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COMMENTARY

SYNAPSIN I: A SYNAPTIC VESICLE-ASSOCIATED
NEURONAL PHOSPHOPROTEIN
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The discovery of cAMP-dependent protein kinase
[1] and of its ubiquitous tissue distribution [2]
prompted a search in the early seventies for endogen-
ous substrates for the kinase in individual tissues.
This approach offered the hope of understanding
how cAMP regulates known enzymatic processes
in different cell types and of identifying previously
unknown major intracellular regulatory systems.
Synapsin 1 was the first such substrate to be dis-
covered in mammalian brain [3-5]. For this reason,
it was referred to for several years as Protein I, until
its virtually ubiquitous and specific localization at
synapses was demonstrated [6~8]. Over the last
decade, synapsin I has been one of the most
thoroughly studied neuronal proteins. Its precise
function is still unknown, but we now have several
important clues as to what that function might be.
In addition, studies of synapsin I have shed light
on previously unknown aspects of nerve terminal
function. In this short commentary, we shall sum-
marize the major known properties of synapsin I
(for a comprehensive review of such properties, see
Ref. 9) and we shall discuss its possible function.

1 Address all correspondence to: Dr. Paul Greengard.
Laboratory of Molecular and Cellular Neuroscience, The
Rockefeller University, Box 296, 1230 York Ave., New
York, NY 10021, U.S.A.
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Physico-chemical properties of synapsin [

Synapsin I is the collective name for synapsin la
and synapsin Ib, two closely related peptides with
slightly different apparent molecular weights
(around 80,000 in sodium dodecyl sulfate poly-
acrylamide gels) which appear to be coded by distinct
mRNAs [10, 11]. Synapsin 1 was first purified to
homogeneity from bovine brain [5]. Some of its
properties are illustrated in Table 1. Itis an extremely
basic, acid-soluble, asymmetric protein composed of
two major domains, a highly elongated collagenase-
sensitive (tail) region, which is rich in proline and
glycine and a collagenase-insensitive (head) region
[5] (Fig. 1).

Synapsin I is a physiological substrate for at least
three distinct protein kinases and undergoes multisite
phosphorylation on serine residues [12-16]. The
head region can be phosphorylated on a specific
serine residue with high affinity by either cAMP-
dependent protein kinase [13,14] or Ca’*/cal-
modulin-dependent protein kinase 1 [15, 16]. The
tail region can be phosphorylated on two serine
residues with high affinity by Ca’*/calmodulin-
dependent protein kinase II [15, 17-19]. In addition,
the tail region can also be phosphorylated by a Ca?*/
diacylglycerol-dependent protein kinase (protein
kinase C) in cell-free systems [20]; however, studies
with synaptosomes suggest that this phosphorylation
reaction may be of limited physiological significance
[21].

synaptic

vesicle

Fig. 1. Schematic illustration (left) of the structure of synapsin 1 showing its head and tail regions with

their phosphorylation sites and (right) attachment of several synapsin I molecules, via the tail region.

1o the cytoplasmic surface of the synaptic vesicle membrane. The attachment to the vesicle surface is
probably mediated by an intrinsic membrane protein.
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Table 1. Physico-chemical properties. protein kinase specificity and distribution of
synapsin I (modified from Ref. 9)

(A) Physico-chemical properties (bovine synapsin )

Svnapsin la Svnapsin Ib
Molar proportion 1 2
Molecular weight (M,) 86,000 R0.000
Isoelectric point == 10.0 10,0
Stokes radius 59 A S9A
Sedimentation coetficient 298 298
Frictional ratio 2.2 2.2
Acid soluble Yes Yes
Amino acid composition Rich in proline and glycine
Other structural features Elongated. highly asymmetric molecule with

collagenase-insensitive domain (head region)
and highly basic collagenase-sensitive domain
(tail region)

(B) Protein kinase specificity

Synapsin I undergoes multisite phosphorylation.

