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UNC-119 suppresses axon branching in  C. elegans
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SUMMARY

The architecture of the differentiated nervous system is neuron axons and cell bodies. These new growth cones
stable but the molecular mechanisms that are required for extended supernumerary branches to the dorsal nerve cord
stabilization are unknown. We characterized the gene at the same time the previously formed axons retracted.
unc-119 in the nematode Caenorhabditis elegansand  These defects could be suppressed by expressing the UNC-
demonstrate that it is required to stabilize the 119 protein after embryonic development; thus
differentiated structure of the nervous system. Inunc-119  demonstrating that UNC-119 is required for the
mutants, motor neuron commissures are excessively maintenance of the nervous system architecture. Finally,
branched in adults. However, live imaging demonstrated UNC-119 is located in neuron cell bodies and axons and
that growth cone behavior during extension was fairly acts cell-autonomously to inhibit axon branching.

normal with the exception that the overall rate of migration

was reduced. Later, after development was complete, Key words: Growth cone, Axon branching, Sprouting, Neuron
secondary growth cones sprouted from existing motor stabilizationunc-119 Caenorhabditis elegans

INTRODUCTION expressed primarily in neurons early in development and
throughout adulthood (Maduro and Pilgrim, 1995). UNC-119
Typically, mature neurons are polarized cells composed of @es not contain any well-defined structural motifs, although
dendritic arbor and a single axon (reviewed by Craig andeveral proteins that are similar to UNC-119 have been
Banker, 1994; Higgins et al., 1997). This polarity becomegdentified in C. elegans Drosophila melanogasterand
apparent early during development when the neuron extends/artebrates (Maduro et al.,, 2000). Two related vertebrate
growth cone to form a single unbranched axon (reviewegroteins, HRG4 (human UNC119) and RRG4 (rat UNC119),
by Goodman, 1996; Goodman and Tessier-Lavigne, 199%yere recently identified based on their high level of gene
Mueller, 1999). In some neuronal populations collaterabxpression in the retina (Higashide, 1996; Swanson et al.,
branches project from axons after the growth cone has reach#898). Specifically, these proteins are localized to the
its primary target (O’Leary and Terashima, 1988; O’Learypresynaptic zone of the retinal ribbon synapses (Higashide,
1992; Bastmeyer and O’Leary, 1996). The growth cones af998). The human homolog, HRG4 was recently mapped to
other neurons bifurcate during extension (Bray, 1973; Bungd,7q11.2 (Swanson et al., 1998; Higashide and Inana, 1999).
1973). Once the growth cone reaches its target, functiondhe function of the UNC-119 protein family members has not
synapses are established at the tip of the axon (reviewed gt been determined.
Sanes and Scheller, 1997; Sanes and Lichtman, 1999) and thédere we demonstrate that GABA motor neuron axons are
differentiated neuron stops growing. The stability of theseverely branched in adulhc-119mutants and synapses are
differentiated nervous system can be perturbed by nerve injurgappropriately localized. Axon branchingunc-119mutants
or disease, resulting in abnormal axon branching (Lankford etuld result from defects that occur before, during or after
al., 1998; Stoll and Muller, 1999). Similarly, the induction of outgrowth. Time-lapse analyses ahc-119 growth cones
epileptic seizures in experimental animals results in overdemonstrated that, despite timing defects, the behaviors
production of axon collateral sprouts (reviewed by McNamaragxhibited by GABA motor neuron axons during migration are
1999). While a variety of molecules stimulate branching duringnormal. Instead, motor axon branching occuradigr axon
regeneration (Ernfors et al.,, 1991; Bendotti et al., 1993putgrowth and was the result of supernumerary growth cone
Aguayo et al., 1996; Caroni, 1998), the molecular mechanisnactivity. Transient expression of UNC-119 protein after
inhibiting branching are largely unknown. outgrowth rescued theinc-119 phenotype. Together these
We have discovered that a new molecule, UNC-119esults suggest that the UNC-119 protein maintains the
suppresses abnormal axon branchumye-119was originally  differentiated morphology of the neuron by suppressing
identified as a mutation affecting nematode locomotiorsupernumerary axon branching and restricting the distribution
(Maduro and Pilgrim, 1995). Theainc-119 transcript is of synapses.
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MATERIALS AND METHODS BanHI (5" N-U119: B-CGGGGATCCATGAAGGCAGAGCAACAA-
3) and Kpnl (3", C-U119: 5GACTACTCGTATGATGCAGAG-
Strains and manipulations GTACCCC-3) sites. The plasmid pJL35, containinBunc-

Strain maintenance was performed as described previously (Brennéy-:Synaptobrevin:GFP, was digested witanHI andKpnl and gel
1974). C. elegansstrain EG1285lin-15(n765ts) oxIs12[Punc- purified to remove the synaptobrevin fragment, Whlch was replaced
47:GFP NTX, EK L15 {n-15(+)] X (Mclntire et al., 1997) was by the digested PCR product encoding genomic UNC-119. The
crossed withunc-119(ed3jo generate EG1328nc-119(edd)l; lin-  '€sulting ligation ~ product, Punc-47:UNC-119genomic:GFP
15(n765ts) oxIs12X. We generated amnc-119(e2498): lin- (pKK_ll) contained the GFP reporter fu§ed in .frame to the C
15(n765ts) oxIs1X (EG1705) strain and confirmed that the axon terminus of the full-length UNC-119 protein. Similarly, tRenc-
outgrowth phenotype ainc-119(e2498vas similar to that ofinc- ~ 47::UNC-119cDNA:GFP (pKK12) reporter was prepared by PCR
119(ed3) The experiments described in this paper use EG1285 &nPlifying a fragment from the plasmidnc-119 cDNAS' using

wild-type and EG1322 asnc-119(ed3)inless otherwise indicated. ~th€sé same primers. Ligations were performed as with pKK11.
Punc-47:UNC-119cDNA:GFP (pKK12) contained the GFP

reporter fused in frame to the C terminus of a cDNA minigene
. encoding the full-length UNC-119. All constructs were sequenced
Wild-type (EG1285) andunc-119(ed3) (EG1323 worms were 4~ check for errors introduced into our constructs by PCR.
collected within 30 minutes of hatching and raised at 20°C tGI'ransgenic strains expressing pKK11 or pKK12 (6Qufgind EK
particular stages during larval development. At 1 hour or 48 hour 5 (in-15+ DNA; 60 ngpl) plasmid DNA were generated by
after hatching, larvae were mounted on agarose pads containing croinjection intounc-119(ed3); lin-15(n765tr lin-15(n765ts)

mutants (Mello et al., 1991).,Fprogeny with a wild-type vulval
bhenotype were selected and scored for GFP expression using

At both timepoints we could distinguish between the DD and VDg , escence microscopyinc-119(ed3); lin-15(n765ts) oxEx150

neurons because of the location of the cell bodies and axons along ¥l «11- gk L15] andlin-15(n765ts) oxEx2GPKK11; EK L15]
ventral nerve cord. Moreover, DD axons expresstugc-47::GFP were denerated in this manner. We generm-llg(edS)'
(oxIs12) were brighter under fluorescence illumination than VDl'n-15(n765ts) oxXEx19pKK12; EK' L15] and then outcrosséd
axons. The morphologies of DD axons were evaluated after outgrowiflis strain to producéin-lS(n7l65ts) OXEx1gpKK12; EK L15].

