS) 33 0 46 (0) 23 31 nd nd nd nd nd nd
Il shits 50 (adult) 36 83 17 0 0 16 56 1.09 79 0 100
I sema 50 (adult) 26 38 62 0 0 14 7 1mg 549 7 93
Il shiS+sema 50 (adult) 29 21 59 (24) 7 14 17 0 159 426 35 82
1] shi+sema 50 (after TS) 11 0 55 (0) 27 18 nd nd nd nd nd nd
I shits 62.5 (adult) 19 95 5 0 0 18 44 1.08 95.9 0 100
1] sema 62.5 (adult) 18 83 17 0 0 19 58 1.03 83.6 5 95
1]l shitstsema  62.5 (adult) 18 33 61 (17) 0 6 14 0 185 10.9 21 93
1] shis+sema 62.5 (after TS) 21 0 33 (0) 0 14 nd nd nd nd nd nd
shis No TS (adult) 31 90 10 0 0 21 90 0.92 99.8 0 100
sema No TS (adult) 18 83 11 6 0 21 67 0.96 81.3 5 100
shistsema No TS (adult) 58 50 40 5 5 22 45 1.08 74.2 0 100

1Genotype: anatomy, c17,UASeZ crossed to UAShHIS or UAS-semalar UASshisUAS-semalaphysiology, c17 crossed to UASHS or UAS-semalaor
UAS-shis, UAS-semala

TStage as percent of pupal development reared at 18°C; restrictive temperature 30°C.

*Percentages of total GFs that reach the second thoracic neuromere but do not exhibit a bend (% of total GFs that remtthtraceseeuromere and
exhibit large vesicles in the axon terminal).

SWild type is defined as1 msecond and able to follow stimuli one-to-one at 100 Hz.

TS, temperature shift; t1, first thoracic neuromare¢he number of GFs examined.

fSignificantly different from control$P&0.05).
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seen for specimens reared at'@2(Godenschwege et al., defective (Fig. 4C2, Table 3). The disrupted axon terminals
2002a). When specimens were temperature shifted to 30%ere unusually large, and often filled with membrane-bound
during synapse formation (37.5% of pupal development), theesicles that excludelhcZ (Fig. 4C1 and Fig. 4C2). Small
axon terminal typically lacked the bend in adult flies andvesicles were occasionally observed when either construct was
physiologically all GF-to-TTMn contacts exhibited long expressed alone (data not shown) but the large vesicles in the
latencies and/or low following frequencies (Fig. 4Al, Tableco-expression experiment highlight the possibility that
3). When the temperature shift occurred at 50% of pupahembrane trafficking has been disrupted when both constructs
development, a minority were anatomically wild type and avere expressed. The physiological results were consistent
few were physiologically normal (Table 3, Fig. 4A2). By with these anatomical findings. Although the axon terminals
contrast, temperature shifts before or after these times hatere connected to one or the other motoneurons, all
only minor effects in comparison to non-temperature-shifte@¢onnections were physiologically defective (Table 3). Finally,
control specimens (Table 3). These results confirmed théte results also show that the defect is a progressive
Semala was disruptive for synapse formation and suggestddgenerative effect as these large vesicular structures only
that it must be removed in order for synapse formation temerge after a delay. The large vesicles were never seen
proceed normally. In addition, these new results demonstratéehmediately after the temperature shift and were only seen in
a critical period for removal of Semala during the period ofdults after temperature shifts at 33% or 50% of pupal
synapse formation and showed that its acute presence duridgvelopment (Table 3).

phase Il had a permanent effect that prevented regeneration ofFinally, the interaction ohibireS andsemalawas further

a functional synapse. supported by temperature shifts that began at 62.5% of pupal
) development (phase Ill). Whesemalaand shis were co-
Weak effects when shi® is expressed at low levels expressed by the weak c17 driver and temperature shifted at

