
Thus, lysosomes from clathrin-depleted cells 
are functional. There was no clear difference in 
the lysosome area profile between cells with 
and without clathrin (Fig. 5G). 

Our data indicate that DKO-R cells express 
a combined pathway of lysosome biogenesis 
and turnover that does not show an obligatory 
dependence on clathrin. It is possible that the 
DKO-R cell line up-regulated clathrin-indepen- 
dent pathways during the time taken to suppress 
clathrin expression. Yeast cells expressing a 

temperature-sensitive clathrin mutant compen- 
sate for clathrin inactivation after several hours 
at the nonpermissive temperature (31). But in 

principle, this question can now be addressed 

by introducing a similar temperature-sensitive 
clathrin mutant into DKO-R cells. On the other 

hand, there is evidence for the existence of 
alternative pathways of lysosome biogenesis 
that are present in distinct cell types. For exam- 

ple, LAMP-1 is transported to lysosomes by an 

AP3-dependent but clathrin-independent mech- 
anism (32). The successful targeting ofLEP100 
in clathrin-depleted DKO-R cells is consistent 
with this finding. Moreover, lymphocytes and 

lymphocyte-derived cell lines that lack man- 
nose 6-phosphate receptors (M6PRs) nonethe- 
less retain functional lysosomes (33, 34), sug- 
gesting that lymphocytes contain an M6PR- 

independent pathway of lysosome biogenesis. 
Because DT40 is a lymphocyte cell line, it 

probably expresses this pathway. If so, the path- 
way may also be clathrin-independent. 

Dense-core lysosomes repeatedly fuse with 
late endosomes and reform after selective mem- 
brane retrieval (35). Clathrin has been detected 
on mammalian lysosomal membranes in vitro, 
and it has been proposed that clathrin-coated 
vesicles play a central role in lysosome fusion 
and recycling (36). However, our results can 

only be reconciled with this view if a reduced 

recycling rate out of the lysosome caused by 
clathrin loss is balanced by an exactly propor- 
tional reduction in biosynthesis. Clearly, it will 
now be important to examine the turnover ki- 
netics of individual lysosomal proteins with and 
without clathrin. But even if clathrin does play 
a role, it cannot be essential. Our results raise 

important and unexpected questions about 
clathrin function, and we have produced flexi- 
ble experimental models that will enable us to 
address these issues in cells without interfer- 
ence from endogenous clathrin expression. 
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that transduce the neurotransmitter signal into a 
postsynaptic response (1, 2). How are the tight 
attachment, precise alignment, and functional 
differentiation of pre- and postsynaptic mem- 
branes achieved? In vertebrates, many synaptic 
proteins that could participate in these processes 
have been described-for example the Eph- 
rinB/EphB receptor pathway, the neuroligin-p- 
neurexin cell-adhesion pair, and the cadherin 
protein family. However, although ephrins per- 
form important functions throughout develop- 
ment (3,4) and influence synapse assembly (5), 
they are not specifically synaptic cell adhesion 
molecules. Similarly, the neuroligin-p-neur- 
exin interaction may be important for transsyn- 
aptic signaling (6-8) but is strictly calcium 
dependent, whereas synaptic cell adhesion is 
not (2, 6). Moreover, classic cadherins specify 
synaptic connections but are not part of estab- 
lished junctions (9, 10), whereas protocad- 
herins, although synaptic (11), are not evolu- 
tionarily conserved. In invertebrates, immuno- 
globulin domain (Ig domain) proteins perform 
fundamental functions in synaptic cell adhe- 
sion. Drosophila fasciclin II and Aplysia ap- 
CAM are essential for normal synapse forma- 
tion and maintenance, presumably because they 
form homophilic extracellular interactions that 
are coupled to intracellular PDZ-domain pro- 
teins (12-16). However, no equivalent Ig do- 
main protein is known in the vertebrate brain. 

Properties of SynCAM. We searched se- 
quence databanks for vertebrate proteins with 
extracellular Ig domains and an intracellular 
PDZ-domain protein-interaction sequence, key 
features of fasciclin II and apCAM. We identi- 
fied SynCAM (for synaptic cell adhesion mol- 
ecule), which is relatively small (417 to 456 
residues, depending on the splice variant) and 
evolutionarily conserved (17). SynCAM con- 
tains an NH2-terminal signal peptide, three ex- 
tracellular Ig domains, a single transmembrane 
region, and a short COOH-terminal cytoplas- 
mic tail (Fig. 1A). SynCAM antibodies react- 
ed with multiple protein bands that were de- 
tected only in brain (Fig. 1B). SynCAM 
mRNA was more widely distributed (18), 
which suggests that posttranscriptional mech- 
anisms restrict expression of SynCAM to the 
brain. The multiple SynCAM bands are due to 
complex N-glycosylation, because enzymatic 
removal of N-linked carbohydrates converted 
these bands into a single species of about 45 
kD, whereas no O-glycosylation of SynCAM 
was observed (18). 