1. One serine residue in the head region of synapsin [ is phosphorvlated by cyclic
AMP-dependent protein kinase and by Ca**/calmodulin-dependent protein
kinase 1.

2. Two serine residues in the tail region of synapsin 1 are phosphorylated by
Ca®* /calmodulin-dependent protein kinase 1.

3. Not a physiological substrate for cyclic GMP-dependent protein kinase or for
Ca’" /diacvlglycerol-dependent protein kinase ( protein kinasc C).

(C) Distribution

1. Present only in nervous svstem (both central and peripheral)

2. Within nervous system. present only in neurons

3. Within neurons. concentrated in nerve terminals

4. Within terminals. associated with small (40-60 nm) synaptic vesicles
5. Present at virtually all synapses

6. Appears simultaneously with synapse formation during development

Fig. 2. Localization of synapsin I in nerve terminals of skeletal muscle demonstrated by light microscopy

immunofluorescence in a frozen section. Immunoreactivity is concentrated in the cholinergic motor

nerve endings (large arrow) as well as in the varicose terminals ( probably catecholaminergic) of the

autonomic nervous system which innervate (and outline) a blood vessel (double small arrows). (Cali-
bration bar: 50 um.)
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Synapsin I—A synaptic vesicle-associated nerve ter-
minal protein

Synapsin I is a neuron-specific protein [4, 6, 22]
present at very high concentration in the mammalian
brain [23]. It constitutes 0.3-0.4% of total brain
protein [23] and must constitute an even higher per-
centage of total neuronal protein, considering that
neurons represent only a subpopulation of brain
cells. Synapsin I is present at very low concentrations
in non-neuronal tissues [22], and this low amount is
probably attributable to the neuronal innervation of
those tissues {6,22,24]. Proteins exhibiting immu-
nological similarities to synapsin I have been
detected in nervous systems of diverse species of the
animal kingdom [25, 26].

Results of early studies involving cell fractionation
and immunocytochemistry demonstrated that synap-
sin I is concentrated at the synaptic regions of nerve
cells [22, 27, 28]. Synapsin [ was subsequently shown
by light and electron microscopic (EM) immu-
nocytochemistry to be a presynaptic protein, present
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in virtually all nerve endings of the central and per-
ipheral nervous system, irrespective of their neuro-
transmitter content [6, 7} (Figs. 2 and 3). (One pos-
sible exception to the ubiquitous presence of
synapsin I in nerve terminals appears to be the highly
specialized synapse of photoreceptor cells [6]). Dur-
ing ontogenesis, expression of the synapsin I gene
(as measured by levels of synapsin I and of synapsin
I mRNA) correlates temporally [10, 29], and appear-
ance of immunohistochemically-detectable synapsin
I in the developing neurophil correlates temporally
and spatially [6, 30], with synapse formation. In
regions of neurons other than axon terminals, synap-
sin I is present at very low levels that can be detected
biochemically [31] or by sensitive immunocyto-
chemical procedures (unpublished results). Synapsin
I in the cell body may represent newly synthesized
synapsin I, and that in the axons synapsin I on its
way to the terminals, since no cytoplasmic ribosomes
(necessary for synapsin I synthesis) are present in
the axon terminals [32]. Intense perikaryal staining
for synapsin I is observed in some neurons at certain

—————

Fig. 3. Electron micrograph showing the localization of synapsin I by immunogold in an isolated lysed

nerve ending of bovine hypothalamus. The figure shows the selective association of immunoreactivity

with small synaptic vesicles. Large dense-core vesicles are unlabeled. Small synaptic vesicles heavily

decorated by gold particles are indicated by thin arrows and a large dense-core vesicle is indicated by

a thick arrow. (Calibration bar: 200 nm.) (Reprinted with permission from Navone er al. Science 226,

1209-1211, Fig. 1, 7 December, 1984. Copyright 1984 by the American Association for the Advancement
of Science).
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ontogenetic stages. These stages probably cor-
respond to the peaks of synaptogenetic activity at
the axon terminals of these neurons [33]. Synapsin I
can be readily demonstrated in axons by immu-
nocytochemistry where a focal accumulation of axon-
ally transported material is induced on the proximal
side of a nerve ligature, while distally only little
immunoreactive synapsin 1 is observed ([24]: A.
Dahlstrom, personal communication).