of the primary growth cone was complete. Axon morphologies Werg,, “gyains were scored for rescue of GABA motor neuron

categorized as: (1) normal (these reached and bifurcated at the dorsglo owth, generation time and locomotion. Interestingly, inclusion
midline and then extended along the anteroposterior axis); (g ync-119introns in the GABA neuron expression construct

extension defective (reached the dorsal midline but failed to bifurcangKll) rescued most of the locomotory phenotype uokc-

Scoring D-type motor neuron axon defects

and extend along the anteroposterior axis); (3) branched (containgq g eq3): jin-15(n765ts) oxEx150utants. This rescue is likely to
multiple branches that extended to the dorsal midline); or (4 the result of expression of GFP-tagged UNC-119 in several

terminated (axons and branches failed to reach the dorsal nerve corgi}iyentified head neurons in these strains. Expression in these cells
Finally, we noted if there were supernumerary growth cones extendlrwaS probably caused by enhancers found in the introns of the

directly from DD cell bodies. genomic construct, since such expression did not occum@®

. . 119(ed3); lin-15(n765ts) oxEx151

UNC-119 immunocytochemistry . To determine the structure of other neuronsuimc-119(ed3)

To determine where the UNC-119 protein was located, we generatgflitants, we analyzed the CAN neuron in the lateral cord and the DB
antibodies against UNC-119. The DNA encodlng the N-terminal 4$]eur0ns in the ventral cord USime-E:GAP"‘-S:GFP (p‘]Ll)' and
amino acids of UNC-119 was subcloned into the pGEX-3X cloninghe A- and B-type motor neurons usiigex-3:SPECTRIN:GFP
vector (Pharmacia) to produce GST:Nu119 (pKK20). Bacteria wergpMH50). We crossed the extrachromosomal arcafEx8JpJL1 (30
transformed with pKK20 and induced to express the fusion proteifgpl); EK L15 (60 ngjil)] and oxEx28 JpMH50 (30 ngjil); EK L15

with 1 mM IPTG. Bacteria were grown at 37°C for two hours, (60 ngful)] into unc-119(ed3)ll; lin-15(n765ts)and characterized the
harvested, washed and sonicated to separate soluble proteins from giggrowth pattern of these neurons using confocal microscopy. To
membrane fraction. The GST:Nu119 fusion protein was isolated froraetermine if other subsets of neurons were rescued by GFP_tagged
the soluble fraction. GST:Null9 was purified on a GlutathioneyNC-119 expression in the GABA neurons we crossed transgenic
SepharosB’ column (Pharmacia), lyophilized, and injected into gnimals expressingoxEx15JpKK12; EK L15] with worms

rats to produce antisera against the fusion protein (Pokono RablifpressingpxEx8]pJL1; EK L15] and isolated cross progeny. Thus,
Farms and Laboratory). The GST:Nu119 antibody was purified fronthe unc-119 (ed3); lin-15(n765tspxEx8JpJL1; EK L15]; oxEx151
antisera by binding and removal from a CnBr-activated SepH&tose [PKK12; EK L15] (EG2440) andin-15(n765ts) oXEx8IpJL1; EK
column  (Pharmacia) containing immobilized GST:Null9. For|15): oxEx15]pKK12; EK L15] (EG2441) strains were generated.
immunocytochemical labeling wild-type adults were isolated,we characterized the axon morphology of the GABA motor neurons
immobilized on siliconized coverslips and dissected (Richmond angdsing Punc-47:UNC-119:GFP ¢xEx15) and the CAN lateral

Jorgensen, 1999). Worms were fixed for 1 hour at room temperatug®rd neuron usingPacr-5:GAP-43:GFP ¢xEx8) with confocal
in fresh 2% paraformaldehyde, washed and placed briefly in pre-blogkjcroscopy.

(10% fetal calf serum in PGTxIPBS, 0.25% Triton X-100, 0.1%  We failed to detect the circumferential extensions of DB motor
gelatin). Fixed worms were washed, incubated with antibodyheurons inunc-119(ed3)mutants expressinBacr-5:GFP (Fig. 3B-
overnight at 4°C, washed again, and incubated in secondary antibogly. We characterized the morphology of the cholinergic motor axons
(AleXa Fluor™ 568 goat anti-rat |gG, Molecular Probes) for 1 hOUrin unc-llg(ed3)mutants expressing a pan-neurona| maiRaex-

at room temperature. After washing, worms were mounted ang:SPECTRIN:GFP. In both wild-type and mutant worms expressing
examined using a BioRad Radiance Laser 2000 laser scannif§is marker the DB motor axons extended to the dorsal nerve cord. In

confocal microscope. unc-119(ed3)mutants the DB axons exhibited minor branching
] defects in 75% of the worms scoret=8 worms, data not shown).
unc-119 rescue experiments These data indicate that the defects in DB axon extension observed

A Punc-47:UNC-119genomic:GFP construct was prepared by PCRusing thePacr-5:GFP marker were caused by expression oPtez-
amplifying plasmid DP#MMO016 containing genomic DNA encoding 5::GFP marker in theunc-119(ed3)strain and arenot caused by
UNC-119 (Maduro and Pilgrim, 1995) using primers containing novemutations in thainc-119gene.
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unc-119 time-lapse confocal microscopy region of the anterior reflex of the gonad, and PLM synapses posterior
Wild-type andunc-119(ed3)arvae were collected within 30 minutes of thg vulva were evaluated. Data was gnalyzed for significance using
of hatching and incubated at 20°C. Staged larvae were then mounté@paired Student'stests. We characterized the structure of GABA

on agarose pads made on a microscope slide. The slides were coveiReptor clusters inoxIs22; lin-15(n765tgFG1653) and unc-

and sealed as described previously (Knobel et al., 1999). To imadd9(ed3); oxIs22; lin-15(n765t¢EG1790) using an integrat&uinc-

VD growth cones and DD axons we used either a BioRad MR@&9.:UNC-49B:GFP markerokis2) (Bamber et al., 1999).

600 or a BioRad Radiance Laser 2000 laser-scanning confoc%l .

microscope. Z-series were collected at various time intervals from 2/eCtron microscopy o .

minutes to 20 minutes (Knobel et al., 1999). Appropriate sectionddult nematodes were prepared for transmission electron microscopy
were projected, and these Bio-Rad confocal *.pic’ files were converte@s described (Richmond et al., 1999). Specimens were immersed in
into TIF files and manipulated using Adobe PhotoShop™ and thi€€ cold fixative (0.7% glutaralde_hyde/O.?% osmium tetroxide in 10
public domain software package NIH Image. Quicktime movies weré&M Hepes buffer) for 1 hour. Animals were then washed thoroughly

made from stacked files in NIH Image. in buffer and anterior and posterior extremities were excised in buffer.
Postfixation was in 2% osmium tetroxide in 10 mM Hepes buffer for

Rescue of unc-119(ed3) axon morphology using heat- 3 hours. Specimens were then washed in water, stained en bloc in 1%

shock promoters uranyl acetate, dehydrated through an ethanol series, passed through

