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Abstract: VGF is a neuroendocrine-specific gene product
that is up-regulated by nerve growth factor in the PC12
cell line. In rat neuroendocrine tissues two polypeptides
of 90 and 80 kDa were detected by an antiserum to an
N-terminal domain of VGF (from residues 4 to 240). In
parallel, an antiserum directed against the C-terminal
nonapeptide of VGF (from residues 609 to 617) revealed
several additional posttranslational products. Peptides of
apparent molecular sizes of 20, 18, and 10 kDa were
prominent in nerve tissues and the hypophysis but absent
in the adrenal medulla, and their relative abundance var-
ied in distinct regions of the CNS. In PC12 cells VGF was
proteolytically processed only after nerve growth factor
treatment, and primary cultures of rat cerebellar granule
cells accumulated the low-molecular-weight forms of
VGF during in vitro maturation. In these cells the specific
cleavages of VGF occurred in a postendoplasmic reticu-
lum compartment; the processed forms were enriched in
the secretory vesicles and were preferentially secreted
upon cell membrane depolarization. Distinct differential
distribution in the CNS and in vitro release of such post-
translational products indicate that these species may
represent biologically relevant forms of VGF that play a
role in neuronal communication. Key Words: VGF—
Nerve growth factor—Prohormone processing—Se-
cretory pathway—Neuronal differentiation—Cerebellar
granule cells.

J. Neurochem. 65, 2441-2449 (1995).

The VGF gene was originally identified in the PC12
cell line because of its transcriptional induction by
nerve growth factor (NGF) (Levi et al., 1985). It has
been previously demonstrated that VGF protein is
stored in secretory granules (Ferri et al., 1995) and in
PC12 cells is secreted through the regulated pathway
(Possenti et al., 1989).

In vivo VGF was detected in subpopulations of neu-
ronal and endocrine cells (van den Pol et al., 1989,
1994; Ferri et al., 1992). In the cerebellum highest
VGF mRNA levels were measured during the postnatal
critical period of morphological and functional devel-
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opment (Salton et al., 1991). Recently, on the basis
of RNase protection assays and immunocytochemistry,
VGF was demonstrated to be spatially and temporally
regulated in the CNS during the development of the rat
visual system (Lombardo et al., 1995). VGF mRNA is
first detected in the dorsal lateral geniculate nucleus at
day 18 of embryonic development, when connections
from the dorsal lateral geniculate nucleus to the visual
cortex are formed. VGF gene expression increases
gradually in the first 2 weeks postnatally, when syn-
apses with definitive target neurons are established,
and then gradually decreases at the end of the plasticity
period. In the rat adenohypophysis, VGF protein was
restricted to gonadotropes and a subpopulation of lac-
totropes with striking modulation during the estrous
cycle (Ferri et al., 1995). In the adult rat several exper-
imental manipulations, which increase transcription in
the CNS of mRNA for secretory proteins like secreto-
granin Il and chromogranin B, affect the expression
of VGF mRNA in a similar way (M. Mahata et al.,
1993; S. K. Mahata et al., 1993a,b).

The presence of several short stretches of basic resi-
dues, potential target sites for proteases of the subtilisin
family (Steiner et al., 1992), in the sequence of VGF
suggests that the protein may be the precursor of
shorter neuropeptides. To investigate the possible pro-
cessing of VGF protein to smaller polypeptides, pre-
liminary studies were carried out, using previously
characterized antisera raised against two nonoverlap-
ping domains of the VGF sequence (from residues 80
to 340 and from 443 to 580) (Possenti et al., 1989;
Ferri et al., 1992). Both antisera, in western blots,
recognized two proteins with apparent molecular sizes
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of 90 and 80 kDa. These values are slightly higher
than those expected from the amino acid sequence of
the protein but are similar to the apparent molecular
mass of the cell-free translated VGF (Levi et al.,
1985). In addition, the antiserum directed against the
more COOH-terminal region stained several shorter
polypeptides, suggesting that proteolytic products of
VGF were derived from the C-terminal region. When
further VGF antisera were tested, two showed high
sensitivity and were selected for the characterization
of VGF products in rat tissues and cell lines.