At the light microscope level, synapsin I immu-
noreactivity is concentrated in those subregions of
the nerve terminal in which synaptic vesicles are
clustered [6]. Upon lysis of the terminal in low ionic
strength, synapsin I remains associated with 40-
60 nm-diameter synaptic vesicles (small synaptic ves-
icles) as can be shown by both EM immu-
nocytochemistry and subcellular fractionation
[7.8,27.34] (Fig. 3). In a highly purified preparation
of small synaptic vesicles from cerebral cortex,
synapsin I represents 6% of the total protein [8].

Interaction of svnapsin I with the surface of small
synaptic vesicles

Synapsin I is associated with the vesicle surface
but is not an integral membrane protein [5, 8]. It can
be dissociated from the vesicle by increasing the ionic
strength of the suspending medium or by markedly
lowering the pH [5. 8. 35]. In agreement with these
observations, it has been found to be synthesized
by free ribosomes [10]. which synthesize peripheral
membrane proteins [36], rather than by membrane-
bound ribosomes which synthesize proteins to be
inserted into, or translocated across, the lipid bilayer
[37]. Binding of synapsin I to the vesicle seems to
involve the collagenase-sensitive domain of the mol-
ecule [8,38]. The binding is specific, saturable, of
high affinity (K, 10 nM at 40 mM KCI. when synap-
sin I is in the non-phosphorylated state), and appears
to be mediated by a specific protein on the vesicle
surface [8,39]. Phosphorylation of the tail region
(but not of the head region) decreases the affinity of
synapsin I for the vesicle surface and highly purified
synaptic vesicles contain an endogenous Ca** /calm-
odulin-dependent protein kinase activity which is
able to promote the phosphorylation of the tail
region [8. 39].

Regulation of the state of phosphorylation of
synapsin 1

A variety of physiological and pharmacological
manipulations of intact neurons or nerve endings
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have been shown to produce changes in the state of
phosphorylation of synapsin 1. A summary of the
results of these studies is presented in Table 2 (see
also Ref. 9). In general, manipulations known to
induce release of neurotransmitter, or to potentiate
release evoked by other stimuli. produce an increase
in the ratio of phospho-synapsin I to dephospho-
synapsin T [13, 31, 35, 40-48]. Most such manipu-
lations are associated with increased levels of cAMP
or Ca’", or both, in the nerve terminal. The sites on
the synapsin I molecule that become phosphorylated
depend upon the stimulus. When cAMP is involved
as second messenger. the head region of synapsin
I becomes phosphorylated, whereas when Ca®” is
involved, both the head and tail regions become
phosphorylated {13, 31, 41].

These correlations between phosphorylation of
synapsin I and increased rate of neurotransmitter
release, together with the localization of synapsin [
on synaptic vesicles. suggest that phosphorylation of
synapsin I may be involved in controlling the release
process. In the nerve terminal. Ca’* is thought to
play both an obligatory effector role as well as a
modulatory role in neurotransmitter release [49-51].
In contrast. cAMP is thought to play primarily a
modulatory role [9, 51, 52]. The ability of the head
region to be phosphorylated at the same site by either
cAMP-dependent or a Ca®*-dependent protein
kinase suggests that phosphorylation of this region
may be involved in modulation rather than in
mediation of the release process. Phosphorylation ot
the head region appears to provide a mechanism ot
convergence for modulatory effects of cAMP and
Ca’". The property of the tail region to serve as a
substrate only for Ca*~-dependent protein kinases is
compatible with either a modulatory or a mediatory
role for the phosphorylation of this region.

