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Synaptotagmin IV (Syt IV) was originally described as an immediate early gene prod-
uct induced by forskolin or membrane depolarization in PC12 cells; however, nothing
is known about the subcellular localization and transport of the newly translated Syt
IV protein in PC12 cells. In this study, we investigated the transport mechanism of Syt
IV protein induced by forskolin and found that forskolin treatment dramatically
increases the Syt IV protein level (approximately 10-fold, to a level comparable to that
of Syt IX) and promotes the transport of Syt IV protein from the Golgi to the cell
periphery by a microtubule-dependent motor(s). The expression levels and subcellu-
lar localizations of two major Syt isoforms (I and IX) in PC12 cells, on the other hand,
were unaffected by such treatment. Immunoelectron microscopic analysis showed
that some Syt IV signals are clearly associated with dense-core vesicles in forskolin-
treated PC12 cells, although the majority of the Syt IV molecules at the cell periphery
were present on clear vesicular structures other than dense-core vesicles. An N-ter-
minal antibody-uptake experiment indicated that Syt IV-containing vesicles in for-
skolin-treated PC12 cells undergo Ca?*-dependent exocytosis, because uptake of the
anti-Syt IV-N antibody from the culture medium was slightly, but significantly,
increased after forskolin treatment. Our results indicate that forskolin (or the
increased cAMP level) is important for the transport of the Syt IV protein from the
Golgi to the cell periphery, but not sufficient for the sorting of all Syt IV molecules to
mature dense-core vesicles.

Key words: dense-core vesicle, forskolin, Golgi, immediate early gene, regulated exo-
cytosis, synaptotagmin.

Abbreviations: BFA, brefeldin A; CREB, cAMP-responsive element-binding protein; ER, endoplasmic reticulum;
LTP, long-term potentiation; NGF, nerve growth factor; PAGE, polyacrylamide gel electrophoresis; PBS, phos-

phate-buffered saline; Syt(s), synaptotagmin(s); TGN, trans-Golgi network.

Synaptotagmin (Syt) is a putative membrane trafficking
protein defined as having an N-terminal single trans-
membrane domain and C-terminal tandem C2 Ca2*-
binding motifs (reviewed in Refs. 1-5). To date, 15 dis-
tinct syt genes (syt I-XV) have been identified in
mammals (5-8), and several syt genes have been identi-
fied in invertebrates and plants (6, 7, 9). Several Syt iso-
forms have been shown to control certain types of Ca2*-
regulated exocytosis. As an example, Syt I, the best char-
acterized Syt isoform and abundant on synaptic vesicles,
is now widely believed to function as the major CaZ*-
sensor for neurotransmitter release (10-12), and in the
regulation of synaptic vesicle docking, fusion, and recy-
cling steps via its C2 domains (13-17). Syts I, V, and IX
are present on dense-core vesicles in some endocrine cells
and regulate their Ca2*-dependent exocytosis (18—26).
Syt VI is involved in Ca%*-dependent acrosome reactions
in sperm cells (27), and Syt VII regulates Ca%*-dependent
lysosomal exocytosis in fibroblasts (28-30). However, the
precise subcellular localizations and functions of other
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Syt isoforms (especially Syts III, IV, and VII in endocrine
cells) are still matters of controversy (22, 31-36).

Among the Syt family members, Syt IV (37) and Syt X
have been suggested to be involved in synaptic plasticity,
because their mRNA is rapidly increased by membrane
depolarization in the brain (so-called “immediate early
genes”) (38—41). Consistent with this, Syt IV null mutant
mice exhibit abnormalities in motor performance and
some forms of memory related to the hippocampus (42).
However, the precise role of the endogenous Syt IV pro-
tein in secretory vesicle exocytosis, that is, whether it is a
positive or a negative regulator for exocytosis, remains to
be elucidated (43—47), and even its localization is still a
matter of controversy (synaptic vesicles, immature secre-
tory vesicles, or dense-core vesicles) (32, 36, 40, 44, 47—
51). Such discrepancies are most likely attributable to
the use of recombinant protein transiently overexpressed
without assessing the localization of endogenous Syt IV
proteins, and the transient overexpression of recom-
binant Syt proteins has actually been found often to
cause miss-localization or aggregation of Syt proteins in
living cells (22, 35, 562). Using a specific anti-Syt IV anti-
body, we have recently shown that the Syt IV protein in
undifferentiated PC12 cells is mainly localized in the
Golgi and immature secretory vesicles, and that nerve
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growth factor (NGF) treatment induces sorting of Syt IV
protein to mature dense-core vesicles that undergo Ca2*-
dependent exocytosis (36). It would therefore be interest-
ing to determine whether the membrane-depolarizing
stimulus (or forskolin treatment) also promotes Syt IV
protein sorting to mature, fusion-competent secretory
vesicles; however, the sorting mechanism of newly syn-
thesized Syt IV protein has never been determined.