The data reported here show that three major poly-
peptides, which are derived from the VGF C-terminal
regton, are found in neuronal tissues as posttranscrip-
tional endoproteolytic cleavage products. In primary
cultures of rat cerebellar granule cells, the processing
of VGF occurs in a postendoplasmic reticulum com-
partment, and the resulting products are preferentially
accumulated in secretory vesicles from which they are
released upon cell membrane depolarization.

MATERIALS AND METHODS

Materials

All the chemicals, when not specified, were purchased
from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Media,
sera, and phosphate-buffered saline (PBS) were purchased
from GIBCO (Grand Island, NY, U.S.A.). The enhanced
chemiluminescence (ECL) system was purchased from Am-
ersham International plc (Buckinghamshire, U.K.).

Production of antisera

The polyclonal antiserum anti-VGFE, »4, was raised in rab-
bits against recombinant VGF produced in Escherichia coli
using the expression system described by Sisk et al. (1986).
In brief, the sequence coding for residues 4-240 of VGF
was excised as an Xmn fragment from a ¢cDNA clone and
inserted in the Nrul site of plasmid pWS50. The strain of E.
coli WPS18 transformed with this plasmid produced high
levels of VGF fused in-frame with (-galactosidase when
induced by temperature shift. Bacterial lysates were resolved
on sodium dodecyl sulfate (SDS ) —polyacrylamide gel elec-
trophoresis (PAGE). The fusion band was detected in Coo-
massie Brilliant Blue-stained gels, cluted with 50 mM
NH HCO; containing 0.1% SDS, precipitated with 20% tri-
chloroacetic acid, and resuspended in PBS for immunization
of rabbits.

The anti-VGFg_4;7 scrum was raised in rabbits against
the corresponding C-terminal sequence of rat VGF, as pre-
viously described in detail (Ferri et al., 1995).

Cell lines

PC12 cells were grown on collagen-coated dishes in RPMI
medium supplemented with 10% heat-inactivated horse se-
rum and 5% fetal calf serum (FCS) as described (Greene
and Tischler, 1976). Where indicated, PCI12 cells werc
treated with 100 ng/ml of 8-NGF, kindly provided by Dr.
D. Mercanti. GT1-7, AtT20, MTC 6-23, GH3, and NIH-
3T3 cell lines were grown in Dulbecco’s modified Eagle’s
medium containing 10% FCS. Cells were cultured in a 95%
air/5% CO- humidified 37°C incubator.

GTI1-7 cells were kindly provided by Dr. Stanko S. Stojil-
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kovic. The other cell lines were obtained from the American
Type Culture Collection (Rockville, MD, U.S.A.).

Primary cultures of cerebellar granule cells

The cultures were performed as described (Levi et al.,
1984 ). In brief, cells dissociated from 8-day-old rat cerebella
were plated on polylysine-coated dishes at a density of 2.5—
2.8 X 10° cells per 35-mm-diameter dish in basal modified
Eagle’s medium supplemented with 10% heat-inactivated
FCS. The medium was renewed at 2, 5, and 8 days in vitro
(DIV). Release experiments were performed on 8 DIV cul-
tures as described (Mercanti et al., 1992). The culture dishes
were washed twice with prewarmed Krebs—Ringer medium
(128 mM NaCl, 5 mM KCI, 2.7 mM CaCl,, 1.2 mM
MgSO,, 10 mM glucose, | mM Na,HPO,, and 20 mM
HEPES, pH 7.4) and preincubated in the same medium for
30 min at 37°C. Secretion was induced for 15 min by adding
a Krebs—Ringer solution containing cither 56 mM KCt and
77 mM NaCl or 0.25 M ionomycin (Graham and Burgoyne,
1993). Experiments with 2 pg/ml of brefeldin A (BFA)
were performed at 8 DIV.

Immunofluorescence

Cerebellar granule cells were washed three times in PBS
and fixed for 10 min in 4% (wt/vol in PBS) paraformalde-
hyde. The cells were then permeabilized for 5 min with
0.2% (vol/vol) Triton X-100 in 100 mM Tris-HCI (pH 7.5).
Incubation with primary antisera was carricd out at room
temperature (2 h 1:1,000) followed by fluorescein isothiocy-
anate-conjugated goat anti-rabbit IgG (30 min) according to
the manufacturer’s instructions.