When UASshis alone was driven by c17, the specimensthis pupal developmental stage, none of the specimens
temperature shifted at different times and the GF examined exhibited a bend when dissected directly after the temperature
the adults (Fig. 4B) the results parallel those for A307 bushift, suggesting all immature synapses had retracted (Table 3).
the defects were much weaker. Specimens temperatufe few GFs were able to regenerate anatomically after the
shifted during synapse formation (e.g. 50% stage of pupaémperature shift but physiologically, not a single fully
development) occasionally resulted in lbendlesdike  functional giant synapse was restored (Table 3). A temperature
phenotype (17%) and physiologically a slightly disrupted GFshift in phase Il was not able to induce the retraction of the
TTMn connection (44% of the specimens, Table 3). Lat@iant synapse when UAShiSwas driven with the strong driver
temperature shifts (at 62.5% of pupal development) werd307 and only minor effects on the GF anatomy were seen
anatomically indistinguishable from the controls andwhen either construct was expressed alone with ¢17 and
physiologically weakly affected. In summary, expression otemperature shifted. These findings demonstratestéranla
UAS-shis with the c17 driver has mild effects on the GF andshibrés have a synergistically enhanced ability to induce
anatomically and physiologically, enabling us to study thehe retraction of a synapse. In summary, comparison of the co-

interaction ofshibires with semala expression experiments with those for either k& alone
_ ) or UASsemalaalone supports the idea that the two are
Co-expression of UAS-sema and UAS-shis interacting and suggests a role for membrane trafficking in

In order to determine whether Semala trafficking/signalinggemala signaling.
was dependent on endocytosis, we used P[Gal4]-c17 to
co-express UAShiS and UASsemalaand searched for
interactions. It was clear that even without a shift to thédISCUSSION
restrictive temperature, there was an interaction, because only
half of the specimens exhibited anatomically normal GFs anBlocking endocytosis seems on first examination to be a
the remainder werbendlesdike or did not reach the target relatively blunt instrument for the analysis of nervous system
area (Table 3). This suggested that both constructs wedevelopment because of the wide variety of functions it might
expressed at low levels at°@Band indicated that UAShis  disrupt. However, two distinct effects have helped dissect
was having an effect even at the permissive temperature ptipal development of the GF system. First, blocking
18°C, an effect that was detected in double mutant specimeesndocytosis caused retraction and subsequent regeneration of
but not when UASshis was expressed alone. The physiologythe GF, which altered the timing of axon growth and disrupted
was correlated with this as approximately half were wild typehe resulting structure and function. This allowed us to define
and half were mutant (Table 3). four phases in development of the giant fiber system. Second,
Temperature shifts during the period of synapse formatioa role for membrane trafficking was highlighted by an
(phase Il) caused dramatic defects in the presynaptic terminialteraction betweesemalandshibires, which created large
(Table 3). When UASemalaand UASshis were co- vesicles in the axon terminal. Blocking endocytosis at the
expressed and the temperature shifted at 37.5% of pup@ne of synapse formation appeared to enhance the disruptive
development, nearly all GFs were defective; approximatelgffect of Semala on synapse formation. This supported the
half (44%) of the GFs terminated in the thorax and werédea that Semala, in its role as a repulsive receptor, must be
anatomically defective (Fig. 4C1) and most of the remainingemoved from the growth cone during synaptogenesis
axons terminated in the brain (Table 3). When the temperatu(&odenschwege et al., 2002a). The interaction wsfiibire's
shift began at 50% of pupal development, most axons exitesliggested that this was likely to be regulated by dynamin-
the brain but the presynaptic terminals in the thorax werdependent endocytosis
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Four phases of circuit assembly revealed by these events were not examined (Godenschwege et al., 2002a).
heterochronic growth In the present report, we show that the acute presence of

