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monocular deprivation. A >loo-fold saturating dose of 
diazepam was determined by recording GABA, responses 
in visual cortical slices (16), then infused to ensure ade- 
quate drug diffusion in vivo. Local rescue was achieved 
with low-flow osmotic minipumps (0.5 pllhour; Alzet 
1007, Alza) containing drug or vehicle solution connected 
to cannulae (30 gauge) that were stereotactically im- 
planted into one hemisphere under sterile surgical condi- 
tions 2 days before eyelid suture. Control experiments 
demonstrated that continuous infusion of TTX or dye 
solutions from osmotic minipumps could be restricted to 
ipsilateral visual cortex without disturbing the gross mor- 
phology of the binocular zone at least 1.5 mm away from 
the cannula tip. Drug was infused continuously for 4.5 
hours at a high rate (3 yllhour) to determine the spread 
of diazepam. In agreement with its known rapid break- 
down in vivo [L. A. Berrueta, B. Gallo, F. Vicente,]. Pharm. 
Biomed. Anal. 10, 109 (1992)], diazepam was not detect- 
able after 1 week of pumping at low rates. A diazepam 
detection assay was developed using reversed-phase 
HPLC detection at 240 nm) after organic extraction: 
Brain tissue (-20 mg) was sonicated with ethyl acetate 
(400 FI) and centrifuged (8000g. 15 min), the supernatant 
extracted on a mechanical shaker (1 M tris-HCI, pH 9.0.20 
min), and the organic layer evaporated under a gentle N, 
stream. The residue was reconstituted in ethyl acetate 
(100 yl) and back-extracted with 6 N HCI (40 yl); the 
aqueous phase was adjusted to neutral (3 M tris buffer, 
pH 11.6) and injected onto an HPLC apparatus. The 
mobile phase was 50 mM sodium phosphate buffer (pH 
6.4) with 38% acetonitrile and 0.1% triethylamine. 

21. Similarly weak and variable plasticity was observed in 
GAD65 KO versus WT mice that had experienced 
deprivations spanning the entire critical period (P17- 
36), despite the longer temporal integration and po- 
tential additional contribution of anatomical changes 
to the functional disconnection of deprived eye input 
( 7 ) .  CBI = 0.54 0.04 versus 0.41 = 0.02; six KO and 
four WT mice, respectively (P < 0.05, t test). 
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Synaptic Segregation at the 
Developing Neuromuscular 

Junction 
Wen-Biao Can and Jeff W. Lichtman* 

Throughout the developing nervous system, competition between axons causes 
the permanent removal of some synaptic connections. In mouse neuromuscular 
junctions at birth, terminal branches of different axons are intermingled. How- 
ever, during the several weeks after birth, these branches progressively seg- 
regated into nonoverlapping compartments before the complete withdrawal of 
all but one axon. Segregation was caused by selective branch atrophy, detach- 
ment, and withdrawal; the axon branches that were nearest to the competitor's 
branches were removed before the more distant branches were removed. This 
progression suggests that the signals that mediate the competitive removal of 
synapses must decrease in potency over short distances. 

Competitive synaptic rearrangements change expected; the sites that are occupied by dif- 
the number and strength of axonal connec- ferent axons are intermingled (n = 26) (Fig. 
tions with target cells in many parts of the 2A) ( 7 ) .  The difference in the distribution of 
nervous system (I). At each neuroinuscular axon teilninals between PI-3 and P9-10 
junction. for example, motor axons compete could inean that the areas that are occupied 
until all but one are removed (2). By ionto- by different axons segregate froin each other 
phoretic application of lipophilic dye (3, 4), over time. Alteimatively, a small number of 
we observed synaptic coinpetition between junctions inay already be segregated at birth, 
individual axon tem~inals at the developing and these junctions may retain multiple in- 
neuromuscular junction of the mouse. nei~at ion longer than intermingled ones. To 