SynCAM protein was not detectable in the 
rat brain at birth, but it increased over the first 
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3 postnatal weeks, the major period of synap- 
togenesis in rodents (Fig. 1C). Similar increases 
were observed for synaptic proteins such as 
synaptotagmin 1, but VCP (a nonsynaptic pro- 
tein) remained constant. During the same time 
period, the N-glycosylation pattern of SynCAM 
changed (Fig. 1C). In the first 2 weeks, Syn- 
CAM was predominantly synthesized as a 
highly glycosylated -60-kD form. Thereafter, 
this form was gradually replaced by a core- 
glycosylated -48-kD species that constituted 
the predominant adult SynCAM form and a 
cluster of extensively glycosylated species 
of 60 to 75 kD that were less abundant (Fig. 
1C). The level and N-glycosylation pat- 
tern of SynCAM varied during develop- 
ment among brain regions (18), which 
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Fig. 1. Properties of SynCAM. (A) Structure of 
SynCAM. Igl, Ig2, and Ig3 = Ig domains with 
predicted N-glycosylation sites; EYFI = COOH- 
terminal Glu-Tyr-Phe-lle sequence that binds 
to PDZ domains of CASK, syntenins, and other 
proteins. (B) Brain-specific expression of Syn- 
CAM protein. Equal protein amounts (50 pug per 
lane) from the indicated tissues of 5-week-old 
rats were probed by immunoblotting with an- 
tibodies to SynCAM (top), synaptotagmin 1 
(Syt 1) (middle), and VCP (loading control) 
(bottom). Positions of highly glycosylated 
(open arrowheads) and core glycosylated 
(closed arrowheads) SynCAM forms are indicat- 
ed on the right. (C) Developmental regulation 
of SynCAM expression. Rat brain proteins from 
the indicated developmental stages (E17 = 
embryonic day 17; P1 to P56 = postnatal days 
1 to 56) were analyzed by immunoblotting as 
described for (B). (D) SynCAM recruits CASK to 
the plasma membrane. CASK was transfected 
into 293 cells alone (left) or together with 
SynCAM (right) and detected by immunocyto- 
chemistry (CASK, green; SynCAM, red). 

suggests that both are regionally regulated. 
The cytoplasmic COOH-terminal se- 

quence of SynCAM includes a PDZ-domain 
protein-interaction sequence that is homolo- 
gous to that of the synaptic cell-surface pro- 
teins neurexins and syndecans, which bind to 
the PDZ-domain proteins CASK and synte- 
nin (Fig. 1A) (19-22). Consistent with an 
interaction of SynCAM with these PDZ-do- 
main proteins, coexpression of SynCAM 
with CASK recruited CASK from the cytosol 
to the membrane (Fig. 1D). Furthermore, the 
cytoplasmic tail of SynCAM strongly bound 
to CASK and syntenin but not to control 
PDZ-domain proteins such as PSD-95 (23). 

Homophilic interaction of SynCAM. 
To test whether SynCAM functions as a 

homophilic cell adhesion molecule similar to 
other Ig domain proteins (24), we fused the 
extracellular sequences of wild-type SynCAM 
or of mutant SynCAM lacking Ig domains 
(SynCAMAIg) to the Fc-domain of human im- 
munoglobulin G and used the resulting IgG 
fusion proteins in affinity chromatography ex- 
periments (25). Wild-type extracellular se- 
quences of SynCAM strongly bound endoge- 
nous brain SynCAM, whereas mutant 
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Fig. 2. SynCAM is a homophilic cell adhesion 
molecule. (A) Homophilic binding of SynCAM. 
Solubilized membrane proteins from rat fore- 
brain (Solub.) were bound to immobilized IgG 
fusion proteins that contain the full-length ex- 
tracellular domain (SynCAM-ECD) of SynCAM 
or a mutant extracellular sequence lacking Ig 
domains (SynCAMAIg-ECD) in the presence of 
Ca2+ or EGTA/EDTA. The flow-through (FT) 
and bound proteins eluted with 0.8 M salt and 
SDS were analyzed by quantitative immuno- 
blotting with SynCAM antibodies that recog- 
nize endogenous but not recombinant SynCAM 
on the column. A control blot for the synaptic 
vesicle protein synaptophysin (Syp) is shown at 
the bottom. (B) Cell adhesion by SynCAM. S2 
cells were stably transfected with inducible ex- 
pression vectors encoding full-length SynCAM 
or the SynCAMAIg deletion mutant and ana- 
lyzed with or without induction by bright-field 
microscopy. Scale bar = 50 iLm. 
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SynCAMAIg did not (Fig. 2A). Binding was aggregated i 
resistant to 0.8 M salt and independent of Ca2+ that SynCAI 
(Fig. 2A). Binding was specific for SynCAM adhesion mo 
because three other neuronal Ig domain proteins was indepenm 
(L1, N-CAM, and TAG-1) and abundant syn- in noninduc 
aptic vesicle proteins (synaptophysin 1 and syn- SynCAMAIg 
aptotagmin 1) were not captured (25). firmed that 

To determine whether homophilic binding SynCAMAIg 
by SynCAM mediates cell adhesion, we gener- membrane ir 
ated stably transfected S2 cells (6, 26) that SynCAM 
express full-length SynCAM or SynCAM lack- examined tl 
ing Ig domains (SynCAMAIg) under the con- brain by sul 
trol of an inducible promoter. When SynCAM was highly e 
expression was induced, the transfected cells branes with 