Two constructs expressing UNC-119 in a regulated mamhap(l6-  propylene oxide and embedded in epoxy resin. Ribbons of ultrathin
48:UNC-119 and Phsp16-2UNC-119) were generated by sections (~35nm) were collected and examined on an Hitachi H-7100
subcloning theinc-119cDNA into constructs containing the separate TEM equipped with a Gatan slow-scan digital camera. Morphometric
heat-shock promoters (pJL2Bhsp16-48pPD49.78Phsp16-2. The  analysis was performed using the public domain software package
hsp16-48promoter is strongly expressed in the developing embrydNIH Image. For analysis, an active zone was defined as the set of serial
(Stringham et al., 1992), and thep16-2promoter drives expression Sections containing a discernable presynaptic density, as well as two
in neural and hypodermal cells (Mello and Fire, 1995). Transgeniadjacent sections anterior and posterior to the sections containing the
unc-119(ed3) worms carrying either thePhsp16-48 construct  density. Docked vesicles were defined as those vesicles appearing
(0xEx32) or thePhsp16-2construct ¢xEx323 and a marker were Wwithin a single vesicle radius (~3@m) of the presynaptic plasma
generated by co-injection. Injection mixes included a heat-shockiembrane. Significance values were calculated using Stutiesdis
construct at 2 ngl, herring sperm DNA at 40 ng/and marker DNA  or Wilcoxin rank-sum tests.
at 60 ngll. The marker, pPD97/98 is expressed in coelomocytes
(Miyabayashi et al., 1999).

Heat-shock experiments were performed as follows. Animals in alh SULTS
groups were maintained at 20°C, heat shocked at 33°C for 1 hour, an
returned to 20°C to develop. We maintained non-heat-shocke .
siblings as controls. Transgenic embryos were collected from gravi otor neuron axons are branched in  unc-119
adults en masse and heat shocked (Lewis and Fleming, 1995). Ne/RHtants
hatched larvae were collected within 2 hours of heat shock (latenc-119(ed3)mutants are extremely uncoordinated (Maduro
embryonic heat-shock group) and 10 hours after embryonic heaind Pilgrim, 1995). We characterized the structure of the
shock_ (early embryonic heat-shock group). For the _Iarval heat-shoag ABA nervous system imnc-119(ed3)and unc-119(e2498)
experiments, embryos were collected and hatched in M9. Staged gy tants to determine if axon outgrowth defects contributed to
larvae were heat shocked 24 hours later when all larvae had arres locomotory phenotype. We describe the results obtained

development (corresponding to a stage equivalent to 3-5 hours aftef. _ :
hatching). These animals were placed on plates with food and aIIowf(Re?dth the unc-119(ed3)mutant although the morphological

to develop a few hours (L1 group). Non-heat-shocked sibling larva efects observed in both alleles were similar. We usedribe

were also allowed to develop for an additional 30-36 hours afteft 7 Promoter (Mcintire et al., 1997) to drive the expression of
hatching before being heat shocked as L3s (L3 group). For all groufsaFP (Chalfie et a'-; 1994) in aI.I of the GABA neurons. In wild-
(including non-heat-shocked controls) the morphologies of the DOype worms, the six embryonic DD and 13 larval VD motor
axons were scored in worms expressing the co-injection marker at tiieurons extend growth cones circumferentially from the
L1, L2, L4, and adult stage of development. Data were combined fromentral nerve cord to the dorsal nerve cord (Knobel et al.,
both heat-shock promoters and analyzed using the unpaired Student§99). At the dorsal midline these axons bifurcate and extend
concentration of the heat-shock construct. However, we observed t"ﬁ;rve cord. In wild-type young adults scored at 38 hours after

at these concentrations leaky expression resulted in morphologi .
rescue of non-heat-shocked controls. We did not include these dat;ﬁ tching, all DD and VD motor neuron axons had reached,

bifurcated and extended along the dorsal midline (Fig. 1A,C;
n=21 worms, 273 axons scored). Umc-119(ed3)animals
Synapse analysis scored at 38 hours after hatching, the GABA motor neuron cell
Presynaptic varicosities in wild-type amdc-119(ed3)wvorms were  bodies were located at normal positions and most D-type axons
characterized using the synapse marRersc-25:synaptobrevin:GFP  reached the dorsal nerve cord (Fig. 1B; 88% axons reach the
(uisl) (Hallam and Jin, 1998; Nonet, 1999)Pstr-  dorsal nerve cordy=9 worms, 144 axons scored). However,
3::synaptobrevin:GFPkyIs105 a gift from C. Bargmann and G. only a minority of the motor neuron axons were
Crump), andPmec-7:synaptobrevin:GFAgIs37 (Nonet, 1999). The morphologically normal (Fig. 1C; 27%). Many of the axons in

following strains were evaluated using confocal microscamec- 5 : : :
119(ed3) Il : juls1 lin-15(n765ts)X (EG1978); unc-119(ed3)il - unc-119(ed3)mutants either failed to bifurcate and extend

kylS105V; lin-15(n765ts)X (EG1460) andinc-119(ed3)ll; jsis37; ~ 0nd the dorsal midiine (Fig. 1C; 30% 'extension defective’)
lin-15(n765ts) X (EG1883. We characterized DD synapse OF they were branched (Fig. 1C; 31%). Axons possessing
localization in L1 larvae isolated within 1 hour of hatching and VDSUpernumerary branches rarely extended processes along the
synapse localization in L3 larvae using fluorescence confocdlorsal nerve cord. As a consequence there were large gaps
microscopy. GABA motor neuron synapses were evaluated in thalong the dorsal nerve cords. Finally, 15%uoic-119(ed3)

our results.
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Fig. 1.unc-119(ed3jnutants have
branched motorneuron axons.

(A) Confocal micrograph of a wild-type
young adult (38 hours after hatching)
expressing GFP in GABA neurons.
Anterior is to the right; posterior to the
left. GFP was expressed in 19 D-type
motorneuron cell bodies located along
the tightly fasciculated ventral nerve
cord (open arrow) and their
commissures (arrowhead). The dorsal
nerve cord was contiguous along the
length of the animal (arrow).

(B) Confocal micrograph of amnc-
119(ed3)young adult expressing GFP in
GABA neurons. There were branches in
many of the axons that reached the
dorsal cord (arrowheads), and large gap{
in the dorsal nerve cord (solid arrow).
The ventral nerve cord was
defasciculated (open arrow). (C) GABA
motor neuron structure was abnormal in
unc-119(ed3jnutants scored at 38 hours
after hatching. All wild-type axons were
normal (left,n=21 worms, 273 axons).
Although someunc-119(ed3axons

were normal (left, 27% +2.8=9

worms, 144 axons), many reached the
dorsal midline but failed to extend
normally along the dorsal nerve cord
(middle left, 30% +3.9), many axons
were branched (middle right, 31% £6.0), unc-119(ed3)
and some axons failed to reach the
dorsal nerve cord (right, 12.3% #3.0). C 100 -

wild-type

These differences from wild-type are 2 5 :AE_—;;‘P': .
significant (asterisk *P<0.0001}-test; s 7 G
error bars represent standard error of the 2

mean). (D) Confocal micrograph oific- E 50

119(ed3)xons branching at the dorsal 8 .

body wall muscle. Brightfield 8 o

illumination revealed the border + ¥
between muscle and intestine (dotted a :] _@