Cell and tissue extraction

Cell lines and tissues, immediately after dissection from
rats, were homogenized in distilled water at 0°C (1 ml for
100 mg), quickly boiled for 10 min, and then centrifuged for
5 min at 2,500 g. Addition of 1 mM phenylmethylsulfonyl
fluoride, 20 pg/ml of leupeptin, and 0.2 pg/ml of pepstatin
A did not affect the pattern of immunoreactive bands. so
that the protein inhibitors could be omitted. The pellets were
extracted in 0.2% acetic acid, boiled for 5 min, and then
centrifuged for 5 min at 2,500 g. The two supernatants were
combined and centrifuged for 30 min at 100,000 g. The
proteins in the supernatants were precipitated by 15% tri-
chloroacetic acid. For one-dimensional electrophoresis (see
below) the samples were solubilized in 2% SDS and 8 M
urea in 10 mM Tris-HCI (pH 8.2), and protein content was
determined according to the method of Lowry ct al. (1951).

One- and two-dimensional electrophoresis

One-dimensional SDS-PAGE was performed on a 7.5—
20% acrylamide gradient according to the procedure of
Laemmli (1970). For the two-dimensional analysis, the pro-
teins were first resolved by isoelectrofocusing as described
(Eboli et al., 1994) and then electrophoresed on the gradient
of polyacrylamide as described above.

Western blotting

Gels were analyzed by the western blot procedure ac-
cording to the technique of Burnette (1981). Blotted mem-
branes were incubated with a 1:1,000 dilution of anti-VGF
antisera and subsequently probed with horseradish peroxi-
dase-conjugated protein A. The immunoblots were devel-
oped by the ECL system. Protein sizes were determined
by comparison with prestained molecular weight standards
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FIG. 1. Western blot analysis of PC12 cell extracts with different
antisera against VGF. A: Extracts of PC12 cells treated with 100
ng/ml of NGF for 48 h were examined with anti-VGF,_,4, serum,
which recognizes the most N-terminal region of VGF (lane 1),
or anti-VGFggge_s17 SETUM, raised against the last nine residues of
VGF (lane 2) (10 ug of protein per lane). B: Cell extracts of
untreated PC12 cells (lanes 1 and 2) or cells exposed to NGF
for 48 h (lane 3) were examined with anti-VGFgpg_61; SErUM.
Lanes 1 and 3 were loaded with 10 ug of total proteins and lane
2 with 150 pg of total proteins, to obtain approximately the same
amount of VGF precursor forms.

(Sigma and Amersham). Scanning of ECL detections was
performed as described (Ferri et al., 1995).

RESULTS

Antisera against the COOH-terminal domain of
VGF reveal proteolytically processed forms in
NGF-treated PC12 cells

An antiserum directed against an N-terminal portion
of VGF (anti-VGF,_,4) recognizes, in western blot
analysis of PC12 cell extracts, polypeptides of apparent
molecular sizes of 90, 80, and 50 kDa (Fig. 1A, lane
1). All these molecular forms were greatly induced
(10-20-fold) by treatment with NGF. When the C-
terminal anti-VGFq ¢17 serum was used, a very differ-
ent pattern of immunoreactivity was revealed. In addi-
tion to the high-molecular-mass forms of 90 and 80
kDa, several lower-molecular-mass polypeptides were
detected, ranging from 70 to 10 kDa (Fig. 1A, lane 2).
Staining of all bands was abolished by preadsorption of
anti-VGF¢yy 17 serum on lysates of VGF-producing
bacteria but not by preadsorption on control bacteria
(data not shown). The bands recognized by the anti-
VGFy9_e17 sSerum are most probably derived from VGF
because the same pattern of immunoreactive bands was
obtained with a different antiserum raised against a
COOH-terminal domain of VGF (from amino acid 572
to 617) (data not shown) and because all the polypep-
tides recognized by the antisera were the products of
a NGF-inducible gene. The translated region of VGF
is encoded by a single exon (Salton et al., 1991; Haw-
ley et al., 1992); therefore, the different forms detected

by the antisera cannot be accounted for by differential
splicing and must be the consequence of posttransla-
tional processing.