In this study we demonstrated that forskolin treat-
ment dramatically increases the endogenous Syt IV pro-
tein level (approximately 10-fold) in PC12 cells to a level
comparable to that of the endogenous Syt IX protein, and
that it promotes Syt IV protein sorting from the Golgi to
the cell periphery (i.e., directly beneath the plasma mem-
brane) or to dense-core vesicles. Based on our findings,
we discuss the possible role of the Syt IV protein in stim-
ulus-dependent membrane trafficking.

MATERIALS AND METHODS

Materials—Anti-Rab3A, anti-Rab27A, anti-Syt IX (pre-
viously called Syt V) (6), anti-Munc18-1, and anti-GM130
mouse monoclonal antibodies were obtained from BD
Transduction Laboratories (Lexington, KY, USA). Anti-
Syt I (SYA148), anti-VAMP-2/synaptobrevin-2, and anti-
BiP mouse monoclonal antibodies were purchased from
StressGen Biotechnologies Corp. (Victoria, British Colum-
bia). Anti-synaptophysin, brefeldin A (BFA), cytochalasin
D, forskolin, and nocodazole were from Sigma Chemical
Co. (St. Louis, MO, USA). Anti-syntaxin I/HPC-1 mouse
monoclonal and anti-actin goat polyclonal antibodies
were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Anti-transferrin receptor and anti-SNAP-25 mouse
monoclonal antibodies were from Chemicon International
Inc. (Temecula, CA, USA) and Upstate Biotechnology,
Inc. (Lake Placid, NY, USA), respectively. Texas Red—
conjugated phalloidin, Alexa Fluor 568-labeled anti-
mouse IgG, and Alexa Fluor 488-labeled anti-rabbit IgG
were obtained from Molecular Probes Inc. (Eugene, OR,
USA). Wortmannin was from Calbiochem-Novachem
Corp. (La Jolla, CA, USA). Anti-Syt IV-C2A rabbit poly-
clonal antibody was prepared as described previously
(40). The purified anti-Syt IV-C2A antibody was conju-
gated with carboxyfluorescein (Molecular Probes Inc.)
according to the manufacturer’s instructions (21, 36).

Cell Culture, Drug Treatment, and Immunocytochemis-
try—PC12 cells were cultured on glass-bottom-dishes
(35-mm dish; MatTek Corp.; Ashland, MA, USA) coated
with collagen type IV as described previously (40, 53).
PC12 cells were treated for 5 h with 50 uM forskolin with
or without one of the following drugs: 50 nM wortman-
nin, 10 pg/ml BFA, 5 uM cytochalasin D, or 3.3 pg/ml noc-
odazole (40). The cells were fixed with 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer for 20 min at
room temperature, permeabilized with 0.3% Triton X-100
in PBS (phosphate-buffered saline) for 2 min, and incu-
bated with the blocking solution (1% bovine serum albu-
min and 0.1% Triton X-100 in PBS) for 1 h at room tem-
perature as described previously (40, 53). The cells were
then incubated with primary antibodies, anti-Syt IV-C2A
rabbit polyclonal antibody (5 pg/ml) and anti-Rab27A (1/
100 dilution), anti-Syt I (1/250 dilution), anti-transferrin
receptor (1/100 dilution), anti-GM130 (1/100 dilution),
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anti-BiP mouse monoclonal antibody (1/200 dilution), or
Texas Red-conjugated phalloidin (1/200 dilution). After
washing the cells with blocking solution, the cells were
incubated with secondary antibodies: Alexa Fluor 488—
labeled anti-rabbit IgG (1/5,000 dilution) and Alexa Fluor
568-labeled anti-mouse IgG (1/5,000 dilution) for 1 h at
room temperature. The cells were then analyzed under a
confocal fluorescence microscope (Fluoview; Olympus,
Tokyo, Japan). Images were further processed with Adobe
Photoshop software (version 7.0).