In the present experiments, targeted blockade of endocytosg@mala during synapse formation had a lasting effect that
had direct effects on axon growth and retraction, presumabRrevented the regeneration of a functional synapse. We
by disrupting the recycling of membrane in a rapidly growingexamined the temporal aspects of Semala function,
axon terminal (Diefenbach et al., 1999). Previously, neurondependent of endocytosis, by taking advantage of the
from mutantshis! animals were grown in culture and a shift temperature sensitivity of the UAS constructs. Overexpression
to the restrictive temperature caused collapse of growth cone®, Semala during synapse formation (phase II) caused the
cessation of axon outgrowth and axon retraction. Shifting badkajority of axons to terminate ipendlesdike structure and
to the permissive temperature led to a resumption of growtxhibit weak synaptic connections (Table 3), while the acute
and a rebound of growth rate (Kim and Wu, 1987). Theéresence of Semala in phase | or phase lll had only minor
temperatures used and the temperature shift paradigr@§ects. This suggests that removal of Semala is crucial for
employed in vitro were identical to those we used to assajynaptogenesis. The sensitivity to Semala overexpression
the timing of developmental events of the giant fiber in vivoOverlapped the time that the GF first contacted its targets and
When we challenged the GF at various times during pup&lecomes dye-coupled to them (Phelan et al., 1996) suggesting
development by blocking endocytosis, we identified fouthat Semala playsarole in the transition from growth cone to
phases in the GF development: an early pathfinding phase, ynapse. Interestingly, thendlessnutant causes phenotypes
intermediate phase of synaptogenesis, a late stabilizatigimilar to those seen when Semala is overexpressed in the
process and, fina”y, a mature synapse. present experiments (Thomas and Wyman, 1984). When
When we blocked endocytosis during pathfinding; the axongendlessvas cloned and shown to be a ubiquitin conjugase the
retracted during the temperature shift and when returned to ti@élthors speculated that thendlessmutant may be affecting
permissive temperature regenerated and overgrew the tard@e lifetime of Semala on the GF growth cone (Muralidhar and
area (phase |, Fig. 1A). By contrast, temperature shifts whichhomas, 1993; Oh et al., 1994). The finding that Semala
correspond to the time that the GF is being transformed frofiafficking is involved in the assembly of the GF-TTMn
growth cone to synapse (phase Il) produced a different effec@ynapse and the recent realization that upqu|t|n can function
GFs retracted but when examined as adults the axons did ri6t regulate trafficking of membrane proteins (Murphey and
overgrow the target area but rather stopped in the target are@denschwege, 2002) suggest that Semala trafficking may be
and lacked the lateral bends. The initial effects induced biegulated by Bendless.
blocking endocytosis during both, phase | and Il, were likely . : .
to be caused by the retraction of the axon and the subsequéRidocytosis and Semala signaling o
heterochronic growth of the GF. However, the difference of th&ndocytosis plays an important role in ligand-dependent
responses (overgrowth versoendlesdike) between phase | receptor responses that serve as a mechanism for the regulation
and Il cannot be attributed directly to the block of endocytosisf signal strength in a variety of signaling pathways (Di Fiore
but are more likely to be attributed to the differentand De Camilli, 2001; Hicke, 1999). We propose that during
developmental states of the GF when heterochronithe transition from growth cone to synapse, Semala, which
regeneration occurred. One relevant difference may be that fHnctions as a receptor on the GF growth cone, encounters its
phase | most GFs have not contacted the target area andliignd and this slows the progress of the growth cone as a first
phase Il most GFs have contacted the targets. This means th&p in the transition (Godenschwege et al., 2002a). However,
the heterochronic growth induced in phase | results in naii@e repulsive signaling of Semala must be downregulated
GFs that approach the target area with a delay, whilecause itis disrupti\_/e_ for subsequent events in the formation
heterochronic growth in phase Il results in the re-generation &f the synapse and it is therefore normally removed through
‘experienced’ GFs. Possibly the GF loses its ability to@ dynamin-dependent receptor-mediated endocytosis. When
regenerate the GF-TTMn synapse after it has contacted thAS-semalawas combined with UAShibires in a genetic
target resulting in theendlesdike phenotype. interaction experiment, simultaneous overexpression of
Finally, blockade of endocytosis in phase Il revealed &emala and the block of endocytosis exaggerated the
distinct defect. The function of the synapse was disrupted bisruptive effects of Semala. One effect was greater retraction
temperature shifts although the structure remained normélf the axon presumably by enhancing the total amount of the
This distinguished a stabilized synapse from a mature synap$gpulsive receptor (Semala) present on the surface of the
Possibly the block of endocytosis during phase Il disrupt®resynaptic cell (Table 3). A second effect was the
trafficking of receptors/ligands that are involved in maturatioraccumulation of large vesicles in the axon terminal. Our
of the giant synapse. For example, Fasiclin 2 andnterpretation is that the unusually high levels of Semala at the
Wingless/Frazzled have been shown to be required foiurface activated excessive receptor-mediated endocytosis.
maturation of the neuromuscular junction and correctl his may cause a vesicular ‘traffic jam’ in the growth cone,
dynamin-dependent trafficking is required for normalthereby disrupting the ability to carry out normal functions.
synaptogenesis (Davis et al., 1996; Packard et al., 2002hese vesicular traffic jams are consistent with other

