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Molecules involved in late steps of neurotransmitter release at the syn- 
apse can be examined by noting the two speeds of the components of the 
exocytotic burst that are triggered by an increase in free Ca++. From 
studies of Ca++-dependent exocytosis of large dense-core vesicles in 
chromaffin cells, it seems that initiation of the SNARE complex is the 
molecular event underlying the priming process and that Munc13 acts as 
a priming factor by opening syntaxin. If synaptic mechanisms are similar, 
much could be learned from the molecular and kinetic studies that can be 
performed in chromaffin cells. The twinning of techiques from biophysics 
and molecular biology has led to remarkable progress in understanding the 
molecular mechanisms of synaptic transmission. Here we review the 
current picture of Ca++-triggered exocytosis, which has emerged from 
studies of a simple cellular model, the adrenal chromaffin cell. We discuss 
the molecular players that have been assigned a specific role in a particular 
step of this process and give a brief outlook on what these insights might 
tell us about mechanisms of short-term plasticity at classical synapses. 

Transport vesicles, pinching off from donor 
compartments and fusing with target mem- 
branes, are a common theme in several sub- 
fields of cell biology and the neurosciences 
(1). Correspondingly, many classes of pro- 
teins such as SNAREs (soluble N-ethylmale- 
imide-sensitive factor attachment protein re- 
ceptors), Muncs, and Secs have been found in 
most of the cellular compartments involved 
in such membrane trafficking (1, 2), and it is 
generally held that similar mechanisms un- 
derlie the processes of endocytosis and mem- 
brane fusion in the different systems. How- 
ever, when one considers the details, namely, 
how researchers in the different fields view 
the sequence of molecular events, major dif- 
ferences become apparent. In neurotransmit- 
ter release, for instance, overwhelming evi- 
dence has accumulated over the last few 
years that the SNARE proteins syntaxin, syn- 
aptobrevin, and SNAP-25 are intimately in- 
volved in the final steps of membrane fusion. 
In fact, a physically plausible mechanism for 
fusion is one in which formation of a tight 
coiled-coil complex between these proteins 
pulls the participating membranes together 
(Fig. 1A) (3, 4). In this view, the energy 
liberated by complex formation is made 
available for overcoming the energy barrier 
of lipid rearrangements during fusion. How- 
ever, work on homotypic vacuolar fusion in 
yeast assigned a relatively early role to 
SNAREs (5). Molecules, such as phospha- 
tases (6), calmodulin, and Vo [the integral 
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domain of vacuolar H+-ATPase (7)], are be- 
lieved to be essential for the final stages of 
membrane fusion. Likewise, an essential late 
role of SNAREs in neurotransmitter release 
has been questioned on the basis of knockout 
studies in Drosophila (8) and mice (9). 

Here, we review the evidence regarding 
molecules involved in late steps of neuro- 
transmitter release by focusing on one partic- 
ular property of this Ca"+ -triggered pro- 
cess-its speed. Release of neurotransmitters 
and hormones is known to proceed in frac- 
tions of seconds or even milliseconds after 
the free Ca+ concentration, [Ca +], ris- 
es-a process that has been trimmed by evo- 
lution for speed. On the other hand, it is clear 
that vesicles have to undergo a number of 
steps (translocation, docking, priming) before 
they are ready to fuse in such a rapid manner. 
These steps are likely to be slower, such that 
one would expect to observe a typical se- 
quence of events, when [Ca++] is suddenly 
increased from low values into a range where 
rapid release occurs. First, a rapid burst of 
exocytosis, by vesicles that had been in a 
release-competent state at the time of the 
Ca" +-increase. This would be followed by a 
much slower, sustained response (at sus- 
tained high [Ca+]) by vesicles that have to 
undergo preceding, rate-limiting reactions 
before they can fuse under those conditions. 
This expectation forms the basis for a possi- 
ble kinetic distinction between manipulations 
that affect late-acting molecules and those 
that are important during earlier steps. For 
instance, one would expect the [Ca++] dur- 
ing a stimulus to affect the time course of the 
exocytotic burst. Likewise, manipulations 
with the Ca+ + sensor should alter the timing. 
Priming factors, on the other hand, would 

primarily influence the sustained component 
and/or the amplitude of the exocytotic burst, 
that is, the number of release-competent ves- 
icles immediately before the stimulus. 