. 2 0

line). Axons branched at the muscle .H_‘[ -------
(arrow) and at the lateral nerve cord T
(arrowhead). The dorsal nerve cord is %,) oty
marked by an open arrow. Scale bars %, e 060;’%"/
(A,B) 25um, (C) 10um. B? 0 ?

adults possessed extra motor neuron commissures extendidblC-119 protein is located in axons
from the ventral nerve cord. In summary, we observed th&revious experiments using thec-119promoter to drive the
many motor neuron axons ianc-119(ed3)mutants were expression of reporter constructs demonstrated thatribe
branched and that most axons failed to extend along the dorddl9 gene is expressed primarily in neurons (Maduro and
midline. Pilgrim, 1995). However, we were unable to detect any
Interestingly, the abnormal axon branches observeshén  subcellular localization using our GFP-tagged UNC-119
119(ed3) mutants were located primarily at substrateconstructs. To determine the subcellular location of UNC-119
boundaries (Knobel et al., 1999). Specifically, axon branchese generated antibodies recognizing the N terminus of the
were initiated in regions where the growth cone encountengrotein. The nerve cords and axons of wild-type worms were
physical boundaries, such as the lateral nerve cord or the dorsabeled with purified antibodies (Fig. 2). Immunoreactivity
body wall muscle (Fig. 1D). The majority of axon branchesvas absent inunc-119(ed3)animals, and anti-UNC-119
were located at the dorsal body wall muscle (86%); thantibodies exclusively labeled the GABA neurons expressing
remaining branches were formed at the lateral or sublater&@FP-tagged UNC-119 protein in transgeninc-119(ed3)
nerve cords. In many cases, branches extended from multigléata not shown). Thus, the antibody is specific for UNC-119.
locations along a single axon. Branched axons were neveiNC-119 immunoreactivity was not restricted to a specific
observed in wild-type animals. subcellular location although the labeling was enriched in



UNC-119 suppresses axon branching 4083

Fig. 2.UNC-119 is expressed in neurons. (A) GFH wild-type | € wild-type
was expressed in the GABA motorneuron cell
bodies (arrows) and axons (**) in a wild-type
worm expressing aubic-47:GFP construct. (B) In
the same wild-type individual, anti-UNC-119
antibodies labeled multiple cell bodies (arrowhead
and arrows) and axons in the left (*) and right (**) P EPFERN=s
ventral nerve cords. (C) GFP was also expressedgs
the GABA motorneuron commissures of wild-type B

worm carrying a Bnc-47:GFP construct (right / ’
ventral nerve cord: **, axon: arrow). (D) Anti-

UNC-119 antibodies labeled the axons in the righ
ventral nerve cord (**), the commissures seen in
(C, arrow), and the lateral nerve cord (arrowhead
Scale bar (A-D) fim. anti UNC-119

axonal processes and weakly expressed in the cytoplasm wés used to express UNC-119 in the D-type GABA neurons

neuronal cell bodies. (Mclintire et al., 1997). The GFP-tagged UNC-119 protein was
) ) created by fusing the GFP coding region to then8 of either
UNC-119 functions in neurons the genomic region of theinc-119 gene or a minigene

The branching defects observediirc-119(ed3jnutants could constructed from theinc-119cDNA. When either of these
be caused by defects in axonal substrates, by changescdonstructs were expressed umc-119(ed3) mutants the
communication between neurons, or by cell intrinsic defectsorphologies of the DD and VD GABA motor neurons were
within neurons. We demonstrated that UNC-119 functionsestored (Fig. 3A,EPunc-47:UNC-119cDNA:GFP: 85%+7.3
cell-autonomously by expressing a GFP-tagged UNC-11fiormal axonsh=10 worms, 96 axons, data showmgnc-
protein in the GABA neurons oihc-119(ed3jnutants. Axonal  47::UNC-119genomic:GFP: 83.8% normal axons 4.8
morphology was restoreohly in the neurons expressing the rescued,n=8 worms, 79 axons, data not shown). Because
fusion protein. Specifically, the promoter of thec-47gene  expression of UNC-119 in the GABA neurons rescued

unc-119(ed3)

Fig. 3.UNC-119 functions cell-autonomously &=
to suppress axon branching. (A) Expression of &
a GFP-tagged UNC-119 protein in the GABA [§
motor neurons of annc-119(ed3jnutant
restored GABA motor axon structure
(arrowheads). Note that there were no gaps in
the dorsal nerve cord (arrow). (B) GFP
expression in the CAN lateral cord neurons
(arrowhead) of wild-type animals. The lateral
cord axons were not branched. (C) The CAN
axons ofunc-119(ed3)nutants were branched
(arrowhead). (D) Expression of a GFP-tagged
UNC-119 protein in the GABA neurons wific-
119(ed3)mutants (left arrow) failed to rescue
the branching of the CAN axons (arrowhead).
(E) 100% of D-type motor neuron axons in
wild-type worms were morphologically normal Liasci

(black,n=16 worms, 96 axons). Only 27% +2.8 E E CAN branching
of VD and DD axons were normal imc- Pacr-5::GFP
119(ed3)mutants (grayp=9 worms, 144 100 '

axons). Expression of a GFP-tagged UNC-119
protein in the GABA neurons ainc-119(ed3)
mutants restored the morphology of the DD and
VD axons (white, 85% +7.31=10 worms, 95
axons). (F) 100% of wild-type worms scored
had unbranched lateral nerve cord CAN axons
(black,n=12 worms). All ofunc-119(ed3) 0
mutants scored had branched CAN axons (gray,

n=10 worms). Expression of a GFP-tagged

UNC-119 protein in the GABA neurons wific-
119(ed3)mutants failed to rescue the branched
morphology of the CAN axons (white, 8%

n=13 worms). Scale bars (A-D) 1on.

75

50

25

%normal DD + VD




4084 Karla M. Knobel and others

outgrowth defects in these neurons we concluded that UN@xon branching would be visible during and shortly after the
119 acts cell intrinsically. However, these data do not excludeompletion of outgrowth. Alternatively, the branching defects
the possibility that UNC-119 can rescue outgrowth defectsould arise after the axon scaffold had been established. To
nonautonomously. To determine whether UNC-119 could aaletermine when ectopic axon branching occurreduni-
nonautonomously we scored outgrowth defects of the laterdll9(ed3)mutants we examined the structure of the DD motor
cord neurons and cholinergic motor neurons in transgeme neurons shortly after growth cone migration was completed
119(ed3)mutants expressing UNC-119 in the GABA neurons.and again at 48 hours after hatching (Fig. 4). At both of these
The axons of the CAN neurons in the lateral cord werd¢ime points we could distinguish between DD and VD neurons
visualized using @acr-5:GFP constructacr-5 encodes an based on cell body location and GFP expression. The DD
acetylcholine receptor subunit expressed in these cellmotor neurons differentiate during embryogenesis and their
(Winnier et al., 1999). We observed that lateral nerve cordsutgrowth is finished before hatching (Sulston et al., 1983).
were normal in wild-type worms and branched in 1004naf  Surprisingly, we discovered that the majority of DD
119(ed3) mutants expressingPacr-5:GFP (Fig. 3B,C,F). commissures (58%) were morphologically normal at hatching,
Expression of UNC-119 in the GABA neurons failed tothat is, they reached the dorsal nerve cord and extended along
eliminate the branching defect of the lateral cord axons ithe dorsal midline. Only 7% of the axons were branched (Fig.
transgeniainc-119(ed3jnutants expressingacr-5:GFP (Fig.  4A,C). However, after 48 hours, branching of the DD axons
3D). Only 8% ofunc-119(ed3worms expressing botAunc-  increased significantly (Fig. 4B,D). Only 25% of axons were
47::UNC-119:GFP andPacr-5:GFP had morphologically normal after 48 hours€8 animals, 40 axons scored), while
normal lateral nerve cords (Fig. 3F) indicating that UNC-119he number of branched axons in mutants had increased to
functions cell-autonomously to suppress axon branching.  55%. Thus, DD axon morphology was initially normal but over
o time DD axons became branched.
Migrating unc-119 growth cones are These results suggested that GABA motor neuron axon
morphologically normal outgrowth was not affected by mutations in time-119gene.
GABA motor neuron axons were brancheduimc-119(ed3) To directly characterize the behavior of elongating motor axons
adults. The simplest explanation for this phenotype is that the unc-119(ed3)nutants we examined VD-type GABA motor
axons branched inappropriately during outgrowth. In this cas@euron growth cones during outgrowth. The 13 VD motor
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Fig. 4.DD axon morphology changes over timauimc-119(ed3jnutants. (A) Confocal micrograph of anc-119(ed3).1 larvae expressing