Antibody-Uptake Experiments—After treatment with
forskolin for 5 h (or with NGF for 2 d), PC12 cells were
incubated for 15 min at 37°C with the rhodamine-labeled
anti-Syt IV-N rabbit polyclonal antibody (10 pg/ml) in
either high-KCl buffer (56 mM KCI, 95 mM NaCl, 2.2
mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose, and 15 mM
HEPES-KOH, pH 7.4) or low-KCl buffer (5.6 mM KCIl,
145 mM Na(Cl, 2.2 mM CacCl,, 0.5 mM MgCl,, 5.6 mM glu-
cose, and 15 mM HEPES-KOH, pH 7.4) as described pre-
viously (21, 22, 36). The cells were immediately washed
twice with PBS and then fixed with 4% paraformalde-
hyde as described above. Incorporated anti-Syt IV-N
rabbit antibody was analyzed by confocal fluorescence
microscopy as described above. Images were captured at
random (n > 45), and dotted Syt IV signals were counted
(see Fig. 5, B-D). Non-specific antibody-uptake was
determined with the fluorescein-labeled anti-Syt IV-C2A
antibody (10 pg/ml), which recognized the cytoplasmic
domain of Syt IV, as a negative control.

Immunoblotting—Total homogenates of PC12 cells
that had been treated or not treated with forskolin were
prepared as described previously (40). A 30-ug sample of
total cell lysate was subjected to 12.5% SDS—polyacryla-
mide gel electrophoresis (PAGE) and transferred to a
polyvinylidene difluoride membrane (Millipore Corp.;
Bedford, MA, USA). The blots were then probed with
anti-Syt I (1/250 dilution), anti-Syt IV-C2A (6 ug/ml),
anti-Syt IX (1/250 dilution), anti-Rab3A (1/100 dilution),
anti-Rab27A (1/250 dilution), anti-syntaxin I (1/100 dilu-
tion), anti-SNAP-25 (1/1,000 dilution), anti-VAMP-2 (1/
1,000 dilution), anti-Munc18-1 (1/1,000 dilution), anti-
synaptophysin (1/1,000 dilution), and anti-actin antibod-
ies (1/500 dilution) as described previously (54, 55).
Immunoreactive bands were visualized with enhanced
chemiluminescence (Amersham Biosciences; Bucking-
hamshire, UK). The intensity of the bands on x-ray film
was quantified with Lane Analyzer software (version 3.0)
(ATTO Corp., Tokyo, Japan) and calibrated with T7-tagged
recombinant proteins (T'7-Syt IX or T7-Syt IV) as described
previously (21, 56, 57). The blots shown in this paper are
representative of two independent experiments.

Immunoelectron Microscopy—Immunoelectron micro-
scopic analysis of endogenous Syt IV protein in PC12
cells was performed using anti-Syt IV-C2A rabbit polyclo-
nal antibody essentially as described previously (36).