Physiological evidence for a role of synapsin I in
the regulation of neurotransmitter release based on
infection experiments in the squid giant synapse
Experiments that provide evidence for a role ot
synapsin I in the regulation of neurotransmitter
release have been carried out recently in the squid
giant synapse [26]. Injection of dephospho-synapsin
I into the presynaptic terminal digit greatly reduced
the amount of neurotransmitter released during a
depolarizing step. Conversely, injection of Ca’";
calmodulin/dependent protein kinase II (which
phosphorylates the tail region of synapsin I) poten-
tiated the secretory response to a depolarizing step.

Table 2. Regulation of the state of phosphorylation of synapsin I

(1) In synaptosomes and in slices of nervous tissue, manipulations that increase
the concentration of Ca®* or cAMP inside the axon terminal increase the
state of phosphorylation [13, 35, 40-42].

(2) In specific anatomical regions of central and peripheral nervous system.
relevant neurotransmitters (serotonin, dopamine, norepinephrine, adenosine)
increase the state of phosphorylation [41,43-46, S. I. Walaas, unpublished

results].

(3) In isolated superior cervical ganglion and in posterior pituitary, impulse
conduction under physiological conditions increases the state of

phosphorylation [31, 41, 47].

(4) In whole animals, convulsants increase and depressants decrease the state of

phosphorylation in cerebrum [48].
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Two distinct secretory pathways in neurons

The high and selective concentration of synapsin I
on small synaptic vesicles in nerve terminals indicates
that this protein plays a role in some aspect of small
synaptic vesicle function. However, the lack of
synapsin I in non-neuronal cells specialized for ves-
icular secretion, such as exocrine and peptide-secret-
ing endocrine cells, indicates that synapsin I is not
involved in some aspect of the secretory process per
se, but rather that it plays a role which is specifically
related to neuronal secretion. It is therefore highly
relevant to compare the secretory pathways of
neurons and non-neuronal tissues for similarities and
differences.

Until recently, only a small number of neuro-
transmitter molecules were known [533,54]. They
were all nonpeptide molecules (now collectively
referred to as classical neurotransmitters [53]) and
ideas about neuronal secretion learned from studies
on simple model systems, such as the cholinergic
terminal of the neuromuscular junction, could be
applied to terminals secreting other neurotrans-
mitters. One such idea was that synaptic vesicles can
undergo repeated exo-endocytotic cycles in nerve
endings and that at each cycle they can be reloaded
with neurotransmitter, since all classical neuro-
transmitters can be synthesized and loaded into ves-
icles in the nerve terminal itself [51, 55, 56]. In this
respect, the secretory pathway of neurons, although
regulated, appeared to differ from the typical “‘regu-
lated” vesicular secretion of endocrine and exocrine
cells, which involves loading and assembly of pept-
ide-containing secretory granules in the area of the
Golgi complex [57, 58]. A few neurons were known
to secrete peptides (for example, in mammalian
species the neurons of the hypothalamic-hypo-
physeal system) via secretory organelles assembled
in the Golgi area as in the case of peptide-secreting
non-neuronal cells. These, however, were con-
sidered a specialized family of neurons {59].

Recent discoveries that a much larger number
of neurons (conceivably all neurons) can secrete
peptides via a regulated pathway, and that peptides
can be co-secreted together with classical neuro-
transmitters from the same ending [53,60]. have
underlined the need for a more detailed under-
standing of neuronal secretion. Co-storage of pep-
tides and classical neurotransmitters in the same
peripherally-recycling vesicles is not likely since pep-
tide molecules can only be synthesized and loaded
into vesicles in the perikarya. It can therefore be
presumed that. after exocytosis and reinternaliz-