We began by loolung at neuromuscular explore these possibilities, we used different 
junctions dunng the second postnatal week lipophilic dyes to separately label each axon 
[postnatal days 9 and 10 (P9-lo)]. when most that innervated the saine neuromuscular junc- 
inuscle fibers (88%) were slngly inne~a ted  and tion, and we measured the separation be- 
the rest (12%) were inneivated by two axons tween the terminal areas that were occupied 
(5). At the singly inneivated junctions (n = by the two coinpeting axons ( 8 )  (Fig. 2, A 
242; 20 muscles), the entire postsynaptic recep- through C). We found no junctions at birth in 
tor territoiy was overlain by one axon, as ob- which axons had completely nonoverlapping 
senred by staining with lipophilic dyes or with territories. Thereafter, both the absolute sep- 
nerve-specific antibodies (6) .  However. at the aration (the distance between two centroids) 
remaining 12% of the junctions, a labeled axon and the relative separation [the distance nor- 
occupied only part of the receptor tei~itoiy (Fig, malized to the total length of the junction 
1, A through D). Subsequent staining with an- (Fig. 2E)] of the terminal areas gradually 
tibodies to neurofilaments or with tetanus toxin increased. In most cases; the separation was 
( 6 )  showed that, in each of these cases (11 = only partial at P3-4 (Fig. 2; B and E) and was 
33); the remaining pai-t of the neuromuscular coinplete by P7-10 (Fig. 2, C and E). By 
junction was innervated by another axon (Fig. P16-17, when very few junctions (1.4%) 
1A). In these dually innervated junctions. the were still multiply innervated, axon territo- 
labeled terminals of each individual axon occu- ries in all of the inultiply innervated junctions 
pied a variably sized but contiguous region (8 out of 8) showed a high degree of separa- 
extending froin one edge of the junction toward tion with an uninnervated gap in between (9) 
the center (Fig. 1. A tlxough D). Thus. in the (Fig. 2. D and E). Therefore. neuromuscular 
second posmatal week. each axon's sqnaptic junctions become progressively compartmen- 
terntory is confined to a separate legion of the tallzed as develop~nent proceeds 
junction. To learn how this segregation of terminals 

By contrast, at earlier stages (PI-3), a occurred, we examined ~nultiply innervated 
single axon typically occupies inultiple sinall junctions at P5-7 before segregation was com- 
regions that are distributed throughout the plete in all junctions (n = 62). We found that, at 
neuromuscular junction (Fig. 1, E and F). As multiply innervated junctions, individual axons 

often (30 out of 62) oossessed two m e s  of 

Department o f  Anatomy and Neurobiology, Washing- 
branches. thick and thik (Fig. 3, A and B). The 

ton universitv school of pledicine, 660 south  lid thin axon branches were always nearest to or 
Avenue, Box 8108, St. Louis, M O  63110, USA. within the tenitoiy occupied by the co~npeting 
qo whom correspondence should be addressed. E. axon, whereas the thickest branches were locat- 
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est distance from the competing axon's tenito- gated multiply innervated junctions (77 out of would eventually be eliminated. Some segre- 
ry. Some thin branches (6 out of 30) had swol- 90) at P7-12, we observed no distinctions be- gated junctions (13 out of 90), however, did 
len ends (arrows in Fig. 3, A and B) that were tween the axons that would suggest which one show characteristics that may be related to the 
reminiscent of "retraction bulbs," which were 
previously observed during the final stages of 
synapse elimination when an axon withdraws 
completely from a junction (7, 10) (see also Fig. 
4B). Neurofilaments were detectable in the 
thick branches but not in the thin branches 
(insets in Fig. 3, A and B). The thick branches 
were closely apposed to the postsynaptic mem- 
brane. In contrast, the thin branches were often 
several microns above the postsynaptic receptor 
plaque (Fig. 3C). Together, these data suggest 
that branches of the same axon within the same 
neuromuscular junction behave differently; 
whereas the thin branches undergo retraction, 
the thick branches remain intact. These obser- 
vations also suggest that segregation of com- 
peting axon terminals is caused by a progres- 
sive process of branch atrophy, detachment, 
and withdrawal that begins with the branches 
nearest the tenitory dominated by a competing 
axon. 

Given the intermingling of axons through- 
out all regions of neuromuscular junctions at 
birth, the complete absence of overlap in the 
second postnatal week implies that both inputs 
(the eventual winner and loser) lose branches in 
many junctions. We observed doubly innervat- 
ed junctions in which both axons possessed thin 
branches in the tenitones dominated by their 
competitors and thick branches at a distance 
from the other axon's terminals (Fig. 2B, ar- 
rows). Therefore, at some junctions (at least), 
both axons appear to be relatively effective 
competitors that are capable of removing some 
branches of the other axon. 