Fig. 3. Localization of SynCAM A 
to synapses. (A) Copurification / / , /, 
of SynCAM, CASK, and neuroli- / 
gin 1 (NL1) with synaptic plasma 
membranes (SPM) during sub- 71- 
cellular fractionation. Note that 4 8 .. ..... 
enrichment of SynCAM and neu- 
roligin 1 in synaptic membranes 123 
(crude = LP1, purified = SPM) is 
so high that, at the exposure 110- 
shown, these proteins are barely 7 
detectable in starting materials 
(Hom. = homogenate, P2 = 71 
crude synaptosomes). Equiva- 
lent amounts of each fraction 
(20 jLg of protein per lane) were 
analyzed by immunoblotting. (B) 
Double-immunofluorescence la- 
beling of sections from mouse 
cerebellum for SynCAM and syn- 
aptophysin (Syp). The locations 
of the molecular (mol) and gran- 
ule cell layer (gr) are indicated. 
Scale bar = 10 rim. (C) Repre- 
sentative electron micrographs 
of sections from the hippocam- 
pal CA1/CA2 region labeled with 
SynCAM antibodies. Preembed- 
ding immunogold labeling per- 
formed with silver enhancement 
stains presynaptic (arrowhead) 
and postsynaptic (arrow) sides. 
Scale bar = 0.5 aLm. (D) 
Percentage of SynCAM-positive 
synapses in which the SynCAM 
signals were presynaptic or 
postsynaptic or both in 261 ran- 
domly chosen SynCAM-positive 
synapses. (E) Quantitation of 
the distribution of immunoreac- 
tive signals in mouse brain sec- 
tions obtained with SynCAM an- 
tiserum, SynCAM antiserum 
preadsorbed with the peptide D 
antigen used for immunization, 6 
and SynCAM preimmune serum. o 50- 
Locations of immunoreactive E 40- 
particles were classified as syn- 30 
aptic only when they were found - 
in close proximity to a presyn- < 20- 

aptic vesicle cluster and/or pre- 10- 
and postsynaptic densities; all 
other signals were classified as 0x C^s ZOx 
nonsynaptic or unidentifiable , o 
(n = 371, 186, and 117 signals ^, e ^o& 
for untreated SynCAM antiser- &,' ? ̂ 
um, SynCAM antiserum preab- 
sorbed with the antigen, and preimmune serum, respectively). 

nto large clumps, which suggests 
M functions as a homophilic cell 
)lecule (Fig. 2B). Cell aggregation 
dent of Ca2+ but was not observed 
:ed cells or in cells expressing 
g. Immunocytochemistry con- 
both full-length SynCAM and 

g were localized to the plasma 
i the transfected S2 cells (27). 
I is localized to synapses. We 
he localization of SynCAM in 
bcellular fractionation. SynCAM 
nriched in synaptic plasma mem- 
the synaptic proteins CASK and 

ii o 4CAM 
::: ~ W :'iEi; 

: 
:Syn- 

....... 

:: I........... 

::.:.:: :::.........__ ..::: : EXCASK 

.::: :: : " : :: - ::. Syt I 

neuroligin 1 (Fig. 3A) (28). Double immuno- 
fluorescence labeling of brain sections with 
antibodies to SynCAM and to synaptophysin, 
an abundant synaptic vesicle protein, re- 
vealed that SynCAM was colocalized with 
synaptophysin in a punctate synaptic pattern 
throughout the brain (Fig. 3B) (29). These 
results suggest a synaptic localization for 
SynCAM, which was confirmed by immuno- 
electron microscopy that demonstrated Syn- 
CAM was present in both pre- and postsyn- 
aptic compartments (Fig. 3, C and D). To 
exclude possible artifacts of immunoelectron 
microscopy, we quantified the distribution of 
signals obtained with SynCAM antiserum 
and with control sera (preimmune serum and 
SynCAM antiserum that was preabsorbed 
with the SynCAM antigen) (Fig. 3E) (30). 
Only SynCAM antibodies produced signifi- 
cant synapse staining, whereas control sera 
did not. Only a subset of synapses were la- 
beled (Fig. 3, B and C), possibly because of 
the limited sensitivity of immunoelectron mi- 
croscopy or of the presence of other Syn- 
CAMs in the brain (31). 

SynCAM has a synaptic function. The 
symmetrical localization of SynCAM on both 
sides of the synapse suggests a possible role as 
a homophilic cell adhesion molecule that spans 
the synaptic cleft. To determine whether Syn- 
CAM actually functions at the synapse, we re- 
corded spontaneous miniature synaptic currents 
(minis) from hippocampal neurons that were 
transfected with full-length SynCAM, mutant 
SynCAM lacking Ig domains (SynCAMAIg), or 
vector alone (32). Overexpression of full-length 
SynCAM increased the mini frequency two- to 
threefold [0.81 ? 0.16 Hz (n = 26)] compared 
with vector-transfected [0.30 + 0.08 Hz (n = 

20)] and nontransfected [0.20 + 0.06 Hz (n = 

6)] neurons. SynCAMAIg overexpression had 
no effect [0.28 + 0.09 Hz (n = 12)]. The 
increase in mini frequency by full-length Syn- 
CAM was statistically significant compared 
with all other conditions (P < 0.01, two-tailed t 
test) but was not accompanied by a change in 
mini amplitude (32). The mini frequency re- 
corded in a postsynaptic neuron depends pri- 
marily on the number of synapses and their 
release probability, whereas the mini amplitude 
reflects the abundance of postsynaptic receptors. 
Thus, SynCAM transfected into the postsynap- 
tic neuron must have induced formation of new 
synapses or enhanced presynaptic neurotrans- 
mitter release at existing synapses on this neu- 
ron. This indicates that SynCAM directly affects 
synaptic function by altering synaptic inputs. 

