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Aberrant Neurites and Synaptic Vesicle Protein
Deficiency in Synapsin Il-Depleted Neurons

Adriana Ferreira, Kenneth S. Kosik, Paul Greengard,
Hui-Quan Han*

Synapsin | and synapsin Il are neuron-specific phosphoproteins that have a role in the
regulation of neurotransmitter release and in the formation of nerve terminals. After de-
pletion of synapsin Il by antisense oligonucleotides, rat hippocampal neurons in culture
were unable to consolidate their minor processes and did not elongate axons. These
aberrant morphological changes were accompanied by an abnormal distribution of intra-
cellular filamentous actin (F-actin). In addition, synapsin |l suppression resulted in a
selective decrease in the amounts of several synaptic vesicle—-associated proteins. These
data suggest that synapsin |l participates in cytoskeletal organization during the early

stages of nerve cell development.

As hippocampal neurons grow in culture,
the cytoskeleton undergoes a sequential re-
organization that begins with the spreading
of a lamellipodial veil around the periphery
of the cell (stage I) (I). Shortly thereafter,
the veil consolidates to form an array of
discrete minor neurites (stage II). The tran-
sition from stage I to stage II is associated
with the establishment of a microtubule-rich
domain within the shafts of the neurites and
a restriction of the flattened actin-rich por-
tion of the veil to the tips of the neurites, the
site of the growth cone. Selective elonga-
tion of one of those neurites to form the
axon (stage III) involves lengthening of
the shaft while the growth cone is main-
tained in a relatively constant organiza-
tional state. This sequence occurs within
24 hours of plating (1). In these neurons,
synapsin I (2) and synapsin II (3) are
expressed before the establishment of syn-
aptic contacts. The synapsins are associat-
ed with the cytoplasmic surface of synaptic
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vesicles (4) and have been shown to in-
teract with actin and other cytoskeletal
elements in vitro (4-6). To examine the
possibility that the synapsins might func-
tion in the early stages of neuronal devel-
opment, we suppressed the expression of
synapsin II in hippocampal neurons.
Synapsin II became readily detectable in
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the cell bodies of untreated hippocampal neu-
rons 4 hours after plating, a time that coin-
cides with the initial neurite outgrowth stage
(stage II) (3). Twenty-four hours after plating,
nearly all hippocampal neurons had extended
several minor processes and a single axon
(Fig. 1A), and strong synapsin Il staining was
present in the cell body (Fig. 1B). Similar
results were observed for synapsin I at this
early stage of neuronal development (2).

Two nonoverlapping antisense oligonucle-
otides corresponding to rat synapsin II com-
plementary DNA (cDNA) sequences from
positions —13 to +10 (AS-RSII —13+10)
and from positions —88 to —66 (AS-RSII
—88—66) (7) reduced the amounts of syn-
apsins Ila and IIb, the two isoforms of syn-
apsin II, by about 75% after 24 hours of
incubation (Table 1). On the other hand,
sense oligonucleotides corresponding to the
same rat synapsin II cDNA sequences, S-RSII
—13+10 (Table 1) and S-RSII —88—66, did
not affect synapsin II amounts in comparison
with untreated control cultures.

When cultures were treated with S-RSII
—13+10 (Fig. 1, C and D) or S-RSII
—88—66, the ability of hippocampal cells

Fig. 1. Inhibition of neurite growth
by synapsin Il antisense oligonu-
cleotides in cultured hippocam-
pal neurons (20, 21). Control (A
and B), sense-treated (C and D),
and antisense-treated (E and F)
hippocampal neurons were dou-
ble-labeled with a monoclonal an-
tibody against tubulin [(A), (C),
and (E)] and an affinity-purified
polyclonal antibody against syn-
apsin 1l [(B), (D), and (F)]. No
immunoreactivity for synapsin Il
was detected in the antisense-
treated cell (F). Solid arrows, ax-
ons; outlined arrows, minor pro-
cesses. Bar, 20 pm.
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to grow normal minor processes and axons
and the pattern of synapsin Il staining were
not affected. In contrast, about 75% of
hippocampal cells were found to be devoid
of synapsin Il immunoreactivity after 24
hours of treatment with AS-RSII —13+10
(Table 2) (Fig. 1F) or AS-RSII —88—66.
Cells depleted of synapsin II showed a
dramatic change in their morphology.
About 20% of the synapsin II-depleted
neurons failed to grow any processes and
remained round (Table 2). About 80% of
synapsin II-depleted neurons extended
short processes with altered morphology but
failed to elongate axons (Fig. 1E) (Table