After segregation, branches of one of the 
two inputs must have continued to withdraw 
because the average percentage of multiply in- 
nervated junctions changed from 42% at P7 to 
4% at P12 (5) and to 0% in adult animals (in 
this study, 0 out of 354). At most of the segre- 

Fig. Z Axons at multiply 
innervated neuromuxu- 
lar junctions gradually 
%%ate as development 
proceeds. (A) Two inter- 
mingled competing nerve 
terminals at this P1 junc- 
tion labeled with DiO 
(preen) and Dil (red). 
Small white circles indi- 
cate centroids of each la- 
beled axon (8). (B) A 
multiply innervated junc- 
tion at P4 shows less in- 
termixing than seen at 
birth. Arrows (red and 
green correspond to Dil- 
and DiOlbded branch- 
es, respectively) show 
thin branches of each 
axon in the territory that 
is dominated by the oth- 
er axon. (C) A multiply 
innervated junction at 

PI0 in which the two inputs are separated by an uninnervated gap (at most junctions at this age, 
however, the inputs are separate but juxtaposed). (D) At P17, two competing axons at this rare 
remaining multiply innervated junction show a large separation between two inputs. In this case, both 
axons were stained with an antibody to neurofilament (green) and the postsynaptic AChRs were labeled 
with fluorexently tagged a-bungamtoxin (red). (E) The segregation index (8) increases through early 
postnatal life. Each cirde represents an individual junction; horizontal bars are the means of the 
segregation index. Scale bar in (D), 10 p n  [shows scale for (A) through (D)]. 

flg. 1. Confinemant of om axon's temkrds to of a mulUpty 
innetvated neumnuscubr Junction at later a g l 0 )  of dew+ 
ment. (A) A single lipophilic +labeled axon>) occupies a - 
tiguous region of the postsynaptic site, which was labeled by mining the 
AChRs with fluorescently tagged a-bungamtoxln (red). (A') Ncwoflla- 
ment staining of the same junction shown in (A) meals that this 
junction is innervated by two axons. (B through D) IndMdual axom 
occupied variably sized but contiguous areas of multiply innewated 
junctions at P9-10. (E and F) In contrast, at birth, individual axons 
occupied multiple sites distributed throughout the junctional area. M e  
bar, 20 pm [(A) through (D)] and 10 pm [(E) and (F)]. 
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final stages of synaptic competition [the rela- 
tively low incidence of observation of these 
characteristics may mean that the final events of 
branch withdrawal are rapid (ll)]. At these 
junctions, one axon was thinner than the other 
axon (Fig. 4A). In addition, in some junctions, 
the postsynaptic acetylcholine receptor (AChR) 
density associated with the thii axon was lower 
than that associated with the thicker axon (Fig. 
4A). In some cases, a thin axon possessing a 
retraction bulb was located near but not ap- 
posed to a very dimly stained AChR site, which 
presumably was previously occupied by the 
withdrawing axon (Fig 4B). Thus, axons appar- 
ently compete even when separated by some 
distance, resulting in the disassembly of both 
the pre- and postsynaptic sites. 

The studies reported here provide several 
insights regarding synaptic competition. First, 
even within the confines of a neuromuscular 
junction that is -10 to 50 p,m long, some 
branches of a single axon are maintained, 
whereas others are lost. Thus, the elimination of 
different branches of an axon is regulated inde- 
pendently at the level of each individual branch. 
Second, departing axonal branches undergo a 
stereotyped process of atrophy, detachment, 
and retraction within a neuromuscular junction. 
This program of branch removal seems analo- 
gous to the final stage of synapse elimination, 
when the losing axon terminates in a retraction 
bulb as it withdraws from the end plate (com- 
pare Figs. 3 and 4) (7, 10). Therefore, the 
process of branch removal may illuminate the 
entire process of axon withdrawal. Finally, 
the withdrawal process is spatially regulated 
so that the branches of an axon that are nearest 

to the competitor's temtory undergo retraction 
but branches of the same axon several mi- 
crometers more distant from the competitor's 
territory appear unaffected. It is this pattern of 
distance-dependent loss that leads to the segre- 
gation of competing axons. The local regulation 
of axon branch removal does not support the 
idea that signals that maintain their strength 
over distance (such as action potentials) are 
mediators of synaptic competition (12). 

Axons may compete by generating activity- 
mediated signals that destabilize synaptic sites 
associated with other inputs (13). Our results 
indicate that such destabilizing signals would 
have to be spatially regulated and decrease in 
potency over distances of <50 p.m. The nature 

of the spatially localized signals in this process 
is not known. Experiments in Xenopus nerve 
muscle cocultures suggest that activation at one 
synaptic site can decrease synaptic efficacy at 
nearby sites that are occupied by different in- 
puts through a steeply decreasing intracellular 
Ca2+ signal (14). It is therefore possible that a 
diffusible signal cascade triggered by local cal- 
cium entry [for example, through activated 
AChRs or other CaZ+ channels (15)] could 
initiate (16), or itself be, the spatially decreas- 
ing signal at developing neuromuscular junc- 
tions. Although such a spatially decreasing sig- 
nal could in principle explain segregation, it 
would not necessarily result in the elimination 
of an input when it had obtained a sufficient 