We again used transfected neurons to deter- 
mine whether SynCAMs or related sequences 
are required for synapse formation and/or syn- 
aptic transmission. But this time we examined 
the effect of a dominant negative fragment of 
SynCAM on presynaptic terminals (Fig. 4). We 
transfected neurons with the isolated full-length 
cytoplasmic tail of SynCAM (SynCAM C-tail) 
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or, as a control, a truncated cytoplasmic tail that 
lacks the COOH-terminal three residues (Syn- 
CAM C-tailA3). The isolated full-length cy- 
toplasmic tail binds to intracellular PDZ-do- 
main proteins, whereas the truncated cyto- 
plasmic tail does not. As a result, overexpres- 
sion of full-length cytoplasmic tail but not of 
the truncated tail is expected to disrupt PDZ- 
domain interactions of SynCAM or related 
proteins. Both SynCAM cytoplasmic tail pro- 
teins were produced as ECFP (enhanced cyan 
fluorescent protein, a derivative of green flu- 
orescent protein) fusion proteins to visualize 
the axons derived from transfected neurons. 
Possible effects by ECFP itself were con- 
trolled for by transfecting ECFP alone. Two 
days after transfection, we analyzed the pre- 
synaptic terminals formed by the axons from 
transfected neurons by staining terminals 
with the fluorescent dye FM1-43 (Fig. 4) (33, 
34). FM dyes are taken up into, and released 
from, active nerve terminals in response to 
synaptic stimulation and thus allow direct 
visualization and quantifications of synaptic 
vesicle exo- and endocytosis (35). 

A '. 

I 

D t 

I GA 

o 0 

5 10 15 20 25 30 35 

Interpuncta distance (glm) 

Presynaptic nerve terminals formed by ax- 
ons expressing soluble ECFP proteins were 
clearly identifiable by FM1-43 staining (Fig. 
4, A to C). Quantitation of the distance be- 
tween active terminals revealed a significant 
decrease in synapse density when the isolated 
cytoplasmic tail of SynCAM, but not the 
truncated cytoplasmic tail, was expressed 
(Fig. 4D). Furthermore, the terminals that 
were still formed by axons containing the 
SynCAM cytoplasmic tail were abnormal. 
The rate of synaptic vesicle exocytosis can be 
measured in terminals stained with FM1-43, 
as the kinetics of FM1-43 destaining upon 
stimulation and the size of the pool of recy- 
cling vesicles can be measured as the ampli- 
tude of FM1-43 destaining (36). Release of 
FM1-43 stimulated by K+ depolarization was 
significantly slower in terminals that ex- 
pressed full-length SynCAM cytoplasmic tail 
than in terminals that contained the truncated 
cytoplasmic tail or ECFP alone (Fig. 4E). In 
parallel, the average size of the recycling pool 
of synaptic vesicles decreased almost twofold 
(Fig. 4F). Together with the changes in mini 
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Fig. 4. Effects of transfected intracellular SynCAM sequences on synapse formation in cultured 
hippocampal neurons. (A to C) Fluorescence images of axons and synapses from neurons transfected 
with soluble ECFP fusion proteins (green) and labeled with FM1-43 dye (red). Synapses were labeled 
with FM1-43 by stimulation with a high concentration of K+ and then destained by K+ depolarization 
to uncover nonspecific residual staining. Images recorded before and after stimulation were subtracted 
to selectively visualize active presynaptic boutons. Transfected neurons express the full-length (A) or 
COOH-terminally truncated cytoplasmic tail of SynCAM (SynCAM C-tailA3) (B) as soluble ECFP fusion 
proteins or ECFP alone (C). Scale bar in (C) = 5 ,im and applies to all panels. (D) Cumulative probability 
of the distances between FM1-43-labeled synaptic puncta on axons expressing ECFP proteins. The 
decrease in synapse density on axons containing the full-length SynCAM tail compared with the 
SynCAM C-tailA3 and ECFP alone was statistically significant (P < 0.001, Kolmogorov-Smirnov test). 
(E) Destaining rates of FM1-43-labeled synaptic puncta on axons expressing the full-length SynCAM 
C-tail, SynCAM C-tailA3, and ECFP alone. Destaining was triggered by K+ stimulation. The slower 
destaining rate of the SynCAM C-tail axons compared with axons expressing SynCAM C-tailA3 or ECFP 
alone was statistically significant (P < 0.001, two-tailed t test). (F) Cumulative probability histogram 
of the size of the recycling pool of synaptic vesicles as measured by total FM1-43 staining in synapses 
formed by axons expressing the full-length cytoplasmic tail of SynCAM, SynCAM C-tailA3, or ECFP 
alone. The difference between terminals expressing the full-length cytoplasmic tail and the two controls 
was statistically significant (P < 0.001, Kolmogorov-Smirnov test). In (D to F), error bars are smaller 
than the symbols; for (D to F), n = 537 for synapses on axons transfected with SynCAM C-tail, n = 490 
for synapses transfected with SynCAM C-tailA3, and n = 378 for synapses transfected with ECFP alone. 

frequency induced upon overexpression of 
full-length SynCAM in postsynaptic neurons 
described above, these results indicate that 
SynCAM affects synapse formation and 
function by both a pre- and a postysynaptic 
action consistent with its pre- and postsynap- 
tic localization. 