RESULTS

Forskolin Specifically Induces Syt IV Protein, but Not
Other Proteins Involved in Regulated Exocytosis in PC12
Cells—In a previous study, we found that the Syt IV pro-
tein expression level in PC12 cells dramatically increased
after treatment with forskolin, which can induce the late
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Fig. 1. Specific induction of the Syt IV protein by forskolin
treatment in PC12 cells. (A) Forskolin-dependent increase in Syt
IV protein in PC12 cells. PC12 cells were stimulated with 50 uM for-
skolin as described previously (40). Total homogenates of cells (30
ug) were subjected to 12.5% SDS-PAGE, transferred to a PVDF
membrane, and then immunoblotted with the antibodies indicated.
Note that the Syt IV protein level was dramatically increased by
forskolin treatment (compare lanes 1 and 2 in the second panel),
whereas the expression levels of other proteins involved in regu-
lated exocytosis (e.g., Syts I and IX) were unaltered by forskolin
treatment. (B) Relative amount of Syt IX and Syt IV with (open
bars) and without 50 uM forskolin treatment (shaded bars). The
intensity of the bands on X-ray film was quantified with Lane Ana-
lyzer software (version 3.0) (ATTO Corp., Tokyo, Japan) and cali-
brated with the same amount of T7-tagged recombinant Syt pro-
teins (T7-Syt IX and T7-Syt IV) as described previously (21).
Forskolin induced approximately a 10-fold increase in the Syt IV
protein level. The results shown are representative of two inde-
pendent experiments.
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Fig. 2. Distinct subcellular localization of the synaptotagmin
IV protein and conventional secretory vesicle markers (Syt I
and Rab27A) in PC12 cells. After treatment with 50 uM forskolin
(D-I) or without forskolin (A-C), PC12 cells were fixed, permeabi-
lized, and stained with anti-Syt IV rabbit polyclonal antibody (5 pg/
ml; green in A, D, G, H, and I), and anti-Rab27A (1/100 dilution; red
in B and E), anti-Syt I (1/250 dilution; red in G), anti-BiP (1/200
dilution; red in H), or anti-transferrin receptor mouse monoclonal
antibody (1/100 dilution; red in I). C and F are superpositions of A
and B, and D and E, respectively. Note that an increase in Syt IV
protein expression was evident in the Golgi as well as at the cell
periphery (or near the plasma membrane) but that the Syt IV pro-
tein did not colocalize with the conventional secretory vesicle mark-
ers (see inset in F) even at the cell periphery. Scale bar = 20 pm.
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phase of long-term potentiation (LTP) in the hippocam-
pus (40). The forskolin-dependent up-regulation of the
protein level seemed to be specific for Syt IV, because the
protein expression levels of other proteins involved in
regulated exocytosis (Syt I, Syt IX, Rab3A, Rab27A, syn-
taxin I, SNAP-25, VAMP-2, Muncl18-1, and synapto-
physin) were not altered very much by forskolin treat-
ment (arrowhead in the second panel of Fig. 1A).
Quantitative analysis indicated an approximate 10-fold
increase in the Syt IV protein level after forskolin treat-
ment (compare open and shaded bars in Fig. 1B), result-
ing in a Syt IV protein level almost identical to that of Syt
IX, a major Syt isoform that regulates dense-core vesicle
exocytosis in PC12 cells (21, 26, 57). This result, together
with the fact that cAMP enhances hormone secretion
from PC12 cells (568), prompted us to investigate whether
the newly synthesized Syt IV protein is sorted to mature,
fusion-competent secretory vesicles in forskolin-treated
PC12 cells, which would contribute to an enhancement of
regulated secretion.

Forskolin Induces Syt IV Protein-Sorting from the
Golgi to the Cell Periphery in PC12 Cells—In the next set
of experiments, we attempted to determine the subcellu-
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lar localization of the Syt IV protein in PC12 cells after
forskolin treatment, especially focusing on dense-core
vesicles. Under non-stimulated conditions, the Syt IV
protein was mainly localized in the Golgi and immature
secretory vesicles at the cell periphery (green in Fig. 2A)
and did not colocalize with Rab27A, a dense-core vesicle
marker (Fig. 2C) (59), consistent with our previous report
(36, 40). After forskolin treatment, however, Syt IV sig-
nals were dramatically increased in the Golgi, and Syt IV
signals had accumulated at the periphery of most cells
(77.3 + 3.2% of the cells; n = 225) (green in Fig. 2D). Sur-
prisingly, virtually no Syt IV signals (green in Fig. 2F and
G) colocalized with the known secretory vesicle markers
(Rab27A and Syt I; red in Fig. 2, F and G, respectively),
even at the cell periphery of forskolin-treated PC12 cells
(inset in Fig. 2F). It should be noted that the dense-core
vesicle markers (red dots) were often localized outside
the green Syt IV signals at the cell periphery (inset in
Fig. 2F), suggesting that the Syt IV protein is likely to be
present beneath the plasma membrane and not on the
plasma membrane. This was also evident when cells were
stained with anti-Syt IV N-terminal antibody without
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Fig. 3. Forskolin enhances transport of
the synaptotagmin IV protein from the
Golgi to the cell periphery. PC12 cells
were treated with 50 uM forskolin together
with the drugs indicated (50 nM wortman-
nin, 10 pg/ml BFA, 5 uM cytochalasin D, or
3.3 ug/ml nocodazole). PC12 cells were
fixed, permeabilized, and stained with anti-
Syt IV-C2A rabbit polyclonal antibody
(green in A, D, G, and J), anti-transferrin
receptor (1/100 dilution; red in B), anti-
GM130 mouse monoclonal antibody (1/100
dilution; red in E and K), or Texas Red-con-
jugated phalloidin (1/200 dilution; red in
H). C, F, I, and L are superpositions of A
and B, D and E, G and H, and J and K,
respectively. Note that BFA (disruption of
the Golgi structure; see E) or nocodazole
treatment (disruption of the microtubule
network) dramatically reduced Syt IV
immunostaining at the cell periphery (D
and J), whereas wortmannin (alteration of
endosome morphology; see B) or cytochala-
sin D treatment (disruption of actin fila-
ments; see H) had virtually no effect on Syt
IV localization. The Syt IV protein still colo-
calized with GM130, a Golgi marker, even
after treatment with BFA (yellow in F) or
nocodazole (yellow in L), consistent with
the fact that Syt IV protein is mainly local-
ized in the Golgi (36, 40, 50, 51). Scale bar =
20 pm.