Demonstrating such expectations at syn- 
apses is not straightforward. Only few neuronal 
preparations allow one to control the Ca++- 
stimulus sufficiently well in space and time for 
a quantitative analysis. In fact, examples of 
seemingly contradictory or complicating evi- 
dence are numerous, which led to suggestions 
about additional release constraints (10), facili- 
tating mechanisms that modulate the release 
apparatus (11, 12), and adaptation/refractori- 
ness (13). However, there are some neurosecre- 
tory systems where the expectations, sketched 
above, can be nicely verified, with just one 
complication: Detailed kinetic analysis of data 
from adrenal chromaffin cells revealed that the 
exocytotic burst, after flash-induced liberation 
of [Ca++] from "caged" Ca, is not homoge- 
neous. Rather, one has to assume that there are 
two populations of vesicles that release at large- 
ly different rates. Heterogeneous release prob- 
ability, however, is also a property of many 
types of synaptic vesicles. 

The Flash Experiment 
Rapid release of signaling compounds from 
caged precursors by ultraviolet illumination, 
has been used as a rapid stimulus in many fields 
of modem biology (14, 15), including neuro- 
science (16). When this approach was first 
applied to neurosecretory cells (pituitary cells) 
(17), the response pattern described above was 
observed. It was soon extended to adrenal 
chromaffin cells (18) and pancreatic beta 
cells (19). In most cases, the caged compound 
was infused into the cell interior in the whole- 
cell patch-clamp mode, and exocytosis was 
monitored by measuring membrane capaci- 
tance and/or by using carbon fiber amperom- 
etry (20). Such an experiment, performed on 
bovine adrenal chromaffin cells, is shown in 
Fig. lB. Here, a flash of ultraviolet light 
rapidly elevated [Ca+ +] from a basal level of 
about 300 nM to about 20 JLM. As a conse- 
quence, membrane capacitance increased 
rapidly by about 600 fF. This increase signals 
the release of about 240 vesicles, because 
each vesicle fusing with the plasma mem- 
brane enlarges its area, contributing about 2.5 
fF (21). Subsequently, capacitance keeps in- 
creasing at a rate of about 50 fF/s, which 
corresponds to an ongoing rate of exocytosis 
of about 20 vesicles per second. In the light of 
the above discussion, these would be vesicles 
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that undergo a priming reaction and release 
immediately (at high [Ca++]) when they reach 
the release-competent state. We will present 
evidence below that this priming reaction is 
intimately linked to the initiation of SNARE 
complex formation. 

Close inspection of traces like that of Fig. 
1B shows that the exocytotic burst is, indeed, 
composed of two components. These are 
termed the "slowly releasable pool" (SRP) 
and the "rapidly releasable pool" (RRP); they 
can be fitted by two time constants. Many 
studies have shown that these time constants 
are strongly dependent on the concentration 
of Ca + reached after the flash (17, 22, 23), 
confirming that the burst represents Ca++- 
dependent triggering of release. Voets has 
shown that the amplitude of the burst is in- 
dependent of post- 
flash [Ca++], as ex- 
pected (23). Howev- 
er, it increases when 
the concentration of 
Ca++ preceding the 
flash is elevated, a 
finding that confirms 
"Ca++-dependent 
priming" of chromaf- 
fin granules, as ob- 
served in studies on 
permeabilized cells 
(24). This Ca+- 
dependent priming 
occurs on the time 
scale of tens of sec- 
onds, and it can en- 
large the size of the 
releasable pool by up 
to a factor of 5 (25). 
Likewise a reduction 
of preflash [Ca++] 
can reduce the size of 
the release-ready 
pool of vesicles with- 
in a few seconds 
(26). The distinc- 
tion between Ca++- 
dependent priming 
and Ca ++-dependent 
triggering requires a 
time resolution of at 
least a second. Be- 
cause such resolution 
is very often not ob- 
tained in studies on 
permeabilized cell 
suspensions, many 
features of Ca+ + de- 
pendence attributed 
in such studies to 
Ca++ triggering (27) 
may be indeed con- 
sequences of Ca++- 
dependent priming. 