Expression of SynCAM in nonneuronal 
cells induces synapse formation. We next 
examined whether SynCAM has an active role 
in synapse formation. We transfected 293 cells 
with wild-type SynCAM, mutant SynCAMAIg 
lacking Ig domains, or control proteins. These 
cells were seeded on top of cultured hippocam- 
pal neurons and identified by fluorescence of 
coexpressed ECFP (37). After 3 days of cocul- 
ture, we analyzed cells by immunocytochemis- 
try with antibodies to synaptic proteins. With all 
synaptic markers tested, we frequently detected 
punctate staining of synaptic terminals on the 
surface of transfected 293 cells expressing Syn- 
CAM (Fig. 5, A to C, open arrowheads) but 
rarely on 293 cells expressing SynCAMAIg or 
ECFP alone (Fig. 5D). In vertical cross sections 
(Fig. 5C), we observed synaptophysin-positive 
clusters on the cell surface. Quantitation showed 
that transfected 293 cells expressing full-length 
SynCAM had about 3 times more clusters than 
cells expressing mutant SynCAMAIg or ECFP 
alone (Fig. 5E), which suggests that induction of 
presynaptic specializations depended on the Ig 
domains of SynCAM. 

We used the red-shifted fluorescent dye 
FM5-95 to determine whether the presynaptic 
specializations induced by SynCAM on 293 
cells are capable of synaptic vesicle exo- and 
endocytosis (37). After we labeled cocultures 
with FM dye, we observed active nerve ter- 
minals (Fig. 6A, open arrowheads) over 293 
cells expressing wild-type SynCAM but not 
over 293 cells expressing SynCAMAIg lack- 
ing Ig domains, although stained terminals 
from intemeuronal synapses were present 
nearby (Fig. 6B, closed arrowheads). Control 
cells, such as cells expressing mutant Syn- 
CAM, occasionally contained networks of 
neurites on the surface (which explains the 
infrequent synaptophysin-positive puncta on 
these cells; see Fig. 5E). However, we detect- 
ed no terminals with actively recycling vesi- 
cles on control cells, which suggests that 
full-length SynCAM was required for induc- 
tion of functional presynaptic specializations. 

We next measured the rate of exocytosis 
and the size of the recycling vesicle pool in 
presynaptic terminals from regular intemeuro- 
nal synapses and from heterologous synapses 
on SynCAM-expressing 293 cells by recording 
the rate (Fig. 6C) and amplitude (Fig. 6D) of 
FM dye destaining induced by stimulation (3 7). 
We found no difference between regular syn- 
apses and heterologous synapses, which sug- 
gests that they are functionally similar. Trans- 
fected cells expressing SynCAMAIg (which 
lacks Ig domains) or ECFP alone served as 
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negative controls. Because we detected no ob- 
vious staining of synapses with FM dyes on top 
of these cells, we analyzed the brightest visible 
spots nearby. For both controls, these spots 
exhibited only a small decrease in fluorescence 
(Fig. 6D). Thus, in four different types of ex- 
periments-cell adhesion in transfected S2 
cells, stimulation of minis in transfected neu- 
rons, synapse formation on transfected 293 
cells, and induction of quantitatively normal 
release properties of nerve terminals-the ex- 
tracellular Ig domains of SynCAM are essen- 
tial, possibly because they participate in trans- 
synaptic interactions across the synaptic cleft. 

Reconstitution of a glutamatergic post- 
synaptic response. We explored whether 
presynaptic terminals that contact SynCAM- 
transfected 293 cells support sustained, local- 
ized neurotransmitter release by coexpressing 
SynCAM with the glutamate receptor GluR2 in 
293 cells. SynCAM was transcribed together 
with soluble ECFP from the same vector, and 
GluR2 was produced as a green fluorescent 
protein (GFP) fusion protein, which allowed us 
to select cells that coexpress SynCAM and 
GluR2. We cocultured the transfected cells with 
hippocampal neurons as described above and 
monitored the 293 cells by whole-cell voltage- 
clamp recordings (38). 