Schuster et al., 1996). experiments on the GF system that show similar phenotypes.
N ) . For example, blocking retrograde transport by expression of a
Critical periods for Semala function truncated version of the P188ed component of the dynein-

We have previously suggested that Semala must be remowi¢hactin motor also caused the formation of large vesicles in
from the presynaptic terminal in order for synaptogenesis tthe GF terminal (Allen et al., 1999). Although we cannot
proceed correctly, but the exact timing and mechanism fadirectly link the vesicles seen in these various genotypes to



Critical periods in the giant fiber system 3681

each other, the common phenotype makes it seem likely theamke, H., Baba, T., van der Bliek, A. M. and Schmid, S. L(1995a).
we are interrupting a common membrane trafficking pathway Clathrin-independent pinocytosis is induced in cells overexpressing a

involved in synapse formation. Markers for various aspects oggﬁqrﬂgeﬁmré::s”j“"& mgiﬂ;gﬂgg”g@%‘f}ﬂr?oﬁ 1% d695'08r?ﬁ“ is L

the end(_)somal system ErOSOph!Ia (S_Weeney and Davis, (1995b). Tightly regulated and inducible expression of dominant interfering
2002) will eventually allow us to identify the origin of these dynamin mutant in stably transformed HelLa ceMethods EnzymoR57,
vesicles and link the various genotypes together in a model 0f209-220.
receptor trafﬁcking and Synapse formation_ Dav_is, G_. W., Schuster, C. M. e_and Goodman, C. 3.1996)_. Gen(_eti_c

In vertebrate neurons, semaphorin signaling has been linked t issection of structural and funcnor_]al components of‘synapnc plasticity. 1.

- . . REB is necessary for presynaptic functional plastiditguron17, 669-
endocytosis during growth cone guidance and growth conegzg
collapse (Fournier et al., 2000; Jurney et al., 2002). Sema3a sergesiore, P. P. and De Camilli, P.(2001). Endocytosis and signaling. an
as a ligand for the plexin/neuropilin receptor complex and has inseparable partnershigell 106, 1-4.
been shown to stimulate endocytosis during growth cone collapdiefenbach, T. J., Guthrie, P. B., Stier, H., Billups, B. and Kater, S. B.
Moreover this is a Racl-mediated process as Sema3a and Ral 9&%@mg"jb{?gjgig?’fg”SJQQf‘giZi“m”a' growth cone revealed by FM1-
are associated with vesicles after Sema3a treatment (Fourniefglmier, A. E., Kalb, R. G. and Strittmatter, S. M. (2000). Rho GTPases
al., 2000) and Racl is required for endocytosis of growth coneand axonal growth cone collapddethods EnzymoB25, 473-482.
membrane during growth cone collapse (Jurney et al., 2002Zyodenschwege, T. A., Hu, H., Shan-Crofts, X., Goodman, C. S. and
Although Sema3a is working as a ligand in vertebrate neurons and"UPhey. R. K. (2002a). Bi-directional signaling by Semaphorin 1a during
. . . ntral synapse formation in Drosophikat. Neurosci5, 1294-1301.