Merge

permeabilization with Triton X-100. The anti-Syt IV-N
antibody failed to stain the plasma membrane of forsko-
lin-treated PC12 cells (36) (see also Fig. 5B).

Since Syt IV signals in the cytoplasm increased after
forskolin treatment, we compared the dotted Syt IV sig-
nals (green in Fig. 2H) in the cytoplasm with an ER
(endoplasmic reticulum) marker, BiP (red in Fig. 2H), in
forskolin-treated PC12 cells to determine whether the
newly synthesized Syt IV protein is retained at the ER.
As shown in Fig. 2H, Syt IV did not overlap with BiP, sug-
gesting that newly synthesized Syt IV protein induced by
forskolin is rapidly transported from the ER to the Golgi
rather than being retained at the ER. Since the Syt IV
signals in the forskolin-treated PC12 cells also did not
overlap with an endosome marker, the transferrin recep-
tor (red in inset of Fig. 2I), the dotted Syt IV signals in
the cytoplasm may correspond to the transport vesicles
from the Golgi to the cell periphery rather than to
endosomes.

To investigate further the origin of Syt IV signals at
the cell periphery, we treated cells with brefeldin A
(BFA), which caused the destruction of the Golgi mor-
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phology (GM130 in Fig. 3E) and re-distribution of some
Golgi proteins to the ER, and thereby inhibited post-
Golgi trafficking events, together with forskolin. It
should be noted that the accumulation of Syt IV signals
at the cell periphery was completely abolished by BFA
treatment (Fig. 3D), but that some Syt IV signals still
colocalized well with GM130 even after BFA treatment
(yellow in Fig. 3F). By contrast, wortmannin, which
altered the morphology of the endosomes but not of the
Golgi or TGN (trans-Golgi network), had almost no effect
on Syt IV protein localization (Fig. 3, A—C), consistent
with the fact that the Syt IV protein is not localized in
endosomes (Fig. 2I) (36, 40). Interestingly, nocodazole,
which disrupts microtubules, dramatically reduced the
Syt IV signals at the cell periphery (Fig. 3J), whereas
cytochalasin D, which disrupts actin filaments, had
almost no effect on Syt IV localization (Fig. 3, G-I).
Although nocodazole treatment also disrupted the Golgi
structure (Fig. 3K), the majority of the Syt IV signals still
colocalized with GM130 (yellow in Fig. 3L), consistent
with the fact that Syt IV is a Golgi-resident protein (36,
51). These results strongly indicate that forskolin
induced Syt IV protein transport from the Golgi to the
cell periphery (immediately adjacent to the plasma mem-
brane) through microtubule-dependent movement rather
than actin-based movement.