PC12 cells that had not been treated with NGF did
not process the high-molecular-weight forms of VGF
into shorter polypeptides. Lower-molecular-weight
species were not revealed in extracts of naive PC12
cells (Fig. 1B, lane 2), even if greater amounts of total
proteins from untreated than from NGF-trcated cells
were loaded to detect comparable amounts of the 90-
and 80-kDa forms (Fig. 1B, lanes 2 and 3).

Therefore, NGF-induced PC12 cell differentiation
led to increased synthesis of VGF and also to VGF
processing.

VGF is proteolytically processed in the rat CNS
To determine whether VGF processing occurs also
in vivo, extracts from different tissues of adult animals
were examined by western blot analysis (Fig. 2). In
agreement with previous findings, based on in situ hy-
bridization and immunohistochemical techniques (van
den Pol et al., 1989, 1994), VGF immunoreactivity
was detected in extracts from nerve tissues (whole
brain and cerebellum) and was undetectable in several
nonnervous tissues (Fig. 2A). Anti-VGFq_¢,7 serum
recognized, in adult brain extracts, a subset of the
bands detected in PC12 cells: Beside the 90- and 80-
kDa polypeptides, only a few lower-molecular-mass
polypeptides were stained. Between them the most
abundant were proteins of 20, 18, and 10 kDa. These
proteins will be referred to as VGF-90, VGF-80, VGF-
20, VGF-18, and VGF-10, respectively. Different areas
within the adult rat CNS contained different amounts
of the high- and low-molecular-weight forms of VGF
(Fig. 2B). In particular, VGF-20 and VGF-18 were
abundant species in the majority of the regions exam-
ined with the exception of the olfactory bulb and the
pons, whereas VGF-10 was present at a relatively high
level only in the cortex and pons (Fig. 2C). Intermedi-
ate-molecular-weight polypeptides were only a minor
component in extracts of CNS compared with NGF-
treated PC12 cells (see next section and Discussion).

VGF is synthesized but not processed in the
adrenal medulla

PC12 cells originate from a rat pheochromocytoma,
and it has been demonstrated that chromaffin cells from
the adrenal medulla express VGF (Ferri et al., 1992).
It was therefore of interest to determine if VGF is
processed in this gland as it is in neuronal tissues. As
shown in Fig. 3, VGF protein was present in chromaf-
fin cells almost exclusively as the high-molecular-
weight forms, and no low-molecular-weight form was
detectable. Two-dimensional electrophoresis of adre-
nal medulla and PCI12 cell extracts shows virtually
superimposable patterns of VGF-immunoreactive pep-
tides. Conversely, a comparison between NGF-treated
PC12 cells and adult brain indicated that quantitative
as well as qualitative differences exist and that PC12
cells seemed unable to convert VGF completely into

J. Newrochem., Vol. 65, No. 6, 1995



2444 E. TRANI ET AL.

A 3 5 8 & &
= [ - NN
sEefsEFea
B 5 2 298¢ > 6 © ©
g - ¥ 4 I O O a o
- 120 -
=88 =
-o- |
- 46 -
- 38 -
w39
S21 - | e
« N
- 6.5 - S
1 2 3 4 5 6 7 8
2} il
© © - £
=y 2 = 8 £ E o
Z )
B E§EES£ 8325 » &
o & 8 ° @ L T o
e &g a s, € g ¢
X 0 & >N & = b5 6 3 o
I =mI IT Ownm O OCaa
-y
120
- 88 - 1
- 70 -
46 -
- 38
- 32
-21- b
14 - -
6.5 - - |
1 2 3 4 5 6 7 8 9 10
100 1 0 VGF-80/80
W VGF-20/18
& -
€ g0 - W VGF-10
GO ¢
@2 0
[ ¢
g %
> o i m
wy ¥ 1
DE ¢ (1 I
£e 4
@
38 40
EN ] /)
LE:} / 1
£> 4 #
£ 201
: 1 i
[+
0
2 g 8 - 2 o8 B X 5 @
8 3 g B E 3 2 & £ 5 %
£ o ®& % ¢ @ ® 5 ©V 5 &
s F 3 ° ] - - ] @
g &« 2 &£ 235 & ° 3 H
I& - T ] (5]