Semala is working as a receptor in the GF, there are a numbe@afenschwege‘ T. A., Simpson, J. H., Shan, X., Bashaw, G. J., Goodman,
striking parallels between the vertebrate work andtiosophila C. S. and Murphey, R. K.(2002b). Ectopic expression in the giant fiber
work. In both cases, semaphorin and endocytosis are linked andystem of Drosophila reveals distinct roles for roundabout (Robo), Robo2,
in both cases Racl is involved in growth cone structure andag‘ljfgfgg in dendritic guidance and synaptic connectilityeurosci22,
behavior. We demonStr?‘ted elsewhere th.at O.VereXpreSSI('m of lih! erssen, H. M. and Segal, R. A(2002). Location, location, location: a
small GTPase Racl disrupted the termination of the GF andspaial view of neurotrophin signal transductidrends Neurosci25, 160-
caused the accumulation of large vesicles in the terminal (Allen 165.
et al., 2000). Although we did not experimentally link Racl to thedicke, L. (1999). Gettin® down with ubiquitin: turning off cell-surface
semaphorin effects, the similarity between the GF phenotypes inrﬁqcrﬁgaors,\htr%nsgﬁgercsoi?ecﬂgh?,cn?eggzgel:nEcgilglc%dlg?s-rlulzti'on in the
thes,e various experiments Is 'conS|stent with the Verte,brf"‘te WOll_'kLi“.onnec’tivity of an identified r;euron in the Drosophila ts mlﬁ,tant shihire.
The involvement of semaphorins, Racl and endocytosis in growthneurosci.7, 3633-3638.
cone repulsion in vertebrate neurons and in the transition tacobs, K., Todman, M. G., Allen, M. J., Davies, J. A. and Bacon, J. P.
synapse formation in thBrosophila GF system highlights the (2000). Synaptogenesis in the giant-fibre system of Drosophila: interaction

similarities between the systems. As synapse formation require fzég‘fsgil""zm fibre and its major motorneuronal targivelopmentl27,

that grO\_Nth cones slow or stop as th(_':'y invade a t_arget regmnk]ﬂrney, W. M., Gallo, G., Letourneau, P. C. and McLoon, S. C(2002).
seems likely that the growth cone guidance machinery has beefmRaci-mediated endocytosis during ephrin-A2- and semaphorin 3A-induced
commandeered to regulate the initial stages of synaptogenesis. growth cone collapsd. Neurosci22, 6019-6028.
Surprisingly, the appearance of large vesicles in the GF ifamiguchi, H- and Lemmon, V. (2000). Recycling of the cell adhesion
; ; ; :nolecule L1 in axonal growth conek.Neurosci20, - .
the mteractlon. experiment between Semala E.a‘nd endocyt.o% , Y. T. and Wu, C. F. (1987). Reversible blockage of neurite development
was delayed Wlth respect to the temperature shift as no Yesmle%nd growth cone formation in neuronal cultures of a temperature-sensitive
were detected immediately after the temperature shift but mutant of Drosophilal. Neurosci7, 3245-3255.
rather the vesicles emerged as pupal development proceedédmoto, T. (2001). Conditional modification of behavior in Drosophila by
(Table 3). There are numerous suggestions that defects ir-fargetedJe)lilpressti)(_Jn| 4c;f éaltg?perature—sensitive shibire allele in defined
L . . neuronsJ. Neurobiol .47, 81-92.
membrane trafficking are linked to neurodegeneration angitamoto, T. (2002). Conditional disruption of synaptic transmission induces

that these vesicles in the GF may be a prelude to synaptiCmale-male courtship behavior in Drosophiaoc. Natl. Acad. Sci. US®9,

degeneration; we are exploring this possibility. 13232-13237.
Koenig,_J. H. and lkeda, K. _(1996). Synaptic vesicles have two distinct
This work was supported by NIH grant R01-NS044609. recycling pathwaysJ. Cell Biol. 135 797-808.
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