GFP in the GABA motor neurons. The DD axons (arrows) bifurcated normally at the dorsal nerve cord (arrowhead). (B) The ®D aauron
adultunc-119(ed3mutant were branched (arrows). There were large gaps in the dorsal nerve cord (arrowhead). (C,D). The number of
branched DD axons increased over timang-119(ed3)nutants. (C) At 1 hour after hatching 93% +3.2 of wild-type axons were normal (left,
n=12 worms, 71 axons). Moshc-119(ed3PD axons were also normal at this stage (left, 58% *8:15 worms, 79 axons). Somec-
119(ed3)axons reached the dorsal nerve cord but failed to extend normally along the dorsal midline (middle left, 28% +7.2), wisith was a
true for some wild-type axons at this time (7% £3.2). Only a small fraction of mutant DD axons were visibly branched ¢hid@dbé e4.0),

or failed to reach the dorsal nerve cord (right, 7% +6.7). (D) At 48 hours after hatching, all wild-type axons were morbhotogied (left,
n=16 worms, 96 axons). However, the fraction of normal axonadénal19(ed3)nutants was significantly reduced (left, 25% +8348 worms,

40 axons). The fraction of axons that failed to extend along the dorsal midline did not change significantly (middle 18f820%etnumber

of branched axons innc-119(ed3jnutants increased eightfold (middle right, 55% +5.0). The percentage of axons that failed to reach the
dorsal nerve cord did change significantly (0%, right). Significance between time points is indicated by an aftefi€0(F1 t-test). Error

bars represent the standard error of the mean. Scale bars (AB). 10
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neurons are morphologically and functionally similar to theunc-119(ed3YD growth cones is significantly slower than that
DD motor neurons, although they differentiate later. The VDobserved in wild-type wormaifc-119(ed3)9 um/hour, range
motor neurons are born during the first larval stage 06-14; wild-type: 26um/hour, range 20-55; Knobel et al., 1999).
development (L1) and extend growth cones to the dorsal codne explanation for this reduction in the rate of growth cone
during the first larval molt (Knobel et al., 1999). We examinednigration is that the rate afinc-119(ed3)development is
the behavior of the VD growth cones by performing time-lapsslowed. We observed thainc-119(ed3)embryos develop at
analysis of migrating growth cones umc-119(ed3mutants  roughly the same rate as the wild-type althougb-119(ed3)
(n=13 growth cones). We characterized these growth conesutants hatch later. We believe that the failure to hatch on time
with respect to four specific behaviors: trajectory of migrationjs the result of an inability to break through the eggshell due
growth cone shape changes, the amount of growth corie severe locomotory defects. We observed that the rate of
branching observed during migration and rate of migrationdevelopment inunc-119(ed3)larvae is reduced: wild-type
The ventral to dorsal trajectory of VD growth cones was no&inimals develop into adults 2 days after hatching (~45 hours)
altered by mutations imnc-119. unc-119(ed3yD growth  at 20°C, whereasinc-119(ed3)mutants become adults after
cones also exhibited normal changes in growth cone shape2ab days (~55 hours). However, the reduction in the rate of
defined locations along their trajectory (Fig. 5). Theseostembryonic development does not entirely account for the
behaviors were identical to the shape changes observed duridgcrease in growth cone migration rates. Therefore, the
wild-type growth cone migration (Knobel et al., 1999). Forreduction in the rate of growth cone migration observeohai
example, both wild-type andnc-119(ed3D growth cones 119(ed3)mutants could be attributed to mutationsic-119.
were rounded as they extended across the lateral epidermis.summary, time-lapse analyses revealed timat119(ed3)
When they contacted a new substrate, these growth congsowth cones migrate slower than normal but exhibit wild-
formed anvil-shaped structures. Both wild-type amdc- type morphologies. Most importantly, these studies clearly
119(ed3)growth cones extended dorsally directed fingers thaindicated that axon branching does not occur during growth
projected from the anvil to the dorsal nerve cord. Collapse afone migration irunc-119(ed3mutants.

the anvil-shaped growth cones occurred when these fingers

contacted the dorsal nerve cord. Like wild-type growth conessupernumerary growth cones are generated from a

some unc-119(ed3)growth cones extended multiple fingers Mature nervous systemin  unc-119 mutants

toward the dorsal nerve cord (15%). By the time the ventrdf axon branching inunc-119(ed3)mutants does not occur
growth cone had collapsed, only one of these fingers remainedring growth cone migration, then when does it happen? To
in contact with the dorsal nerve cord. At no point did weaddress this question we characterized the behavior of DD
observe axon branching duringc-119(ed3)/D growth cone  axons between 1 and 48 hours after hatching. Specifically, we
migration. We did observe that the overall rate of migration ofletermined the nature and timing of any extensions projecting

Fig. 5.VD growth cone migration is normal imc-
119(ed3)mutants. (A) Time-lapse images of a
migrating VD growth cone in a wild-type animal
expressing GFP in the GABA motor neurons. At
time 0:00, the lateral growth cone was round as it
migrated circumferentially across the epidermis.
When it contacted the dorsal body wall muscle, the
growth cone formed an anvil-shaped structure
(arrowhead, 0:24). A single finger extended

between the muscle and epidermal cells toward the =
dorsal nerve cord (solid arrow, 0:56). Eventually

this finger contacted the dorsal nerve cord where a

new growth cone formed (arrowhead 1:36). The

original growth cone located at the ventral side of

the body wall muscle was collapsing (open

arrowhead). (B) Schematic of wild-type growth
cone imaged in A. The dorsal nerve cord is unc-119(ed3)
indicated by a dotted line. (C) Time-lapse images o &y

a migrating VD growth cone in amc-119(ed3)
mutant expressing GFP in the GABA motor
neurons. At 0:00, the lateral growth cone was
round. When the growth cone contacted the dorsal
body wall muscle (0:25, arrowhead) it formed an

anvil-shaped structure. The growth cone sent fingerfJ ................................... ¢ e o
dorsally (solid arrows, 0:35) that contacted the =
dorsal nerve cord. At 1:05 the finger reached the ~

dorsal nerve cord where a new growth cone formed.