* The term “dense-core vesicle™ has been used to define
two types of vesicles in nerve endings [63]. One type. the
small dense-core vesicle, acquires an electron-opaque core
under certain fixation conditions and has a diameter of 40—
60 nm. The dense core is thought to represent a cat-
echolamine-containing precipitate. We consider this type
of vesicle to be part of the small synaptic vesicle population.
The other type is larger and has an electron-opaque core
irrespective of the fixation procedure used. These vesicles
generally appear to contain secretory peptides (e.g. chro-
mogranins. secretogranins, peptide neurotransmitters)
instead of. or in addition to. a classical neurotransmitter
[60-65]. The term large densec-core vesicle refers to the
latter vesicle population.
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ation, the membranes of the peptide-containing ves-
icles are transported back to the perikaryon to be
reloaded in the Golgi area. In fact, evidence is emerg-
ing that while typical small (40-60 nm) synaptic ves-
icles contain only classical neurotransmitter, peptide
neurotransmitters are contained in a separate class
of organelles larger and with a dense core (“large
dense-core vesicle”*) [60-63]. Evidence also exists
that release of neurotransmitters from small synaptic
vesicles and from large dense-core vesicles may be
differently regulated [60, 66, 67]. Thus, large dense-
core vesicles and small synaptic vesicles in neurons
appear to be secretory organelles for two distinct and
independent regulated secretory pathways.

The neuronal secretory pathway involving large
dense-core vesicles has important similarities with
the secretory pathway of peptide-secreting endocrine
cells. Peptide-containing large dense-core vesicles
of neurons resemble granules of endocrine cells in
content, morphology, site of assembly (the Golgi
area), and mechanism of assembly [51, 57, 58, 68,
69]. An increasing number of peptide hormones and
other secretory peptides (e.g. chromogranins and
secretogranins) thought to be specific for certain
endocrine cells have also been found in large dense-
core vesicles of neurons [53, 54, 61, 64, 65, 70]. Thus,
the peptidergic secretory pathway of neurons may
be equivalent to the “‘regulated’ secretory pathway
of endocrine cells. In contrast, small synaptic vesicles
are part of a secretory pathway specific to neurons.

Synapsin I—Its possible association with a secretory
pathway specific to neurons

The exclusive presence of synapsin I in neurons
could be explained if it were selectively involved in
the function of small synaptic vesicles. To test this
possibility, we have been investigating, by immu-
nocytochemistry and subcellular fractionation, the
localization of synapsin I in a variety of nerve ter-
minals containing relatively high concentrations of
large dense-core vesicles in addition to small synaptic
vesicles. Thus far, the results support the idea of a
selective association of synapsin I with small synaptic
vesicles (Fig. 3) ([34]; F. Navone and P. De Camilli,
unpublished observations). Little, if any. synapsin I
appears to be associated with large dense-core ves-
icles [34]. It is possible. therefore. that the presence
of synapsin I exclusively in neurons is attributable to
its being involved in a secretory pathway that is
unique to nerve cells. In nerve terminals synapsin I
may provide one basis for the differential regulation
by intracellular second messengers of the release of
classical and peptide neurotransmitters.

Does synapsin | bind synaptic vesicles to the
cytoskeleton?