Provided that the 

A 

exocytotic burst represents Ca++ action on 
(partially?) preassembled SNARE complexes, 
the sustained component should represent early 
stages of SNARE complex formation. Two 
components of the burst are observed (the SRP 
and RRP of Fig. 1C), which should indicate the 
presence of two forms of such complexes. 
These might represent two types of vesicles, 
different isoforms of SNARE proteins or dif- 
ferent states of interaction with other proteins. 
However, additional points of evidence restrict 
such options: Both components involve the re- 
lease of catecholamines (20, 25). Therefore, the 
idea that one component might represent large 
dense-core vesicle exocytosis, and the other 
one, small clear vesicles containing a fast neu- 
rotransmitter (28) can be excluded for adrenal 
chromaffin cells. Also, it has been demonstrat- 

B 30- 

i 20- 

10- 
o 

ed that the two forms of release competence 
interconvert on the time scale of a few seconds 
(29), which precludes major changes in their 
release machineries. For instance, it seems un- 
likely that different isoforms of SNAREs ex- 
change for each other on a time scale of sec- 
onds. Rather, different degrees of tightness of 
the SNARE complexes, possibly stabilized to 
different extents by interacting partners (such as 
synaptotagmin or complexin), may cause the 
kinetic differences in the responses to rapid 
Ca++ elevation. In fact, complexin dissociates 
from the SNARE complex on exactly the same 
time scale as the observed transitions between 
RRP and SRP (30). This scenario depends on 
the assumption that the starting point for the 
Ca++-dependent triggering reaction is one of 
the two states mentioned above, both of which 
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Fig. 1. Vesicle pools and the flash response. (A) A cartoon depicting a SNARE complex (31). (B) A 
typical response, observed by flash photolysis when a flash (see arrow) causes a step increase of 
cytosolic [Ca++] from a basal level of about 300 nM to 20 FM (upper trace). The ensuing increase 
in membrane capacitance (middle trace) and the amperometric signal, as measured by a carbon 
fiber microelectrode (lower trace), are shown. Membrane capacitance increases in proportion to the 
number of chromaffin granules that fuse with the plasma membrane. The color code assigns parts 
of the trace to the fusion of vesicles from the RRP (yellow) or SRP (green) or to slow priming (with 
release immediately following) of previously unprimed vesicles (red). The carbon fiber signal (lower 
trace) measures oxidation of released catecholamines. Some scattered spikes represent the release 
of catecholamine packets from single granules, which happen to be released very close to the 
carbon fiber. Catecholamine released more remotely shows up as a slower, smoothed-out wave. (C) 
Vesicles are depicted in four different states. Vesicles of the depot pool (about 2000) enter the 
unprimed pool, UPP, when they dock at the membrane. A total of 850 morphologically docked 
vesicles (as observed in electron micrographs) are subdivided into the UPP (about 650 vesicles) and 
a primed pool, with the latter again subdivided into the slowly releasable pool, SRP, and rapidly 
releasable pool, RRP (each about 100 vesicles). Priming is defined functionally in the sense that all 
vesicles are termed "primed," if they can release within about a second of elevation of [Ca++]. 
Primed vesicles are believed to be in one of the two states when they have at least partially 
assembled SNARE complexes. 

may be trans-SNARE 
complexes, zippered 
to different degrees. 
They may be dyna- 
mic structures-con- 
trary to in vitro cis 
complexes-that can 
complete the zipper- 
ing reaction only 
after membrane fu- 
sion, which allows the 
membrane anchors to 
align. This final rear- 
rangement of lipids 
may need a Ca++- 
dependent squeeze 
provided by synapto- 
tagmin or other acces- 
sory proteins. 