The ventral growth cone (open arrowhead)

collapsed. (D) Schematic ohc-119(ed3growth

cone imaged in C. The dorsal nerve cord is

indicated by a dotted line. Scale bars (A,Girb.
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Fig. 6. unc-119(ed3PD axon branches are produced by A

secondary growth cones. (A) Sprouting from DD axons 100

increased with time. Lateral sprouts (black dots) extending _F ;F‘
from DD axons were observed before 15 hoursnicr
119(ed3)mutants expressing GFP in the GABA motor
neurons. Sprout activity peaked at 15 hours post-hatching
(33%) and was nearly absent by 30 hours after hatching.
Growth cones extending from DD axons (open squares)
increased in number after 10 hours, by 20 hours 44% of
DD axons scored had supernumerary growth cones. Axon
branches (+) became visible 30 hours after hatching. VD
growth cone migration occurred between 15 and 30 hours
after hatching irunc-119(ed3jnutants (gray field). During 0 o o u]
this analysis we did not observe sprouts or axonal growth 0 5 10 15 20 25 30 35 40 45 50
cones in wild-type animals at any time={). (B) Axonal ]

growth cones produced supernumerary branchesdn Hours Post-Hatching

119(ed3)mutants expressing GFP in the GABA motor
neurons. Time-lapse analysis ofuamc-119(ed3pxon

showed an axonal growth cone (arrow, 0:00) extending
multiple branches towards the dorsal nerve cord (arrow,
0:24 to 1:02). One of these branches projected to the dors
nerve cord (arrow, 0:46). Note that the axon extended alo
the dorsal midline retracted (compare arrowheads in 0:00
and 1:02). Below is a schematic of the growth cone. Scale
bar is 5um.
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from axons (Fig. 6A). We observed three diffe <=
types of axonal projections imc-119(ed3)mutants
short lateral sprouts, secondary growth c
extending from axons, and axon branches proje
to the dorsal nerve cord. We also observed but di
quantify the extension of supernumerary growth c
from DD cell bodies. Sprouts were observed at al
all time-points inunc-119(ed3mutants. However, the number ‘early’ period (between 5 and 7 hours after hatching). In these
of sprouts varied at different times; sprouting increased aftaxperiments, we observed that the majorityun€-119(ed3)
hatching, peaked at 15 hours (33% of axons possessed sproud), axons did not possess any axonal extensions (66%4,
and then decreased. We also quantified the presence afons). The remaining axons possessed short, stable sprouts
secondary axonal growth cones over time. The rise and fall #fiat did not extend or retract back into the axon. Examination
these secondary growth cones followed the production aif DD axon behavior between 15 and 30 hours after hatching
sprouts by about 10 hours. At 24 hours after hatching weevealed a reduction in the number of morphologically normal
observed that 44% of DD axons possessed secondary grovekons (26%mn=55 axons). In addition, we observed that sprouts
cones. Finally, axon branches became apparent only after 8f@re structurally distinct from axonal growth cones.
hours post-hatching and increased in number from this poit8pecifically, secondary growth cones actively projected
on. We never detected any secondary axonal extensions lamellipodia and filopodia in all directions as soon as they
wild-type animals scored at the same time points. Thesemerged from the axon. Sprouts only extended and retracted
analyses suggested that there were three distinct periods laferally. Moreover, time-lapse analysis of the growth cones
abnormal axon extension and that each was characterized @ynfirmed that they eventually form supernumerary branches
the presence of a unique type of axonal projection. During thiat extend to the dorsal nerve cord (Fig. 6B). We also observed
‘early’ period (0-15 hours after hatching) lateral sproutsthat during branch formation DD axons retracted their dorsal
extended from the axon. From 15 to approximately 30 hounserve cord extensions. Finally, we observed that some mature
after hatching, secondary growth cones projected from thBD neurons extended secondary growth cones from their cell
axons and cell bodies of the DD neurons. Interestingly, this isodies to the dorsal nerve cord. This observation accounts for
also the period during which VD growth cone migration isthe presence of extra axons in 15% of adult-119(ed3)
occurring inunc-119(ed3mutants. The final stage (30+ hours mutants. Together, these timelapse experiments demonstrated
after hatching) was represented by the appearance of axthwee crucial points. First, despite the timing of their
branches extending to the dorsal nerve cord. These daagpearance, sprouts do not turn into axonal growth cones.
suggested that sprouts were transformed into growth coneSecond, axonal growth cones produce extra branchescin
and that growth cones produced branches. 119(ed3)mutants. Third, the presence of supernumerary axons
We performed time-lapse analysis on DD axonaumt-  in unc-119(ed3)nutants is the direct result of the extension of
119(ed3)animals to determine if the temporal relationshipsecondary growth cones from DD cell bodies. These data
between sprouts, axonal growth cones and axon branchsgggest that the UNC-119 protein functions to suppress axon
reflected a physical transformation from one structure to thiranching and maintain the structure of the axon scadifidéa
next. First, we filmed individual DD axons for two hours in thegrowth cone migration is completed.
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Fig. 7.UNC-119 is required througho
life. (A) Expression of UNC-119 prior Early embryonic heat shock
to DD axon migration initially rescuec 100 100
the morphology of the DD axons (L1
and L2) relative to non-heat-shocked
siblings (HS). As the animals age,
axon morphology declined (AD, adull
unc-119(ed3nutants carrying the
[Phsp:UNC-119] (+HS) constructs
were heat shocked prior to DD axon
migration (0-5 hours after fertilization
(B) Expression of UNC-119 after axo
migration maintained the morphology L1 L2 AD L1 L2 AD L1 L2 AD L1 L2 AD
of the DD neuronaunc-119(ed3) +HS -HS +HS -HS
animals carrying thefhsp:UNC-119] L1 heat shock L3 heat shock
constructs were heat shocked after C 100 100
axon migration was completed (10-1!