The demonstration that synapsin I is bound selec-
tively to small synaptic vesicles provides an important
clue to understanding its role. This role is presumably
to be found among those functions which are unique
to small synaptic vesicles and common to all of them
irrespective of their neurotransmitter content. One
function common to all small synaptic vesicles. and
one in which they differ from large dense-core
vesicles, concerns their traffic in nerve terminals,
i.e. their ability to undergo a local exo-endocytotic
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recycling. The intracellular traffic of all subcellular
organelles is presumably regulated by specific inter-
actions of their membranes with components of the
cytoplasmic matrix. Thus, interaction of small syn-
aptic vesicle membranes with a specialized cyto-
skeletal matrix of the nerve terminal seems likely.
The observation that small synaptic vesicles are not
randomly interspersed with other organelles, but
tend to occur in clusters which do not readily dis-
sociate upon nerve ending lysis [7, 34], supports the
idea of such an interaction. We have hypothesized
that synapsin I, an extrinsic membrane protein,
present at high concentration at the vesicle surface,
may act as a link between a constituent of the cyto-
skeletal matrix and the vesicle surface [7.8. 34].
Phosphorylation of specific domains of the molecule
might regulate this linkage by changing binding
affinities for constituents of the matrix and/or the
vesicle. Recently it has been found that purified
synapsin I binds ir vitro to spectrin [71], to neuro-
filaments [72], to microtubules [71-73] and to actin
(M. Bahler and P. Greengard, unpublished obser-
vations). If any one of these types of binding proves
to be of physiological significance, it will provide
support for the hypothesis that synapsin I is involved
in linking vesicles to the cytoskeleton.

Are synapsin [ and erythrocyte protein 4.1 closely
related proteins?

Other proteins thought to play a role in linking
the cytoplasmic side of cellular membranes to the
cytoskeletal matrix are extrinsic membrane proteins.
Studies carried out on the erythrocyte plasma mem-
brane have shown that the membrane proper is lined
at its cytoplasmic side by a stabilizing infrastructure
that anchors some of its intrinsic membrane proteins
to cytoskeletal proteins. Major components of this
infrastructure are extrinsic membrane proteins
[74-76]. Moreover, evidence is now accumulating
that certain structural components of the erythrocyte
plasma membrane may be shared by other mem-
branes in a variety of cell types [75-78]. It is of
interest that protein 4.1, which in red cells is believed
to cross-link glycophorin to spectrin and actin
[74-76], is immunologically related to synapsin I [71]
and has a number of important physico-chemical
similarities to synapsin I. These include a similar
molecular weight, a highly basic isoelectric point,
and elongated structure, with multiple phosphoryl-
ation sites regulated by Ca’* and cAMP, and the
ability to bind spectrin [74-77,79-81]. Moreover,
protein 4.1 is present in erythrocyte membranes at a
level (6% of the total protein [80]) remarkably simi-
lar to that of synapsin I on vesicle membranes [8].
In addition, the association of synapsin [ with vesicle
membranes isolated in low ionic strength media, and
the lack of evidence for other synapsin I-binding
proteins in such preparations [8], are reminiscent of
the property of protein 4.1 to remain associated with
membranes but to lose its interaction with cyto-
skeletal proteins (spectrin and actin) under low ionic
strength conditions [75, 76].

Although it is likely that protein 4.1 and synapsin
I are related, the nature and extent of the relationship
remain an open issue. First, the peptide map of
synapsin I is very distinct from the peptide map of
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erythrocyte protein 4.1 [71]. Second. the mor-
phological distribution of erythrocyte protein 4.1
immunoreactivity in the brain, as assessed by immu-
nocytochemistry [82], appears to be different from
the distribution of synapsin I (compare [82] and [6];
T. Petrucci and P. De Camilli. unpublished obser-
vations). Instead. the distribution of 4.1 [82]
resembles the distribution of the bulk of brain spec-
trin [83]. Third. the cross-reactivity between synapsin
I and erythrocyte protein 4.1 is weak and. fourth.
the relative abilities of synapsin 1 and erythrocyte
protein 4.1 to serve as substrates for various types
of protein kinases differ substantially (M. Bahler, A.
C. Nairn, R. Jahn, K. Krebs. S. R. Goodman and
P. Greengard, unpublished observations).

The specific association of synapsin I with synaptic
vesicle membranes in neurons constitutes compelling
evidence for the idea that synapsin I plays a neuron-
specific role. If protein 4.1 and protein 4.1-like pro-
teins are general components of all plasmalemmas
and plasmalemma-related membranes, as may be
the case [75, 76]. brain could be expected to contain
more than one type of protein 4.1-related protein.
Synapsin I would be only one of them, yet the most
abundant because of the extremely high con-
centration in brain of small synaptic vesicles.