Forskolin Partially Promotes Sorting of Syt IV Protein
to Secretory Vesicles That Undergo Ca?*-Dependent Exo-
cytosis in PC12 Cells—Although hardly any Syt IV pro-
tein colocalized with the known secretory vesicle markers
at the immunocytochemical level (Fig. 2, F and G), it is
still possible that a small amount of Syt IV protein is
present on newly formed dense-core vesicles, which often
lack Syt I or Syt IX proteins, in response to extracellular
stimuli (e.g., NGF and forskolin) (36). To test this possi-
bility, immunoelectron microscopic analysis was per-
formed using anti-Syt IV specific antibody (36, 40). As
anticipated, some, but not all, of the immuno-gold signals
corresponding to the Syt IV molecule were clearly associ-
ated with dense-core vesicles (arrowheads and small
arrows in Fig. 4A indicate Syt IV—positive and Syt IV—
negative dense-core vesicles, respectively). Syt IV signals
were often found on certain clear vesicular structures at
the cell periphery (large arrows in Fig. 4A). Immuno-gold
signals were also abundantly localized on the membranes
of the Golgi in the cell body (Fig. 4B), consistent with the
immunocytochemical results described above (Fig. 2D).

In the final set of experiments we attempted to deter-
mine whether the Syt IV—containing vesicles that form
after forskolin treatment are capable of exocytosis in
response to Ca%*-stimulation. To this end, we performed
an N-terminal antibody-uptake experiment as described
previously (21, 22, 36) and visualized the dynamics of
endogenous Syt IV molecules during Ca%*-dependent exo-
cytosis (see a schematic diagram in Fig. 5A for details). In
brief, PC12 cells were stimulated with a high-KCl1 buffer
for 15 min in the presence of antibodies against the lumi-
nal domain of Syt IV (anti-Syt IV-N), or antibodies
against the cytoplasmic domain of Syt IV (anti-Syt IV-
C2A, a negative control) in the extracellular medium.
Incorporated antibodies were then analyzed by fluores-
cence microscopy, and dotted Syt IV signals were counted
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Fig. 4. Localization of the Syt IV protein by immunoelectron
microscopy in PC12 cells treated with forskolin. Panels show
representative views of the dense-core vesicle localization (A) and
the Golgi localization (B) of Syt IV molecule stained with anti-Syt
IV specific antibody followed by silver enhancement. Note that
some, but not all, Syt IV signals (i.e., gold particles) were clearly
associated with dense-core vesicles at the cell periphery (arrow-
heads in A) or certain clear vesicular structures (large arrows in A).
The small arrows indicate Syt IV-negative dense-core vesicles. Scale
bars = 500 nm. G, Golgi.

at random (Fig. 5, B-D). Significantly higher uptake of
anti-Syt IV-N antibody was observed after forskolin
treatment (2.80 + 2.67 spots/cell; range: 0 to 11 spots;
more than 80% of the cells took up antibodies) than
under control conditions (0.98 + 1.06 spots/cell; range: 0
to 4 spots; approximately 40% of the cells did not take up
antibodies; and these values are almost the same as the
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values for the non-specific uptake of the anti-Syt IV-C2A
antibody) (see Fig. 5D). However, since the uptake of the
anti-Syt IV-N antibody in forskolin-treated PC12 cells
was much lower than in NGF-differentiated PC12 cells
(22.5 + 13.8 spots/neurite) (Fig. 5, C and D), we conclude
that forskolin (or the increased cAMP level) alone is
insufficient to sort all Syt IV molecules to mature, fusion-
competent dense-core vesicles, and that additional fac-
tor(s) (e.g., NGF) must be required for this process (36).

A

Syt IV
Vesicle

(high-KCl) .
— —_—
ca” 'S
\‘ > Plasma

l’ membrane

Y, = anti-Syt IV-N Ab

oy

+Forskolin

+NGF

Control Forskolin-treated ~ NGF-treated
Number of Syt IV-N 0.98+1.06 2.80+267*% 2250 + 13.85*%
sighals (n=262) (n=49) (n=18)
Number of Syt [V-C2A  0.52+0.77 0.68+1.16 ND
signals (n =60) (n=284)

{mean = SD)

*p < 0.001. ND, not determined.
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DISCUSSION