The Molecular 
Players 
In order to shed some 
light on the molecular 
players involved in 
Ca+ +-dependent exo- 
cytosis of large dense- 
core vesicles in chro- 
maffin cells, a large 
number of experi- 
ments have been per- 
formed over the past 
few years. In these 
studies, a protein 
thought to be involved 
in the final steps pre- 
ceding exocytosis has 
been either knocked 
out or overexpressed. 
In addition, mutant 
forms of these pro- 
teins have been over- 
expressed to gain in- 
sight into which re- 
gion of the protein is 
involved in which 
step of Ca++-depen- 
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dent exocytosis. One major basis for the design 
of these experiments was the crystallization of 
the so-called core complex, which consists of 
the cytoplasmic regions of syntaxin, SNAP-25, 
and synaptobrevin (31). The crystal revealed a 
four-helix bundle with each of the four helices 
containing a leucine zipper-like layer of 15 
hydrophobic residues facing each other (Fig. 
1A). This structural feature most likely ac- 
counts for the unusual thermal stability and 
detergent resistance of the assembled SNARE 
complex. Surprisingly, the crystal structure also 
revealed the existence of an ionic layer ("zero 
layer") composed of three glutamine residues 
and one arginine embedded within the four- 
helix bundle. Overexpression of SNAP-25 
Q174L in adrenal chromaffi cells led to a 
selective reduction in the sustained component 
in the flash experiment, whereas the kinetic 
rates of the exocytotic burst remained unaffect- 
ed (32). The zero layer is thus important for the 
supply of release-competent vesicles which 
supports the above-mentioned hypothesis that 
the initiation of SNARE complex assembly is 
the molecular basis for the priming reaction. If 
this assumption holds true, the accessibility of 
the SNARE complex components might be one 
rate-limiting factor for the priming reaction. 
This might be particularly the case for syntaxin, 
which also forms a highly stable complex with 
Muncl8. Crystallization of that complex re- 
vealed that syntaxin is held by Muncl8 in a 
closed conformation (33). In this conformation, 
the NH2-terminus of syntaxin is folded back 
onto the COOH-terminal helix, thereby pre- 
venting this helix from participating in forma- 
tion of the core complex. Thus, syntaxin has to 
be opened up in order to make it available for 
SNARE complex formation, and any molecule 
that could perform such function would be by 
definition a priming factor. Recent evidence 
from knockout studies in Caenorhabditis el- 
egans, Drosophila, and mice has assigned such 
a role to the protein Muncl3 (34-40). When 
overexpressed in chromaffi cells, Muncl3-1 
leads to a threefold increase in secretion (41). 
This increase is due to a threefold larger size of 
both RRP and SRP and a threefold increase in 
the sustained component, nicely meeting the 
above-mentioned expectations for a priming 
factor. Therefore, Muncl3-1, in terms of the 
vesicle pools of Fig. 1C, transfers vesicles from 
the UPP to the SRP, most likely by converting 
syntaxin to its open conformation (42). Support 
of this notion came from a recent study in C. 
elegans (43), where it was demonstrated that 
overexpression of syntaxin L166A/E167A, a 
mutant that does not bind Muncl8 and thus has 
its COOH-terminus available for SNARE com- 
plex formation, could entirely rescue the severe 
uncl3 phenotype. 

From the data above, it seems evident that 
initiation of the SNARE complex is the mo- 
lecular event underlying the priming process 
and that Muncl3 acts as a priming factor by 

opening syntaxin. However, several ques- 
tions about the priming process still remain 
open. One concerns the fact that the known 
Muncl3 isoforms are not expressed in all 
synapses. Thus, it seems likely that other 
priming factors that fulfill a similar function, 
must exist. One potential candidate is the 
so-called "calcium-dependent activator pro- 
tein for secretion" [CAPS (44)]. Dialysis of 
an antibody against CAPS blocks, to a large 
degree, secretion in melanotrophs and chro- 
maffin cells (45, 46), and knockout of CAPS 
in Drosophila leads to a 50% block of gluta- 
matergic transmission and a threefold accu- 
mulation of synaptic vesicles at active zones 
(47). However, neither knockout nor overex- 
pression of CAPS has any detectable effect on 
Ca+ +-dependent exocytosis in chromaffin 
cells (48). Another open question concerns 
the Ca' + dependence of the priming process. 
As mentioned above, the filling state of SRP 
and RRP, that is, the priming reaction, is 
strongly dependent on the preflash [Ca++] 
(23). Although Muncl3 has several, putative- 
ly Ca++-binding C2 domains, it remains to 
be shown whether these sites actually bind 
calcium in vivo and consequently accelerate 
the priming rate. It seems equally plausible 
that the Ca + dependence of priming is me- 
diated by other priming factors, e.g., protein 
kinase C (49). 