FIG. 2. Western blot analysis of extracts from different tissues.
Tissue extracts (250 pg of protein per lane) were analyzed for
the presence of VGF. A: Extracts from different organs. B: Ex-
tracts from different areas of the CNS. The tissues were dis-
sected from adult rats (60-90 days old). PC12— and PC12+
represent total extracts from naive or NGF-treated cells (100 and
20 pg, respectively). The forms of 90 and 80 kDa are indicated
by arrowheads, and the major products of VGF processing—
VGF-20, VGF-18, and VGF-10—are indicated by arrows. C: Rel-
ative amounts of VGF-90, VGF-80, VGF-20, VGF-18, and VGF-
10 as determined by densitometric scannings of blots. The sig-
nals from VGF-90 and VGF-80 and from VGF-20 and VGF-18
were added together. Scanning on three independent western
blots gave differences not exceeding 10% of each value. Cere-
bell., cerebellum; Hypothal., hypothalamus; Hippocam., hippo-
campus; Olf.Bulb, olfactory bulb; Quadrig., quadrigeminum.

J. Neurochem.. Vol. 65, No. 6, 1995

the low-molecular-weight peptides. In particular, im-
munoreactive polypeptides of intermediate size were
present and probably represented partially digested
products that all contain the COOH-terminus (see also
Fig. 1).
Neuronal and endocrine cell lines and primary
cultures of cerebellar granule cells

To identify good in vitro models for VGF pro-
cessing, several cell lines of neuronal and endocrine
origin were surveyed. The two pituitary-derived rodent
cell lines GH3 and AtT-20 expressed VGF-90 and
VGF-80, but only the AtT-20 cells significantly pro-
cess the protein to VGF-20, VGF-18, and VGF-10. A
murine medullary thyroid carcinoma cell line (MTC)
and a hypothalamic murine cell line (GT1-7) also con-
tained detectable quantities of VGF-90 and VGF-80
as well as of VGF-20, VGF-18, and VGF-10. No im-
munoreactive band was detected in extracts of NIH-
3T3 cells (Fig. 4A) or in other nonneuronal and nonen-
docrine cell lines tested (data not shown). In view
of the presence of VGF-20, VGF-1§, and VGF-10 in
extracts of rat cerebellum (Fig. 2C), primary cultures
of cerebellar granule cells were examined. Cultures of
granule cells from 8-day-old rat cerebella have been
shown to represent an established model for the study
of neuronal maturation because they acquire, gradually
with time in vitro, morphological and functional prop-
erties of differentiated neurons (Levi and Ciotti, 1983;
Levi et al., 1984). As shown in Fig. 4B, immunoreac-
tive VGF-90 and VGF-80 were first detected around
day 2 in culture (2 DIV), whereas the VGF-derived
peptides were not present before 5 DIV; their relative
levels increased at later times in culture (8 DIV ) when
granule cells have acquired a mature phenotype (see
also Fig. 6a—d).
VGF processing is inhibited by BFA

Because VGF is accumulated in secretory granules
and is released on cell depolarization (Possenti et al.,
1989), the endoproteolytic cleavages that result in the
production of VGF-20, VGF-18, and VGF-10 must
occur in some compartment of the secretory pathway.
The fungal metabolite BFA is used for interrupting the
vesicular vectorial transport of protein toward the cell
surface. BFA is believed to act by preventing the cor-
rect assembly of COP (coat-proteins)- and clathrin-
coated vesicles, thus causing an accumulation in the
endoplasmic reticulum of proteins en route to other
compartments of the secretory pathway (Klausner et
al., 1992; Robinson and Kreis, 1992). In mature cere-
bellar granule cells (8 DIV) treated with BFA, the
amount of VGF-90 increased, whereas levels of VGF-
80, VGF-20, VGF-18, and VGF-10 peptides decreased
(Fig. 5). This phenomenon, already evident after 6 h
of treatment with BFA (lane 2), was almost complete
after 20 h (lane 3).
C-Terminal VGF-derived peptides are enriched in
secretory granules and are secreted