Protein 111

Protein III is a protein which appears highly
related to synapsin I. Protein III. so called [84]
because it was the third major phosphoprotein to be
discovered in brain [35], is the collective name for
two peptides, Protein Illa and Protein IIIb which.
in spite of their rather different apparent molecular
weights (74,000 and 55,000, respectively. in sodium
dodecyl sulfate polyacrylamide gels), have many
common properties [9, 84].

Similarities of Protein III with synapsin I include
the following. Protein III is a major brain phos-
phoprotein concentrated in nerve endings where,
like synapsin I, it appears to be specifically localized
on small synaptic vesicles ([9. 85]; F. Navone, M.
Browning, C. Ouimet, P. De Camilli and P. Green-
gard, unpublished observations). A number of anti-
bodies (including some monoclonal) raised against
Protein III also recognize synapsin I [9. 85]. Protein
I can be phosphorvlated by Ca’*/calmodulin-
dependent protein kinase I and by cAMP-dependent
protein kinase as can the head region of synapsin
I [84,85]. The state of phosphorylation of Protein
IIT in intact nerve endings varies in parallel with
the state of phosphorylation of the head region of
synapsin I in response to physiological and phar-
macological manipulations [9, 35, 41]. In contrast to
synapsin I, Protein III has a roughly neutral iso-
electric point [84] and lacks the tail region of synapsin
I, which contains the phosphorylation sites for Ca’*/
calmodulin-dependent protein kinase II. Protein III
is more tightly bound to the vesicle surface [e.g. it is
not released by exposing vesicles to media of mod-
erate ionic strength (M. Browning and R. Jahn,
unpublished results)] and it is also present, although
at low concentration, in adrenal chromaffin cells
[86]. It would appear that Protein III plays a role
distinct from, but presumably related to. that of
synapsin [.
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Possible roles of synapsin I in vesicle function

The life-cycle of small synaptic vesicles in nerve
endings includes: (1) resting phase in the cytoplasm
of the terminal, (2) translocation to subplasma mem-
brane sites, (3) binding-attachment to specific sites
on the plasma membrane, (4) fusion with the plasma
membrane, (5) selective retrieval from the plasma
membrane, and (6) selective recruitment for local
recycling (whiie other internalized membrane com-
ponents are addressed to the perikarya). The fusion
event per se is not likely to be regulated by synapsin
I because it is a process common to exocytosis of all
types of secretory granules. Any of the other steps
is more likely to be regulated by synapsin I.

One hypothetical model that can be proposed on
the basis of the available evidence follows. In the
resting nerve ending, dephospho-synapsin I may
mediate the attachment of synaptic vesicles to a
cytoskeletal infrastructure of the terminal. Following
an excitatory stimulus, phosphorylation of synapsin
I may allow dissociation of vesicles from this restrain-
ing matrix and make them available for interaction
with the presynaptic membrane. This mechanism
may not account for the immediate secretory
response evoked by a nerve terminal depolarization,
but could be a preparatory event controlling the
magnitude of the response to future stimuli by alter-
ing “vesicle availability”. Such a mechanism might
be involved in the potentiation of neurotransmitter
release produced both by electrical impulses
(facilitation, augmentation, potentiation, post-tet-
anic potentiation [50]) and by activation of excitatory
presynaptic receptors (presynaptic facilitation
[9,52]). Similarly. inhibitory presynaptic receptors
might produce their effects by decreasing the ratio
of phospho-synapsin I/dephospho-synapsin L. In the
retrieval limb of the exo-endocytotic cycle, synapsin
1 dephosphorylation might be a mechanism whereby
internalized vesicle membrane material reestablishes
association with the cytoskeleton of the terminal.
In this way vesicle membrane would be selectively
recruited for local recycling as opposed to other
internalized membrane material destined to reach
the perikarya via retrograde axoplasmic flow. The
model is undoubtedly oversimplified. Presumably
the traffic of vesicles in the ending requires a coor-
dinate sequence of biochemical interactions among
which interaction with synapsin I has a key but not
a unique role. Yet the model may be a useful tool
to guide further studies.