In our previous studies we demonstrated that endog-
enous Syt IV molecules in undifferentiated PC12 cells are
mainly localized in the Golgi, not on mature secretory
vesicles (36, 40), and that differentiation of PC12 cells
with NGF is required for sorting the Syt IV protein to
mature dense-core vesicles. In the present study we
found that forskolin is also an important factor in stimu-
lating transport of the Syt IV protein from the Golgi to
the cell periphery or to dense-core vesicles in PC12 cells
in a fashion different from NGF. As summarized in Fig. 6,
we postulated four distinct stages of transport of Syt IV
molecules (stages [I] to [IV]). In the initial stage, newly
synthesized Syt IV molecules are rapidly recruited from
the ER and retained at the Golgi, possibly via the Golgi
localization signal in the spacer domain of Syt IV (36, 40,
50). Although the level of expression of the Syt IV protein
in PC12 cells is usually very low (less than 5% that of
Syt I) (57), forskolin rapidly stimulates the transcription
of the Syt IV mRNA, possibly in a PKA- and CREB (cAMP-
responsive element-binding protein)-dependent manner
(38, 60), and the resulting Syt IV protein level is approxi-
mately ten times greater than in the unstimulated condi-
tion (Fig. 1B) (40). Since Syt IV did not colocalize with the
ER marker BiP, even after forskolin treatment (Fig. 2H),
the newly formed Syt IV molecule must be rapidly tar-
geted to the Golgi, resulting in the dramatic increase in
Syt IV signals in the Golgi at the immunocytochemical
(compare Fig. 2A and D) and immunoelectron micro-
scopic levels (Fig. 4B). By contrast, NGF does not alter
the total Syt IV protein level (40). In the second stage, a
very small population of Syt IV molecules is constitu-
tively transported from the Golgi to the cell periphery,
especially into the cellular processes (Fig. 2A) (36), by a
microtubule-dependent motor(s). This post-Golgi traf-
ficking event was strongly inhibited by nocodazole (Fig.
3J) and BFA (Fig. 3D). Although forskolin greatly pro-
motes the post-Golgi trafficking of Syt IV molecules
(accumulation of Syt IV signals directly beneath the
plasma membrane; Fig. 2D), most of the Syt IV molecules
are present on clear vesicular structures (arrows in Fig.

Fig. 5. Ca?*-dependent uptake of anti-Syt IV-N antibody in
forskolin-treated PC12 cells. (A) Schematic representation of N-
terminal antibody-uptake experiments. When a Syt IV—containing
vesicle undergoes exocytosis in response to CaZ*-stimulation (i.e.,
high-KCl-stimulation), the luminal (or N-terminal) domain of Syt
IV is transiently exposed to the extracellular medium and is recog-
nized by the antibody against the luminal domain of Syt IV in the
culture medium. The Syt IV-antibody complex is then incorporated
into the cell by endocytosis. Incorporation of the antibody is strictly
regulated by Ca2*, not by membrane depolarization (21, 22, 36). (B
and C) High-KCl—dependent uptake of the anti-Syt IV-N antibody
in PC12 cells after forskolin (B) or NGF treatment (C) was meas-
ured as described previously (21, 22, 36). Incorporated anti-Syt IV-
N rabbit antibody (peudo-colored in green) was analyzed by confocal
fluorescence microscopy (upper panels). Images were captured at
random, and dotted Syt IV signals (arrows and arrowhead) were
counted (see Fig. 5D). The lower panels are bright-field images of
the upper panels. Scale bars = 10 um. (D) Enhanced uptake of the
anti-Syt IV-N antibody in forskolin-treated and NGF-treated PC12
cells. Non-specific incorporation of the antibody into cells was deter-
mined with the anti-Syt IV-C2A antibody, which recognizes the
cytoplasmic domain of Syt IV, as a negative control.
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PM