Nine of 31 cells coexpressing SynCAM 
and GluR2 exhibited spontaneous currents 
(Fig. 7A). We recorded no currents from 293 
cells in the absence of neurons. Events oc- 
curred at a rate of 2.39 ? 0.63 Hz and were 
abolished by 6-cyano-7-nitroquinoxaline-2,3- 
dione (CNQX), which blocks GluR2 gluta- 
mate receptors. Control 293 cells expressing 
either SynCAM or GluR2 alone did not ex- 
hibit currents in coculture with neurons (n = 
16 for SynCAM, n = 22 for GluR2). Gluta- 
mate application onto 293 cells expressing 
GluR2 triggered large inward currents, con- 
firming that these cells express functional 
surface receptors (Fig. 7A, bottom right). 
Current amplitudes recorded in cocultures 
from 293 cells that coexpressed SynCAM 
and GluR2 measured 5 to 100 pA but were 
mostly in the 15- to 35-pA range (Fig. 7B). 
Rise times varied from 1 to 6 ms, comparable 
to events from intemeuronal synapses in cul- 
tures of the same age (Fig. 7C). Confocal 
imaging of nerve terminals on the transfected 
293 cells revealed that GFP-tagged glutamate 
receptors were often (but not always) concen- 
trated opposite the terminals (Fig. 7D). Be- 
cause the hippocampal culture system used 
here forms extended synaptic networks with 
spontaneous activity (39), glutamatergic re- 
sponses recorded from the transfected 293 
cells probably reflected the propagation of 
this activity to the presynaptic terminals con- 
tacting these cells. Consistent with this inter- 
pretation, the responses were greatly de- 
creased after tetrodotoxin was applied, which 
blocks synaptic activity driven by action po- 

tentials. Together these results suggest that 
293 cells coexpressing SynCAM and GluR2 
receptors exhibit postsynaptic glutamatergic 
responses resembling those of neurons. 

Summary. At the synapse, multiple mol- 
ecules probably contribute to transsynaptic 
signaling with likely redundancy among mo- 
lecular pathways. For example, ephrins and 
cadherins both contribute to synaptic speci- 
ficity and to the postsynaptic organization of 
ion channels (5, 10, 40-43). However, many 
aspects of transsynaptic signaling have re- 
mained obscure, especially the mechanism by 
which neurons signal to each other the need 
to differentiate a synaptic nerve terminal and 
the molecular glue that holds pre- and 

Fig. 5. SynCAM induces synapse forma- 
tion on transfected 293 cells. Transfected 
293 cells that express wild-type SynCAM 
(A to C) or mutant SynCAMAIg (D) to- 
gether with ECFP were seeded onto cul- 
tured hippocampal neurons. After 3 days, 
cocultures were stained with antibodies 
to syntaxin 1 or synaptophysin 1 (Syp) 
and examined by fluorescence microsco- 
py (red = syntaxin or synaptophysin; 
green = ECFP). Open arrowheads point to 
presynaptic puncta on top of 293 cells; 
filled arrowheads point to regular inter- 
neuronal synapses nearby. (C) A cross 
section through a transfected 293 cell 
with nerve terminals forming synapses on 
top, reconstructed by confocal fluores- 
cence microscopy. (E) Quantitation of 
transfected 293 cells seeded onto hip- 
pocampal cultured neurons that con- 
tain associated presynaptic terminals 
(means + SEMs of percent of transfected 
cells; n = 188 SynCAM cells; n = 196 
SynCAMAIg cells; n = 143 vector cells in 
three independent experiments). 

postsynaptic specializations together. Syn- 
CAM likely participates in these processes: 
SynCAM is a homophilic cell adhesion mol- 
ecule that is present on both sides of the 
synapse. Overexpression of full-length Syn- 
CAM in neurons increased spontaneous syn- 
aptic activity, consistent with the notion that 
SynCAM promoted synapse formation. Con- 
versely, overexpression of the isolated cyto- 
plasmic tail of SynCAM inhibited synapse 
formation and impaired synaptic release. 
When produced in nonneuronal cells, Syn- 
CAM induced nearby neurons to form syn- 
apses onto these cells with release properties 
that were indistinguishable from those of ad- 
jacent intemeural synapses. Cell adhesion 
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Fig. 6. Synaptic vesicle r _ C 90 K+/ 2 Ca2+ 
exocytosis in presynap- 2 1.0- 
tic terminals formed on X 08- 
transfected 293 cells. i ' r 
(A and B) FM5-95 dye 4 o0.- 
staining of active nerve -0 - HK SynCAs 

e 
terminals formed on H S n2- 
293 cells that express 40o 80 120 

wild-type SynCAM (A) D > Time (s) 
or mutant SynCAMAIg n 1-0- 

(B) together with ECFP I 0 8- 
after 5 to 7 days of 0.6- 
coculture with hippo- 0 - 04- -*-Synapses 
campal neurons. (Left) _ - .HEK SynCAM 
Differential interference _ 0.2- -0-HEK SynCAMAIg 
contrast pictures. (Right) E0- oHEK vector 
Fluorescence pictures 20 50 10_0 2-00 500 
derived by subtracting Recycling pool (AF) 
the FM5-95 images be- 
fore and after stimulation to selectively visualize active nerve terminals (orange = FM5-95 signal; green = 
ECFP signal; open and closed arrowheads point to active terminals on and apart from transfected cells, 
respectively). No active terminals were detected on control transfected cells. (C) Average destaining kinetics 
of presynaptic terminals. Regular intemeuronal synapses are compared with synapses formed on transfected 
293 cells expressing SynCAM (n = 6, with 10 to 30 puncta per experiment). (D) Cumulative probability of 
the recycling pool of vesicles as measured by the stimulation-dependent FM-fluorescence change (n = 104 
intemeuronal terminals, n = 35 synapses on SynCAM-expressing 293 cells, n = 64 puncta on SynCAMAIg- 
expressing 293 cells; n = 63 on control 293 cells). 
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Fig. 7. Reconstitution A SynCAM + GluR2 B 
of glutamatergic syn- -=_ 1.0- 

aptic transmission on- 
to transfected 293 0.6 
cells. (A) Representa- f rV 
tive traces. 293 cells CNQX 10 /M 0 Y 2pA 