According to the scenario outlined above, 
vesicles are in a release-competent state once 
the formation of the SNARE complex has 
been correctly initiated. What distinguishes 
vesicles residing in the SRP from those ves- 
icles residing in the RRP? A first glimpse of 
knowledge arose from experiments with tet- 
anus toxin and different botulinum neurotox- 
ins. These endoproteases display a remark- 
able specificity as they cleave only members 
of the SNARE complex at a single site. Di- 
alysis of botulinum neurotoxin E, D, or C1 
and tetanus toxin into chromaffin cells led to 
a complete loss of secretion, further high- 
lighting the importance of intact SNARE 
complexes for Ca++-dependent exocytosis. 
Interestingly, dialysis of botulinum neurotox- 
in A resulted in a selective loss of the fast- 
burst component, that is, the RRP (20). Bot- 
ulinum neurotoxin A cleaves SNAP-25 be- 
tween amino acids 197 and 198, thereby cut- 
ting off the last nine COOH-terminal 
residues. In intact SNARE complexes, these 
amino acids form the most membrane-proxi- 
mal part in one helix of the four-helix bundle. 
Thus, these data indicate that residues of the 
trans-SNARE complex, which are in close 
proximity to the membrane anchors, play an 
instrumental role in mediating fast, Ca++- 
dependent exocytosis from the RRP. These 
findings were confirmed by overexpression 
of SNAP-25A9 in intact chromaffin cells (32, 
50). In PC12 cells, the inhibition of secretion 
by botulinum neurotoxin A is paralleled by a 

shift in the Ca+ +-dependent binding of syn- 
aptotagmin to SNAP-25 toward higher Ca + 
concentrations (51). Synaptotagmin, with its 
two C2 domains, has widely been held as at 
least one Ca" sensor for exocytosis (52). In 
molecular terms, this finding might provide 
an explanation for the botulinum neurotoxin 
A data, if one assumes that cleavage of the 
COOH-terminal end of SNAP-25 weakens its 
interaction with the Ca+ + sensor of exocyto- 
sis. Further support for this view comes from 
a study of chromaffin cells derived from syn- 
aptotagmin-knockout mice. Similar to cells 
treated with botulinum neurotoxin A, secre- 
tion in these cells selectively lacks the fast- 
burst component mediated by vesicles fusing 
from the RRP, whereas the slow-burst com- 
ponent and the sustained component are hard- 
ly affected (53). Furthermore, the recent find- 
ing that neutralization of negative amino ac- 
ids in the COOH-terminus of SNAP-25 inter- 
feres with the Ca+ +-triggering step of 
exocytosis might well be explained by a re- 
duced interaction of the SNARE complex 
with synaptotagmin (54). The picture emerg- 
ing from these data seems to support the 
model originally proposed by Pelham and 
co-workers (3). Vesicle fusion from the RRP 
would require the zippering of the four-helix 
bundle of the trans-SNARE complex up to 
the membrane anchors. Synaptotagmin as the 
Ca++ sensor would probably provide the 
final impetus to overcome the energy barrier 
of lipid rearrangement during the fusion pro- 
cess, either by interaction with the SNARE 
complex or by perturbing lipids in its imme- 
diate vicinity. Accessory proteins like com- 
plexin and snapin, which increase the binding 
affinity of synaptotagmin to the SNARE 
complex or stabilize the complex, would fa- 
cilitate or enhance the transition from the 
SRP to the RRP (55, 56). 

If the full zippering of the complex is 
required for fusion from the RRP, one should 
also be able to eliminate the fast-burst com- 
ponent by interfering with the zippering pro- 
cess. This has indeed been shown by using a 
monoclonal antibody against SNAP-25 (57). 
The epitope of this antibody consists of ami- 
no acids 20 to 40 of SNAP-25 (58), which are 
part of the NH2-terminal helix contributing to 
the four-helix bundle of the SNARE com- 
plex. In vitro, this antibody prevents SNARE 
complex formation. Dialysis of the Fab frag- 
ment into chromaffin cells resulted in a large- 
ly reduced sustained component and in a 
selective loss of the fast-burst component. 
The reduced sustained component is the ex- 
pected result of inhibition of SNARE com- 
plex formation, whereas the loss of the fast- 
burst component signals a destabilization of 
the RRP in its equilibrium with the SRP. 
These findings are in excellent agreement 
with the molecular picture on priming and 
interconversion between SRP and RRP 
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drawn above. One would conclude that the 
antibody binds both to monomeric SNAP25 
and to partially assembled SNARE complex- 
es of the SRP, thereby inhibiting the forma- 
tion of new SNARE complexes and prevent- 
ing the transition of partially assembled ones 
from SRP to RRP. However, the exact mo- 
lecular composition of vesicles residing in the 
SRP remains unclear, as well as the nature of 
the Ca+ + sensor that mediates fusion of ves- 
icles from the SRP. 