Highly relevant to the testing of our model is the
establishment of the precise relationship of synapsin
I to synaptic vesicles during the exo-endocytotic
cycle. Our model implies a dissociation of synapsin
I from synaptic vesicles prior to exocytosis. This idea.
however, is supported so far only by the finding that,
under certain experimental conditions, Ca" acting
via calmodulin-dependent phosphorylation, reduces
the affinity of synapsin I for the vesicle membrane
in a purified synaptic vesicle preparation [8. 39] and
by the apparent lack of synapsin I on plasma mem-
branes of nerve terminals [7]. The latter result, how-
ever, might be explained by an extremely short resi-
dence time of synaptic vesicle membranes at the cell
surface.
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Future trends

Several lines of investigation currently being pur-
sued should give us additional clues concerning the
function of synapsin I. These include determination
of its amino acid sequence, identification and char-
acterization of synapsin I-binding proteins, in vitro
reconstitution experiments, characterization of the
intracellular traffic of synapsin I in relation to that of
intrinsic proteins of the synaptic vesicle membrane,
studies involving genetic manipulations of the synap-
sin I gene, and more extensive experiments aimed
at testing directly the effect of synapsin I phos-
phorylation-dephosphorylation on neurotransmitter
release.

Small synaptic vesicles have traditionally been con-
sidered primarily as secretory vesicles and, conse-
quently, analogies have been sought between small
synaptic vesicles and other secretory organelles.
However, much might be learned by focusing on the
endocytotic nature of small synaptic vesicles and
by studying their relationship to other endocytotic
organelles. An endo-exocytotic recycling of mem-
brane proteins independent of the pathway involved
in regulated secretion of peptides takes place in all
cells (membrane receptors for peptide hormones, for
example, are internalized and recycled in this way)
[87, 88]. The small synaptic vesicle system of nerve
terminals might have evolved from such an exo-
endocytotic pathway.

Finally, we have found recently that an intrinsic
membrane protein (protein P38) originally dis-
covered in brain synaptic vesicles [89,90] is also
present in some non-neuronal cells [ peptide-secret-
ing endocrine cells (F. Navone, R. Jahn, P. Green-
gard and P. De Camilli, submitted)]. In neurons,
protein P38, like synapsin I, is selectively associated
with small synaptic vesicles, and in endocrine cells it
is localized on smooth surfaced vesicles distinct from
peptide-containing secretory granules (F. Navone,
R. Jahn, P. Greengard and P. De Camilli, submit-
ted). These results support the idea that an endo-
membrane system related to brain synaptic vesicles
may also be present in some non-neuronal cells.
Synapsin I, which is present only in neurons, might
be involved in the special adaptation of this endo-
membrane system for neuronal secretion. Identifying
the adaptations of this endomembrane system that
are specific to neurons will help to determine the
function of synapsin 1.

Concluding remarks

Synapsin I, discovered as a phosphorylated ‘‘band
in a gel”’, has become of considerable interest in
studies of synapses and synaptic vesicle function. Its
specific location in neurons and in nerve endings
makes synapsin I a unique marker for anatomical and
biochemical studies of synapses during development
and in various normal and pathological conditions
[6.30.33,91-94]. In fact, it is the only marker pro-
tein identified thus far that is specific for nerve ter-
minals and common to all nerve terminals. By study-
ing the state of phosphorylation of synapsin I, one
can study the pharmacology of presynaptic receptors
(45, 46]. It can be expected that a further clarification
of its function will lead to an increased understanding
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of the mechanisms which control neurotransmitter
release and possibly to the elucidation of regulatory
mechanisms of more general significance in cell
biology.
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