SynCAM and GluR2 to- 0l 20 40 60 80 100 
gether or with SynCAM Amplitude (pA) 
or GluR2 alone and C 
cocultured with hip- SynCAM alone 1.0- 
pocampal neurons for 1 Q .- 
to 5 days. Cells were GluR2 alone Glu 100 M o 0.6 
then used for whole- 
cell recordings in the ' r E 02 
presence of cyclothia- 10 A o/ 10 p 
zide to avoid desensiti- 20s 0 1 2 3 4 5 6 
zation of glutamate re- ,Jl100 pA 10-90% Rise time (ms) 

ceptors. In the second 20s 
trace, the glutamate re- D 
ceptor blocker CNQX 
was applied to verify 
that the currents ob- 
served were glutama- 
tergic. In the bottom 
right trace, 100 p.M 
glutamate (Glu) was 
applied to demonstrate 
that the GluR2 recep- 
tors were functional. (B and C) Cumulative probability of the amplitudes (B) and 10 to 90% rise times 
(C) of synaptic events recorded from 293 cells expressing SynCAM and GluR2. (Inset) Representative 
traces of individual events. (D) Localizations of active nerve terminals (visualized with FM4-64 shown in 
red) and GFP-tagged glutamate receptors (GFP-GluR2, shown in green) on transfected 293 cells that 
coexpress SynCAM with GluR2. (Right) Confocal images are merged with the ECFP labeling of the 
transfected cells (blue) to illustrate the proximity of receptor clusters to the nerve terminals. 

mediated by SynCAM resembles cell adhe- 
sion mediated by the 3-neurexin-neuroligin 
pair (44), which also induced synapse forma- 
tion (8). The Ca2+ independence of SynCAM 
cell adhesion is consistent with a function as 

synaptic glue, whereas the 3-neurexin-neu- 

roligin interaction is Ca2+ dependent (6). 
Conversely, homophilic binding of SynCAM 
cannot explain the polarized nature of synap- 
tic junctions, which corresponds better to the 
interaction of 3-neurexins with neuroligins or 
of EphrinB with EphB receptors (2). 

The fact that heterologous synapses in- 
duced in the coculture assay exhibit physio- 
logical properties similar to normal brain syn- 
apses suggests that a single signal provided 
by SynCAM is sufficient to instruct the pre- 
synaptic terminal for differentiation. Interest- 

ingly, the intracellular interactions of Syn- 
CAM and 3-neurexins are similar in spite of 
distinct extracellular domains, which indi- 
cates that SynCAM and 3-neurexins may 
induce presynaptic differentiation by the 
same intracellular interactions with PDZ-do- 
main proteins. Thus, inhibition of synapse 
assembly by the cytoplasmic tail of SynCAM 
may occur because the tail simultaneously 
interferes with SynCAM and neurexin sig- 
nals. Reconstitution of a functional synaptic 
glutamatergic response in nonneuronal cells 

expressing SynCAM reveals minimal 

requirements for synapse assembly and opens 
up new avenues for studying synaptic 
function. 
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The Mechanism of Diamond 

Nucleation from Energetic Species 
Y. Lifshitz,1'*t Th. Kohler,2 Th. Frauenheim,2 I. Guzmann,3t 

A. Hoffman,3 R. Q. Zhang,' X. T. Zhou,1 S. T. Lee1 

A model for diamond nucleation by energetic species (for example, bias-en- 
hanced nucleation) is proposed. It involves spontaneous bulk nucleation of a 
diamond embryo cluster in a dense, amorphous carbon hydrogenated matrix; 
stabilization of the cluster by favorable boundary conditions of nucleation sites 
and hydrogen termination; and ion bombardment-induced growth through a 

preferential displacement mechanism. The model is substantiated by density 
functional tight-binding molecular dynamics simulations and an experimental 
study of the structure of bias-enhanced and ion beam-nucleated films. The 
model is also applicable to the nucleation of other materials by energetic 

The Mechanism of Diamond 

Nucleation from Energetic Species 
Y. Lifshitz,1'*t Th. Kohler,2 Th. Frauenheim,2 I. Guzmann,3t 

A. Hoffman,3 R. Q. Zhang,' X. T. Zhou,1 S. T. Lee1 
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diamond embryo cluster in a dense, amorphous carbon hydrogenated matrix; 
stabilization of the cluster by favorable boundary conditions of nucleation sites 
and hydrogen termination; and ion bombardment-induced growth through a 

preferential displacement mechanism. The model is substantiated by density 
functional tight-binding molecular dynamics simulations and an experimental 
study of the structure of bias-enhanced and ion beam-nucleated films. The 
model is also applicable to the nucleation of other materials by energetic 
species, such as cubic boron nitride. 