Table 1. Synaptic vesicle—associated proteins
and cytoskeletal proteins in sense- and anti-
sense-treated hippocampal cultures. Embryon-
ic day 18 hippocampal cultures were treated
for 24 hours with S-RSIl —13+10 (sense-treat-
ed) or AS-RSII —13+10 (antisense-treated).
Similar results were obtained from cultures
treated with S-RSIl -88-66 or AS-RSII
—88-66. Amounts of individual proteins in ex-
tracts of hippocampal neurons were deter-
mined by immunoblot analyses (20, 23). The
values (mean + SD) were based on the results
of three or more experiments.

Protein amounts (percent
of untreated control)

Protein

Sense- Antisense-

treated treated
Synapsin lla 104 = 6.1 26 = 13*
Synapsin IIb 99 + 8.2 25 + 10*
Synapsin | 96 +5.0 49 + 11*
Synaptotagmin 96 = 16 51 + 11*
Synaptophysin 94 + 3.5 53 = 11*
Syntaxin 104 £ 9.2 56 + 6.1*
MAP-2 98 + 9.6 98 + 4.0
Tau 98 + 15 95 + 11
Tubulin 101 £ 12 96 + 4.6
Actin 96 + 5.6 99 + 8.1
*P < 0.001.

2). These short processes were broad, flat-
tened, and surrounded either totally or
partially by lamellipodial veils. They were
distinct from the normal minor processes,
which were thin and cylindrical (compare
Fig. 1E with Fig. 1, A and C). Decreasing
the concentration of antisense oligonucle-
otides from 50 to 25 pM and 12.5 pM
caused a progressive decrease in the effects
observed.

In cultured neurons, outgrowth of neu-
rites is also affected by down-regulation of
the  microtubule-associated  proteins
(MAPs) MAP-2, tau, and kinesin and of
the synaptic plasma membrane protein
SNAP-25 (8-11). However, the morphol-
ogy of cells depleted of these other proteins
differs markedly from that of the synapsin
II-depleted neurons. Cells treated with
MAP-2 antisense oligonucleotides fail to
extend neurites (8). Tau-depleted cells
elaborate normal minor processes but fail to
elongate axons (9). Kinesin-depleted (10)
and SNAP-25-depleted (11) neurons have
shortened processes but maintain an asym-
metric morphology that includes the elab-
oration of axons.

In vitro, synapsin I and synapsin II are
able to bind to and bundle F-actin, as
detected by light scattering and electron
microscopy (5). Synapsin I is also able to
nucleate and polymerize actin filaments
(12). To evaluate the possibility that the
effect of synapsin II depletion might be
attributable in part to alterations in the
actin cytoskeleton, we compared the pat-
tern of F-actin distribution in synapsin II-
depleted neurons with that in control neu-
rons (Fig. 2). In untreated neurons or
sense-treated neurons (Fig. 2B), actin fila-
ments were concentrated in growth cones
at the tips of the axons and minor pro-
cesses. In contrast, in antisense-treated
neurons F-actin staining was spread through

Table 2. Quantitative analysis of cell morphology in sense- and antisense-treated hippocampal
cultures. Embryonic day 18 hippocampal cultures were prepared as described (20). Twenty-four
hours after treatment with S-RSIl —13+10 (sense-treated) or AS-RSIl —13+10 (antisense-treated),
cells were fixed and double-stained for tubulin and synapsin Il (21). Specific staining for synapsin
Il was determined with the nonspecific background fluorescence of glial cells as the reference
point. Cells brighter than glial cells were scored as synapsin Il (+), whereas cells having
background fluorescence similar to that of glial cells were counted as synapsin Il (—). In both control
and sense-treated cultures, 98% of the total cells were synapsin Il (+); 2% were synapsin Il (-). In
antisense-treated cultures, 75% of the total was synapsin Il (-); 25% was synapsin Il (+). A total of
500 cells from three experiments for each condition were counted.