hours after fertilization). (C) Expressi
of UNC-119 during the L1 larval stag
restored axon morphologync-
119(ed3)carrying the Phsp:UNC-119]
arrays were heat shocked during the
larval stage (0-5 hours after hatching
(D) Expression of UNC-119 in the L3
larval stage prevented the decline of
axon morphologyunc-119(ed3) L1 L2 L4 AD L2 L4 AD
animals carrying thePFhsp:UNC-119] *
arrays were heat shocked in L3 larva
stage (36 hours after hatching). The
asterisks indicate significant difference
compared to the non-heat-shocked controls as determined by an uiyested** P<0.0001, **P< 0.001, P<0.05.
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UNC-119 is required for maintenance of the axon Again, there was a decline in the number of wild-type axons
scaffold in these animals over time as observed within the early
In unc-119 (ed3)mutants we observed that motor axonembryonic heat-shock group. Expression of a GFP-tagged
branching occursafter outgrowth is completed. This UNC-119 protein demonstrated that the fusion protein
observation suggested that the presence of a functional UN@mained present for approximately 24 hours before
119 protein is required to suppress axon branching. When feiorescence disappeared, presumably the result of
UNC-119 function required? There are three possibilities: (1jlegradation (data not shown). The disappearance of UNC-
UNC-119 could be required during outgrowth only; axonsl19::GFP fluorescence coincided with the decline of nervous
that developed in the absence of UNC-119 may grow owystem morphology. Expression of UNC-119 during the L1
correctly but they are unstable, (2) UNC-119 could beand L3 larval stages demonstrated that expression of UNC-
required immediately after outgrowth during differentiation119 even after differentiation was complete could halt the
to stabilize the differentiated state, or (3) UNC-119 couldurther deterioration of the nervous system (Fig. 7C,D). In
be required throughout the life of the animal to maintairshort, loss of the UNC-119 protein led to a progressive
neuronal morphology. To distinguish among thesedegeneration of axon morphology during larval stages,
possibilities we expressed the UNC-119 protein beforeand conversely, expression of UNC-119 during larval
during and after DD outgrowth ionc-119 (ed3)mutants development was sufficient to maintain nervous system
using two different heat-shock promoters. We presenmorphology. Surprisingly, the expression of UNC-119 after
cumulative data from both heat-shock promoters (sethe morphology of the axons had declined caelersethe
Materials and Methods). When UNC-119 was expressedefects. Specifically, heat shock during the L1 stage resulted
before DD axons had extended to the dorsal nerve coiid significantly improved morphologyPE0.02 compared to
(‘early embryonic heat shock’; Fig. 7A) we observed that 24 4; Fig. 7C). These results suggest that even mature neurons
hours after heat shock the number of morphologically normakhose morphology has declined have the potential to repair
axons was increased relative to siblings that did not have heatefects such as extra branches and thereby reestablish a
shock induced expression of UNC-119. Rescue of axonormal morphology. Interestingly, these DD neurons were
morphology declined over time so that when these animai®versing their developmental defects during the time
molted into adults there was no significant difference betweewhen the VD neurons were developing and the DD
treated and untreated siblings. When embryos were heaeurons were rewiring synapses; perhaps this stage represents
shocked after the completion of DD outgrowth (‘latea period of neuronal plasticity. These data are all consistent
embryonic heat shock’, Fig. 7B), we observed that axomvith a requirement for UNC-119 throughout the life of the
morphology was improved compared to untreated animal&nimal.
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Table 1. Synapse morphology in the wild type and in processes along the dorsal midlineuimc-119(ed3mutants.
unc-119(ed3mutants Presumably these were areas where axons failed to extend
Varicosity _ Synaptic Ave no. along the do_rsal nerve cord (Fig. 1B) or were retracted after
width interval synapses/ outgrowth (Fig. 6B). Synapses were also observed at lateral
Stage/location of synapse urg) (um) axonscored  locations where branched processes contacted muscles (Fig.
DD synapses 8D). To further establish that functional synapses were
L1/ventral nerve cord formed in unc-119(ed3)mutants, we determined whether
wild type (=21 worms) 14+0.096 27+0.15  5.7+047  GABA receptors were clustered in the dorsal and ventral
unc-119(n=23) 13:0011  2.3:0.18  38:044"  pKody wall muscles using a GFP-tagged GABA receptor
L1/dorsal nerve cord (Bamber et al., 1999). The distribution of postsynaptic
wild type (1=21) 0 0 0

receptor clusters closely reflected the pattern of presynaptic

-119(n=23 0.940.076* 2.84#0.29*  4.8+1.10* hany :
unc-119(n=23) varicosities observed inunc-119(ed3)(data not shown).
YOVL\’IHS S%L;'té?:olros)""' nerve cord 156005 445017 28936 These data indicated that pre- and postsynaptic
unc-119(n=9) 15+0.22  4.1+089  1.5+1.1* specializations are able to differentiate normally unc-
119(ed3) mutants. Finally, we used transmission electron
VD synapses microscopy to analyze synaptic ultrastructure (Fig. 9). Both
Yoxﬁgg‘;‘é“a’fgra' nerve cord L4s0062 31t011 2ssepae  ChOlinergic and GABAergic active zones were organized
unc-119(n=10) 5240.12¢  53:0.40%  7.5+1.7* normallylmunc-.119mutan'ts (Fig. 9B, D). Moreover., therg is
no significant difference in the number of synaptic vesicles
*Significantly different from wild type (unpairettest,P<0.0001). associated with the active zone between wild-type warwd
119(ed3)mutants (Fig. 9E).
Synapse formation does not require UNC-119 Synapse localization requires UNC-119

During neuronal maturation, synapses form at the tip oflthough synapses form in their normal location along the
newly extended axonal processes in vertebrates. To determiagon inunc-119mutants we discovered that they were also

if neuromuscular synapses are formedme-119(ed3padults  ectopically located in dendritic regions. In newly hatched L1
we expressed a GFP-tagged synaptic vesicle proteifgarvae DD neurons normally receive input from neurons in the
synaptobrevin (Nonet, 1999) in the GABA motor neurons. Irdorsal nerve cord and synapse onto muscles in the ventral nerve
general, the morphologies ofinc-119(ed3) presynaptic cord (White et al., 1986). In the wild-type, DD synapses were
varicosities were similar to those observed in wild-typeabsent along the dorsal nerve cord (Fig. 10C; Table=20
animals, although there were small but significant difference®D3 axons). However, imnc-119(ed3)arvae, 52% of DD

in varicosity size and distribution in the mutants (Table 1; Figaxons formed synapses in the dorsal nerve cord (Fig. 10D,E;
8). The large reduction in the number of varicosities countedable 1;n=23 DD3 axons). Neuromuscular junctions were also
along dorsal axons is caused by the loss of motor neurappropriately located in the ventral nerve cord in newly

wild-type unc-119(ed3)

Adult ventral nerve cord

Fig. 8. Synapses are formedumc-119(ed3)nutants. (A) Dorsal view of a wild-type adult animal expressing GFP-tagged synaptobrevin in the
DD neurons located in the dorsal nerve cord. DD synapses (arrow) were uniformly distributed along the dorsal nerve caal. (BPDor
synapses innc-119(ed3young adults were present but discontinuous because of large gaps in the dorsal nerve cord. (C) Ventral view of a
wild-type adult expressing GFP-tagged synaptobrevin in the VD synapses of the ventral nerve cord. VD synapses were ¢ptteged alon
ventral nerve cord of wild-type worms (arrow). (D) The distribution of VD synapses in the ventral nerve wacel@Padults was abnormal.