Vesicle Pools and Short-Term Synaptic 
Plasticity 
The work discussed so far has brought up new 
features that have to be considered for a better 
understanding of Ca+ +-triggered fusion. First, 
dense-core vesicles seem to exist in two differ- 
ent states with heterogeneous release probabil- 
ity (at a given [Ca++]) and second, priming 
factors, such as Muncl3, regulate the recruit- 
ment of new vesicles during sustained stimula- 
tion. The question then arises whether similar 
phenomena are seen in neurons and whether 
insights into the molecular mechanisms of 
dense-core granule release might help to under- 
stand neurotransmitter release and short-term 
synaptic plasticity. The answer to the first ques- 
tion is a clear "Yes." In fact, evidence for 
heterogeneous release probability at synapses 
exceeds that described above and derives from 
various types of experiments (59-62). Like- 
wise, the role of Muncl3 as priming factor has 
been shown in neuromuscular junctions of C. 
elegans (39) and Drosophila (37) and hip- 
pocampal neurons of mice (38). Furthermore, 
two isoforms of Muncl3 produce two distinct 
forms of short-term plasticity, one (Muncl3-l) 
characterized by short-term depression at mod- 
erate stimulation frequencies and another one 
(Muncl3-2) by a Ca++- and stimulation- 
dependent augmentation (40). Unfortunately, a 
direct kinetic separation of Ca++-dependent 
triggering and priming reactions, as in the case 
of the flash experiment, is not possible in most 
nerve terminals. However, in hippocampal 
cells, vesicle pool sizes at any given moment 
can be determined as the cumulative release 
induced by a short sucrose application (63). 
This measurement allows the study of the re- 
covery of vesicle pools after strong stimuli and 
estimation of the release probability by relating 
a given response to the pool size. In this way, 
vesicle recruitment or priming can be distin- 
guished from Ca++ triggering. 

In addition, caged Ca ++ experiments 
can also be performed at a particularly 
large presynaptic terminal-the calyx of 
Held (64, 65). They reveal a relationship 
between release rates and [Ca+ ]. They do 
allow one to obtain a relationship between 
release rates and [Ca++] that is steeper 
than the one for dense-core granules and 
reaches higher values at high [Ca++]. Un- 
fortunately, however, technical difficulties 

so far preclude a clear answer to the ques- 
tion whether there are two well-defined 
kinetic components to the exocytotic burst, 
as there are in chromaffin cells. However, 
calyces can also be whole-cell voltage- 
clamped and, therefore, Ca"+ currents of 
nearly the shape of a rectangular pulse can 
be applied (66, 67). Analyzing responses to 
such stimuli, it turns out that they also 
consist of two components. Under physiolog- 
ical conditions, the two components merge; 
however, by including a small amount of 
EGTA in the patch pipette, the components 
can be well separated (68). The two compo- 
nents differ in their characteristic time con- 
stant by a factor of about 10. After a strong 
stimulus, which depletes both components, 
the rapidly releasing one recovers slowly 
with a time constant of several seconds, 
whereas the slowly releasing one is halfway 
recovered after a pause as short as 50 ms. The 
steady-state release measured during a pro- 
longed stimulus is compatible with this rapid 
recovery time constant (69). Thus, we are 
again confronted with a system in which at 
least two vesicle pools and two late steps in 
the release process can be distinguished. Do 
similar molecular mechanisms underlie the 
two cases? More specifically, are the two 
components of release-as postulated for the 
case of the chromaffin cell-a result of in- 
trinsic differences in the release machinery or 
are they due to different efficiency in cou- 
pling between Ca influx and release? The 
latter might be the case, if rapidly releasing 
vesicles were better integrated into active 
zones and thereby more tightly coupled to 
Ca++ channels. The answer to this question 
bears on a number of interesting issues. Are 
the two components responsible for synchro- 
nous and asynchronous release, respectively? 
What is the reason for their very different 
speed of recovery? Why is the recovery of 
one component (the rapidly releasing and 
slowly recovering one) regulated by cAMP 
and Ca+ -calmodulin (68, 70) and the other 
one not? What are the consequences of dif- 
ferential regulation of the two pools for short- 
term depression and the behavior of neuronal 
networks? 