Fig. 4. Synapse elimination continues after segregation. (A) DiO staining of two axons innervating 
the same neuromuscular junction at P7. The postsynaptic AChRs were labeled with fluorescently 
tagged a-bungarotoxin (red). The two axons differ in caliber. The area occupied by the thinner axon 
is smaller and is adjacent to a faintly stained patch of AChRs (arrow). (B) A retracting thin axon 
(arrowheads) terminates in a retraction bulb, which is near a very low density AChR site (arrow). 
These receptors were presumably occupied by that axon before its withdrawal. Thus, in develop- 
ment as in synaptic competition in adult muscle (5, 20), the loss of receptors continues after the 
nerve has vacated a synaptic site. Scale bar, 15 p,m (A) and 10 p,m (B). 

Fig. 3. Atrophy and detachment of the branches nearest to the synaptic region occupied by a 
competitor result in segregation at developing neuromuxular junctions. (A and 8) Two P7 junctions 
in wllich only one of the two nerve terminals was stained with DiO (green). The postsynaptic AChRs 
were labeled with fluorescedy tagged a-bungamtoxin (red). Very thin terminal branches ending in 
swellings (arrows) were located close to  the other axon's territories. Insets show neurofilament 
staining which reveals the presence of a second axon in each case. The very thin branches, however, 
were not detectable with an antibody to neurofilament. (C) Stereo pairs of a P5 junction showing that 
the atrophic branch is detached from the postsynaptic site as it crosses the width of the junction, 
whereas the thicker branches are closely apposed to  the postsynaptic sites. A three-dimensional 
movie of this 'unction can be seen at www.sciencemag.orglfeature/data/984859.shl. Scale bar, 20 
p m  [(A) and dB)] and 10 p m  (C). 
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distance from the competitor. Therefore, we 
presume that the strength or extent of the short- 
range destabilizing signals increases during 
synaptic maturation [as synaptic efficacy is in- 
creasing ( I ] ) ]  or that the destabilization process 
is itself incremental (taking longer to remove 
distant synapses than nearby ones), or that both 
processes occur. Because the decreasing signals 
may become totally ineffective when the com- 
petitors are sufficiently separated ( I  7), the nor- 
mal confinement of all the incoming axons to a 
small AChR plaque may thus be a strategy that 
encourages strong competition among nearby 
synapses, which rapidly results in single inner- 
vation at developing neuromuscular junctions. 
Given the existence of competitive sqnaptic 
reorganization on neurons (18) and the evi- 
dence for the restriction of axonal innervation 
to parts of a dendritic arbor (19j, it seems likely 
that analogous short-range signals operate 
throughout the nen70us system. 
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The Role of Farlp in Linking the 
Heterotrimeric C Protein to 

Polarity Establishment Proteins 
During Yeast Mating 
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Ira Herskowitz, Matthias Peter* 

Heterotrimeric guanosine triphosphate (GTP)-binding proteins (G proteins) 
determine tissue and cell polarity in a variety of organisms. In yeast, cells orient 
polarized growth toward the mating partner along a pheromone gradient by a 
mechanism that requires Farlp and Cdc24p. Farlp bound Goy and interacted 
with polarity establishment proteins, which organize the actin cytoskeleton. 
Cells containing mutated Farlp unable to  bind GPy or polarity establishment 
proteins were defective for orienting growth toward their mating partner. In 
response to  pheromones, Farlp moves from the nucleus to  the cytoplasm. Thus, 
Farlp functions as an adaptor that recruits polarity establishment proteins to 
the site of extracellular signaling marked by GPy to  polarize assembly of the 
cytoskeleton in a morphogenetic gradient. 

Asymmetric cellular organization or cell po- 
larity is a central feature of morphogenesis and 
is controlled by both internal and external sig- 
nals ( I ) .  In the yeast Succ1~a~on~~ces  cerevisine, 
mating pheromones trigger a mitogen-activated 
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protein kinase ( M P K )  signal hansduction 
pathway, culminating in arrest of the cell cycle, 
changes in gene expression, and altered cell 
polarity and morphology (2). These responses 
are initiated by a cell-surface receptor coupled 
to a G protein. Activation of the pheromone 
receptor triggers dissociation of the heterotri- 
meric G protein into subunits Ga and GPy, 
which in hlrn signal to downstream effectors to 
induce cellular responses (3). Cells use a pher- 
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