Forskolin NGF

(V] Caz+f

nocodazole
BFA

Fig. 6. Model of synaptotagmin IV protein trafficking in
PC12 cells. The newly synthesized Syt IV protein is rapidly trans-
ported to and retained in the Golgi, possibly through the Golgi local-
ization signal in the spacer domain of Syt IV (stage [I]) (50). A small
population of Syt IV proteins is further transported from the Golgi
to near the plasma membrane (PM) in undifferentiated PC12 cells
(stage [II]) (36). Syt IV protein transport from the Golgi to the cell
periphery requires microtubules rather than actin filaments,
because nocodazole strongly inhibits this process while cytochalasin
D does not (Fig. 3). Protein synthesis and transport of Syt IV pro-
tein to the cell periphery is significantly promoted by forskolin
treatment (Figs. 1-3). Although forskolin partially induces the mat-
uration of some secretory vesicles (i.e., fusion-competent dense-core
vesicles (DCV)) (Fig. 5), another factor(s) (e.g., NGF) is required for
the maturation of all DCVs (stage [III]) (36). Syt IV—containing
DCVs undergo exocytosis in response to Ca%t-stimulation (stage
[IV]D). N, nucleus, rER; rough ER; SV, secretory vesicles; and TGN,
trans-Golgi network.

4A) and not further sorted to mature dense-core vesicles.
These clear vesicles are unlikely to fuse to the plasma
membrane in response to CaZ*-stimulation, because
uptake of the anti-Syt IV-N antibody was very limited in
the forskolin-treated PC12 cells (Fig. 5D) in which many
clear vesicular structures were found directly beneath
the plasma membrane (Fig. 4A). Further work is needed
to determine whether these clear vesicular structures
correspond to immature secretory vesicles or secretory
vesicles in a very primitive stage of formation as previ-
ously reported (49). NGF is also likely to promote the
post-Golgi transport of Syt IV molecules, because many
substances must be transported from the Golgi to the
growing neurites during differentiation. In the third
stage, Syt IV-containing vesicles mature into fusion-com-
petent dense-core vesicles (or the Syt IV protein is sorted
to mature dense-core vesicles). This maturation process
is the rate-limiting step in Syt IV protein trafficking in
PC12 cells, because we have often observed an accumula-
tion of clear vesicular structures directly beneath the
plasma membrane (large arrows in Fig. 4A), and only a
small amount of Syt IV protein on dense-core vesicles
(arrowheads in Fig. 4A) after forskolin treatment. By
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contrast, NGF stimulates maturation of dense-core vesi-
cles much more than forskolin does (Fig. 5D) (36). In the
final stage, Syt IV contributes to hormone secretion in
response to CaZ*-stimulation (stage [IV]), possibly by
functioning as a Ca2*-sensor (61-63).

Although Syt IV does not colocalize with Syt I in for-
skolin-treated PC12 cells at immunocytochemically
detectable levels (Fig. 2G), a small fraction of Syt IV pro-
tein is clearly associated with some (but not all) dense-
core vesicles in amounts that are detectable by immunoe-
lectron microscopy (Fig. 4A), and similar observations
have been reported in NGF-differentiated PC12 cells
(86). This discrepancy may be explained by the notion
that dense-core vesicles are heterogeneous with regard to
the presence of Syt isoforms (Syts I/IX versus Syt IV) (26,
36). Consistent with this notion, we recently found that
the endogenous Syt IV protein is not co-purified with
either Syt I- or Syt IX-containing vesicles (26). We,
therefore, speculate that Syts I and IV may be sorted to
distinct populations of secretory vesicles and control their
exocytosis in forskolin-treated or NGF-differentiated
PC12 cells, although the molecular mechanism of Syt I
sorting to dense-core vesicles remains to be elucidated.

In summary, we have shown that forskolin treatment
dramatically increases the Syt IV protein expression
level (approximately 10-fold) and partially stimulates Syt
IV protein sorting to dense-core vesicles in PC12 cells. At
present, however, it is unclear whether this stimulus-
dependent formation of Syt IV—containing secretory vesi-
cles occurs in neurons under physiological conditions.
Since tetanic stimulation activates both LTP and type I
adenylyl cyclase in the brain (mimics forskolin-induced
LTP) (64), strong synaptic activity may increase the
intracellular cAMP level through activation of type I ade-
nylyl cyclase, which increases the Syt IV protein level
and promotes the formation of Syt IV—containing secre-
tory vesicles in combination with NGF or neuro-
trophin(s). Further work is needed to determine whether
newly formed Syt IV—containing secretory vesicles con-
tribute to the plastic pre- and/or postsynaptic changes in
the brain.
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