The exciting possible applications of dia- 
mond (1-3) motivated its high-pressure, 
high-temperature production half a century 
ago (4). Since then, chemical vapor deposi- 
tion (CVD) methods have been developed to 
facilitate diamond growth at sub-atmospheric 
pressures, typically applying a hydrocarbon- 
hydrogen plasma (<1% hydrocarbon) over a 
substrate held at -700? to 800?C. Diamond 
growth on diamond is relatively well under- 
stood and controlled. Diamond growth on 
non-diamond surfaces requires a nucleation 
step that is much less understood (5) and 
relies largely on trial and error. 

The most controlled diamond nucleation 
method is biased enhanced nucleation (BEN) (6, 
7), in which the substrate is negatively biased to 
-100 to 200 V and exposed to the CVD plasma. 
The impingement of energetic plasma species 
induces the nucleation of diamond (8-12). Nu- 
cleation can be achieved in a similar way with 
direct ion beam bombardment (13). 

Two nucleation sites associated with dia- 
mond formation in BEN have been identified: 
graphitic edges (8, 11, 14), for randomly orient- 
ed diamond, and steps, for heteroepitaxial (ori- 
ented) growth on Si (12). The actual nucleation 
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process (the formation of a diamond cluster and 
its subsequent growth to form a stable crystal- 
lite) remains unresolved. Here we propose a 
model of the diamond nucleation process from 
energetic species (e.g., BEN). Each step in the 
model is substantiated by experimental data and 
molecular dynamics (MD) simulation results, as 
well as reported data and simulations for carbon 
systems not associated with BEN. 

We propose that diamond nucleation via 
BEN is an internal (bulk) process that occurs 
in subsurface layers, -1 to 2 nm below the 
surface, and advances as follows: 

1) Step a. Formation of a dense amor- 
phous hydrogenated carbon (a-C:H) phase 
(-1 to 2 nm thick) via a subplantation (15- 
17) process, wherein energetic carbon, hy- 
drocarbon, and hydrogen species bombard 
the surface and are subsequently stopped and 
incorporated in subsurface layers. The densi- 
ty of this phase increases with subplantation 
until it reaches saturation. 

2) Step b. Spontaneous precipitation of pure 
sp3 carbon clusters containing tens of atoms in 
the a-C:H phase, induced by the "thermal 
spike" (15-17) of the impinging energetic spe- 
cies. Most clusters are amorphous, but a few 
(-1 in 104 to 106) are perfect diamond clusters. 
The formation probability of diamond clusters 
is increased by favorable boundary conditions 
of nucleation sites 

3) Step c. Annealing of faults in defective 
clusters by incorporation of carbon "intersti- 
tials" in reactive sites and by hydrogen termina- 
tion. Carbon interstitials and hydrogen atoms 
are provided through the subplantation pro- 
cess. Note that the amorphous matrix contains 
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-20 to 30% of hydrogen by atom (at%H). 
4) Step d. Growth of diamond clusters to 

several nm (104 to 3 X 104 atoms) through 
transformation of amorphous carbon to dia- 
mond at the amorphous matrix-diamond inter- 
face. The transformation is induced by a "pref- 
erential displacement" mechanism (15-17) 
caused mainly by the impact of energetic hy- 
drogen atoms. In this process, loosely bound 
amporphous carbon (a-C) atoms move to new 
diamond positions, leaving the more rigid dia- 
mond atoms unchanged. Under typical BEN 
conditions, the number of energetic hydrogen 
atoms is two orders of magnitude larger than 
that of energetic carbon ions, so each carbon 
atom in the amorphous phase should be bom- 
barded and displaced many times. 

Our model differs in two respects from pre- 
vious attempts to understand the BEN process. 
First, we suggest that nucleation is a bulk not a 
surface process, which makes boundary condi- 
tions (15-17) important rather than surface en- 
ergy effects. We also emphasize that diamond 
clusters growing on the substrate surface would 
be annihilated or graphitized by the bombarding 
energetic species. Second, we assume diamond 
nucleation to be a highly improbable event, 
which means the diamond may precipitate even 
under conditions in which the thermodynamic 
stability of diamond is lower than that of graphite. 

Several major obstacles have previously 
hampered the elucidation of diamond nucle- 
ation mechanisms. First, small diamond clus- 
ters of -30 atoms cannot be observed by 
experimental techniques, leaving simulation 
as the only means to observe them. Second, 
the very low probability of the formation of a 
perfect diamond cluster (which is still suffi- 
cient to facilitate the experimental nucleation 
densities) requires a large number (>104) of 
cell calculations for it to be observed, calcu- 
lations that cannot be performed by currently 
available computers. We overcome these 
problems by suggesting that the formation of 
a perfect diamond cluster among many other 
faulty sp3 clusters is statistically possible. 

Evidence for each of the above steps is 
found both in new [supporting online material 
(SOM) Notes 1 to 3] and previously reported 
data. We first focus on the precursor material 
(step a) in which diamond later precipitates 
(step b) under optimal BEN conditions (18). 
High-resolution transmission electron microsco- 
py (HRTEM) measurements (Fig. 1) prove the 
precipitation of diamond crystallites in this ma- 
trix and the formation of nucleation sites [silicon 
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