Antisense-treated (%)

Sense- . .
Control Synapsin Il Synapsin Il
Stage (%) "e(f/t‘)ad ) oells 1) oolls
° (75% of (25% of
total) total)
| 3 4 20 0
11 87 85 0 95

*Eighty percent of the synapsin Il (=) cells had an aberrant morphology resembling an incomplete transition to
stage |l, as exemplified by the cells shown in Fig. 1E and Fig. 2, C and D.
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the flattened lamellipodial veils (Fig. 2D).
Depletion of synapsin II may lead to a
failure of neurons to convert their actin
organization from an isotropic network to
actin bundles that are necessary to form the
cortical rim along the shaft of minor neu-
rites. Consistent with this possibility, at
least some nonneuronal cells transfected
with synapsin I or synapsin Il show a re-
markable reorganization of intracellular
F-actin and a concomitant formation of
highly elongated cellular processes (13). It
is also possible that synapsin II-depleted
neurons are less effective in bundling their
microtubules, an organizational feature of
the neurite shaft.

In NG108-15 cells, synapsin IIb overex-
pression was shown to increase the amounts
of synaptic vesicle proteins (14). Therefore,
using immunoblot and immunocytochemi-
cal analyses we examined various synaptic
vesicle proteins in hippocampal neurons
that had been treated with synapsin II
antisense oligonucleotides. Concomitant
with the suppression of synapsin II expres-
sion, 24 hours after incubation with either
AS-RSII —13+10 (Table 1) or AS-RSII
—88—66 there was a selective decrease in
the amounts of the synaptic vesicle proteins
synapsin I, synaptotagmin (15), and synap-
tophysin (16), as well as a decrease in the

Fig. 2. Altered F-actin distribution in developing
hippocampal neurons induced by synapsin ||
antisense oligonucleotides (20, 22). Sense-
treated (A and B) and antisense-treated (C and
D) cells were double-labeled with tubulin mono-
clonal antibody followed by fluorescein-labeled
secondary antibody [(A) and (C)] and rhoda-
mine-tagged phalloidin [(B) and (D)]. Arrow-
head: axon; outlined arrows: minor processes.
Bar, 20 pm.



amount of the presynaptic membrane pro-
tein syntaxin (17). In contrast, these syn-
aptic proteins were not affected by treat-
ment with sense oligonucleotides S-RSII
—13+10 (Table 1) or S-RSII —88—-66. To
rule out the possibility of a nonspecific
effect of antisense synapsin II oligonucleo-
tides on protein synthesis, we examined
several cytoskeletal proteins in control,
sense-, and antisense-treated hippocampal
cultures. No changes were observed in the
amounts of MAP-2, tau, tubulin, or actin
(Table 1). Consistent with the immunoblot
analyses, immunofluorescence staining of
synapsin Il antisense-treated cells was much
weaker for synapsin I and synaptotagmin
but appeared equally strong for MAP-2 and
tau, as compared to that of untreated or
sense-treated cells.

The observations that antisense suppres-
sion of synapsin Il expression disrupts early
neuronal development and selectively re-
duces the amounts of synaptic vesicle pro-
teins indicate that synapsin Il is involved in
the maturation of synaptic pathways before
the formation of synaptic contacts. Com-
plementing the present findings, other stud-
ies have demonstrated that introduction of
synapsin I or synapsin II into neuronal cells
accelerates the rate of functional and struc-
tural synaptogenesis (14, 18). It has been
reported that mice without detectable syn-
apsin I manifest no apparent gross changes
in function or morphology of the adult
nervous system (19). However, other pro-
teins, by serving a compensatory role, may
account for the absence of a markedly
altered phenotype in the nervous systems of
those mice.
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Twenty-four hours after plating, control, sense-,
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permeabilization of the cell membrane, the cul-
tures were stained for tubulin with monoclonal
antibodies to tubulin (clone DMIA) followed by
fluorescein-labeled secondary antibody. To visu-
alize F-actin, rhodamine-labeled phalloidin (Mo-
lecular Probes) was included in the secondary
antibody solution.

After incubation for 24 hours in the absence or
presence of synapsin Il sense or antisense oligo-
nucleotides, whole-cell extracts were prepared
from the cultures. After determining the total pro-
tein concentration of the extracts, we separated
equal amounts of protein by SDS—polyacrylamide
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antibodies (Amersham). The immunoblots were
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