A lateral branch that formed synapses is indicated by an arrowhead. Scaleoars 10
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Fig. 9. Synapse ultrastructure is normalinc- AR AN g e 2 & L TENRC e aaryT
119mutants. Presynaptic specializations are e’ VRl L ek = AN Vi nc—119(92:f1n98)-.'
indicated. (A) A GABA neuromuscular <N _ " W e A G S .{‘v

adult. (B) A GABA neuromuscular junction in
the ventral nerve cord of amc-119(e2498)
adult (C) An acetylcholine neuromuscular
junction in the ventral nerve cord of a wild-type |*
adult. (D) An acetylcholine neuromuscular :
junction in the ventral nerve cord of enc-
119(e2498pdult (E) The number of synaptic
vesicles per active zone was similar in wild :
type (black, 262+31.8 vesicles per active zone),
unc-119(ed3gray, 246+33.0), andnc-
119(e2498)white, 207+£39.0). These numbers
are not significantly different. Error bars
represent standard deviation. Scale bar 10 nm.

hatchedunc-119(ed3).1 larvae (Fig. 10B;
Dendritic synapses were also found in o
neurons inunc-119 mutants. Synaps
were inappropriately located in dendri
of 38% of unc-119(ed3)ASI neuron:
(n=8, data not shown), and presyna
varicosities were found in inappropri
regions of the PLM axon iaonc-119(ed3
mutants (=5; data not shown). From the
experiments we conclude that UNC-11
required to prevent the localization
synapses in dendrites. Alternatively, th
clusters of vesicles might not reflect
position of synapses but might rather
caused by incorrect targeting of syna E

vesicles. b
200} l
DISCUSSION
The UNC-119 protein is required 100
suppress hypertrophic branching of ax .
Using timelapse video microscopy 0
determined that there is a reduction in
rate of growth cone migration, but tl “Z’ro, %q "oq
the morphological behaviors exhibited ‘%s

migrating growth cones imunc-119(ed3
mutants were normal. Surprising
hypertrophic branching of axons imc-
119(ed3) mutants does not occur duri _
nervous system development but ratatter development of development rescued axon structure in early larval stages, but
the nervous system is complete. After the primary growth corthe morphology of the neurons became abnormal when the
of the developing motorneuron reached its target, secondatyNC-119 protein degraded. Expression during late larval
growth cones projected from the axon shaft or from the celtages prevented the further degeneration of the axon scaffold.
body of the neuron to form multiple processes to the dorsahterestingly, expression of the protein in the L1 stage reversed
cord. As the axon branched, the original process along thadefects of the motor neuron axons, thus demonstrating that
dorsal midline retracted. Retraction of this process led to gajpeese neurons still possessed the potential to develop normally
in the dorsal nerve cord in adult animals. Finally, the UNC-11®ven after their normal period of outgrowth had passed.
protein acts cell intrinsically and is present in the axon shafts How does UNC-119 stabilize the structure of the nervous
of neurons. system? We propose four potential mechanisms for UNC-119
Furthermore, UNC-119 protein is continuously required tdfunction: activity-dependent stabilization, target-dependent
maintain the structure of the nervous system, even aftalifferentiation, regulation of the cytoskeleton or of membrane
development of the nervous system is complete. Transietrafficking, or maintenance of cell polarity.
expression of the wild-type protein in mutants during First, neuronal activity is required for the maintenance of
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Fig. 10.Synapse localization is disruptedunc-119(ed3jnutants. (A) Ventral view of a newly hatched wild-type L1 larvae expressing GFP-
tagged synaptobrevin in DD neurons. Presynaptic varicosities are indicated by an arrow. (B) Ventral view of a newlyrttaict{ed3).1
larvae expressing GFP-tagged synaptobrevin in DD neurons (arrow). (C) There were no synaptic varicosities visible innée e awal

of wild-type L1 larvae (arrow). (D) Presynaptic varicosities were seen in the dorsal nerve goned1ldfO(ed3jnutants (arrow). (E) Dorsal
nerve cord varicosities were observed in 52%raf-119(ed3PD3 axons (wild-type worms: 0%=21 (black);unc-119 n=23 (gray)). Scale

bars (A-D) 5um.

nervous system structure in many organisms (Goodman arf@lure to receive or transmit this information would cause the
Shatz, 1993; Katz and Shatz, 1996; Crair, 1999). Increases weuron to actively branch in search of synaptic targets.
decreases in neuronal activity are correlated with excessive Third, the UNC-119 protein might be required to stabilize
axon branching. For example, depolarization of neurons ithe axon, by regulating the cytoskeleton or membrane
culture (McCaig, 1990; Perez et al., 1996; Adams et al., 199Trafficking in the neuron. For example, it has recently been
Ramakers et al., 1998) or in liviigrosophila(Budnik et al., demonstrated that collateral branch formation involves the
1990) causes axonal sprouting. Neuronal damage, induced local fragmentation of microtubule arrays (Yu et al., 1994;
epileptic seizures or axotomy, results in an increase in synaptizavenport et al., 1999; Dent et al., 1999). In these regions,
activity and axonal branching of traumatized cells (Lankfordragmented microtubules repolymerize and extend laterally to
et al., 1998; Angelov et al., 1999; McNamara, 1999; Stoll anform interstitial branches. During development, microtubule
Muller, 1999). Decreases in neuronal activity can also caussevering proteins destabilize the cytoskeleton (Quarmby and
abnormal axon branching. I€. elegans,mutations in a Lohret, 1999; Quarmby, 2000). One such protein, katanin, is
cGMP-gated channel or calcium channels cause defects @xpressed in neurons (Ahmad et al., 1999). It is possible that
chemosensory axon morphology (Coburn and Bargmanmhe UNC-119 protein either inhibits microtubule severing
1996; Komatsu et al., 1996; Peckol et al., 1999). Thus, thproteins or promotes microtubule stabilizing proteins and
branching defects observedunc-119(ed3)mutants might be thereby preserves axon morphology. Alternatively, UNC-119
due to a lack of synaptic input into the motor neuronsmight be required for membrane trafficking, perhaps by
However, analysis of synaptic function mutants does nategulating the targeting of vesicles to the correct compartment
support this model. Although weak branching defects in thef the neuron.
sensory neurons are observed in the neurotransmission mutantEourth, UNC-119 may be required to maintain cell polarity.
unc-13(Peckol et al., 1999), data from our lab indicates thaNeurons are highly polarized cells (Craig and Banker, 1994;
GABA motor neurons are not branched unc-13 mutants  Higgins et al., 1997). Cell polarity appears to be normal
(Richmond et al., 1999). initially in unc-119mutants: motor neurons extend a single
Second, the UNC-119 protein might suppress axomgrowth cone that follows the correct trajectory. However,
branching in response to a differentiation signal. As theyolarity declines thereafter. Secondary growth cones emerge
approach and contact the target cell, growth cones begfrom the shaft and cell body of the neuron. Moreover,
differentiating into functional nerve terminals (reviewed bydistinctions between axonal and dendritic regions break down.
Burden, 1998; Sanes and Lichtman, 1999). Retrograde sign&@gnapses were observed in the dendritic procesaascaf19
associated with the synaptic target can initiate theeurons in addition to their normal locations. A differentiated
differentiation of the neuron (Dai and Peng, 1996; Fitzsimondaxon tip may exert ‘apical dominance’ on the axon shaft and
and Poo, 1998; Hall et al., 2000).@ elegansone source of cell body, analogous to the tip meristem of a plant. Loss of this
this differentiation signal may be the body wall muscle.polarizing signal may lead to the sprouting of multiple axon
Interestingly, target muscle contact is not required for axoshafts and the formation of synapses in dendrites.
formation (Plunkett et al., 1996). However, muscle contact is In summary, many molecules have been identified that are
necessary for normal synaptogenesis. In fact, the presencerefjuired during axon outgrowth to regulate growth cone
ectopic muscles induces branching of the GABA motoibehavior and pathfinding. Our studies demonstrate that UNC-
neurons (Plunkett et al., 1996). Thus it is plausible that UNC119 belongs to a different class of molecules that maintain the
119 responds to a target-derived differentiation signal bylifferentiated state of the neurafter axon outgrowth is
suppressing further axon outgrowth. In tlec-119mutant, completed. Understanding how these molecules function may
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