If the underlying mechanisms were sim- 
ilar, one could learn a lot about synapses 
from the molecular and kinetic studies that 
can be performed in chromaffin cells. How- 
ever, there are some indications that the 
two systems behave differently, and even 
the differences may be interesting: Overex- 
pression of priming factors in chromaffin 
cells leads to large parallel changes in pool 
sizes. No such prominent changes have 
been observed in neurons (71); rather, ma- 
nipulations that modulate pools and their 
dynamics either caused the specific in- 
crease of one pool (70) or else left the 
steady-state pool size unaltered (68). Like- 

wise, the rapidly recovering pool of vesi- 
cles stayed constant in size during experi- 
ments in which the other one recovered 
slowly at the calyx of Held (68). In similar 
experiments performed on chromaffin cells 
one of the pools seemed to "consume" the 
other one while it recovered (29). These 
differences may be consequences of the 
fact that presynaptic terminals have well- 
defined active zones, in which the release 
machinery is linked to a large macromolec- 
ular complex (72), whereas in chromaffin 
cells the molecular context may be differ- 
ent, even if the basic release machinery is 
conserved. In any case, comparisons be- 
tween the two systems combined with mo- 
lecular manipulations and well-resolved 
kinetic measurements promises major ad- 
vances in our understanding of synaptic 
mechanisms in the near future. 
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A synapse is a stable adhesive junction between two cells across which 
information is relayed by directed secretion. The nervous system and 
immune system utilize these specialized cell surface contacts to directly 
convey and transduce highly controlled secretory signals between their 
constituent cell populations. Each of these synaptic types is built around 
a microdomain structure comprising central active zones of exocytosis and 
endocytosis encircled by adhesion domains. Surface molecules that may 
be incorporated into and around the active zones contribute to modula- 
tion of the functional state of the synapse. 
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Although at present there is no direct con- 
nection between immunological specificity 
and specificity in the nervous system, some 

fruitful ideas may be generated by comparing 
the two biological systems. For example, in 
both systems there is specific recognition of a 
wide range of structures, and also storage of 
information acquired. 

-G. Edelman, 1968. (1) 
There is the notion that we should be 

able to make meaningful comparisons be- 
tween the nervous system and the immune 

system. Both systems utilize specific mo- 
lecular recognition events between discrete 
cells, cell:cell adhesion, positional stabili- 

ty, and directed secretion for communica- 
tion to fulfill their respective functions. 
Both systems have evolved highly sophis- 
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ticated forms of information storage. A fo- 
cal point for this comparison has become 
the concept of the synapse. The high degree 
of functional organization of synapses 
makes them ideal models for general un- 

derstanding of cell-cell communication. 
The concept of the synapse as a nexus of 

communication between neurons is now 
well over 100 years old. It is only recently, 
however, that the immunological counter- 

part has been identified. In the immune 
system, the synapse functions to provide 
specificity to the action of otherwise non- 

specific soluble agents through confine- 
ment to the synaptic cleft and to coordinate 
cell migration and antigen recognition dur- 
ing induction of the immune response. The 

comparison of these two synaptic junctions 
is useful in that they appear to share com- 
mon features, but more importantly the two 

synapses have been approached from such 
different and complementary angles that 
some fruitful ideas should be generated by 
the comparison. We will argue that the 

immunological synapse is a valid concept 
by many criteria, but we must first get past 
some major differences. 
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Differences in Neural and Immune 
Architecture 
A critical difference in the functional context of 
the neural and immunological synapses is in the 
basic "wiring" of the systems. The central ner- 
vous system (CNS) is to a great extent hard- 
wired and retains precise connectivity patterns 
throughout adult life, with neurons projecting 
long axonal processes that form synapses on 
complex dendritic trees of other neurons that 
may be quite distant from the cell nucleus. 
Whereas CNS synapses may be formed and 
pruned back in the adult, the long dendritic and 
axonal processes anchor the cell bodies and 
prevent cell migration. Thus, the CNS synapse 
is an "action at a distance" junction, in relation 
to the nucleus where transcription takes place. 
Therefore, most functions of CNS synapses 
may be considered "postnuclear" in that they 
are carried out without a requirement for im- 
mediate transcriptional regulation, although 
synaptic stimulation can lead to transcriptional 
changes in the long term. CNS synapses can 
alter their efficacy by processes such as receptor 
clustering by scaffold proteins (2). Synapse- 
forming neurons are terminally differentiated. 

In contrast, the immune system operates 
through rapidly migrating T cells and their 
partners, the dendritic cells (DCs), that con- 
gregate in tissues like lymph nodes. This is 
essential to the operation of the immune sys- 
tem, because each T cell expresses a different 
antigen specificity and the point at which an 
antigen will enter the body to become asso- 
ciated with a DC is not predictable. So it is 
essential that T cells and DCs congregate and 
make many random contacts to possibly find 
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