As reported above, several VGF peptides showed
differential reactivity with the N- and C-terminal anti-
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VGF-80). Therefore, staining revealed by C-terminal
antiserum is diagnostic of the presence of the processed
forms in the absence of the high-molecular-weight
VGF. In immunofluorescence, anti-VGF,_,,, serum
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FIG. 4. Western blot analysis of extracts from different cell lines
and primary cultures of cerebellar granule cells. A: Extracts of
different rodent cell lines and from cultured rat cerebellar granule
cells (Cer. Gran.) at 8 DIV were probed in western blot analysis
with anti-VGFgpe_s17 serum. Extract from adult rat cerebellum
(Cerebell.) is shown for comparison. Protein contents were 20
ug for lane 1, 200 ug for lanes 4 and 5, 250 g for lane 8, and
100 pg for the other lanes. B: Equal amounts of total proteins
(100 pg) from cerebellar granule cells cultured for different DIV,
as indicated at the top, were examined for the presence of VGF-
90, VGF-80 (arrowheads), VGF-20, VGF-18, and VGF-10
(arrows).

stained preferentially the cell bodies of cerebellar gran-
ule cells at 2 DIV (Fig. 6a), when western blot analysis
has shown that no processed form is present (see Fig.
4B, lane 2), and also at 8 DIV (Fig. 6¢), when the
VGF protein is highly expressed and also processed
(Fig. 4B, lane 4). In contrast, anti-VGFgy_g7 serum
stained the cell bodies at 2 DIV (Fig. 6b) but revealed
a strong immunoreactivity of neuronal processes (as
well as cell bodies) at 8 DIV (Fig. 6d). Overnight
treatment with BFA, which causes accumulation of
VGF-90 and decreases the level of the processed
forms, resulted in a different pattern of VGF immuno-
reactivity in 8 DIV granule cells. Both antisera gave
a strong staining limited to the perikaryal area with
the exclusion of neuronal processes (Fig. 6e and f).
When mature cerebellar granule cells were subjected
to secretory stimuli, like high potassium levels or cal-
cium ionophore, VGF-20, VGF-18, and VGF-10 were
preferentially secreted with respect to VGF-90 and
VGF-80 (Fig. 7, compare lanes 3 and 5 vs. 4 and 6).
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FIG. 5. Effect of treatment with BFA on
the proteolytic processing of VGF. West-

- 46 - ern blot analysis with anti-VGFgug 17 S€-
.32- rum of cerebellar granule cells at 8 DIV
.38 - treated with 2 ug/ml of BFA for different

intervals, as indicated at the top (lane 1,
-21- [ 0 h; lane 2, 6 h; and lane 3, 20 h). Cell

Extr., cell extract.
-14 -

- 6.5 -
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FIG. 6. Immunofluorescent staining of cultured cerebellar granule cells. Indirect immunofiuorescence of granule cells is shown at 2 (a
and b) or 8 DIV (¢~f). In (e} and (f) the cerebellar granule cells were treated with 2 ug/mi of BFA for 20 h before immunodetection.
As primary antiserum, anti-VGF,_,4, serum was used in (a), (c), and (e}, and anti-VGF4u9_617 Serum was used in (b), (d), and (f). Goat
anti-rabbit fluorescein isothiocyanate-conjugated IgG was used as secondary antibody. Bar = 5 ym.

J. Newrochem., Vol. 65, No. 6, 1995
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FIG. 7. Regulated secretion of VGF-20, VGF-18, and VGF-10
from primary cultures of cerebellar granule cells. In primary cul-
tures of cerebellar granule celis at 8 DIV the secretion was in-
duced by a high KCI concentration (56 mM) or ionomycin (IONO)
as described in Materials and Methods. Cell extracts and
released proteins were examined by western blot with anti-
VGFeo9-617 S€rum. Lanes 1 and 2, cell extracts and secreted
proteins into the medium from control cells [treated with 5 mM
KCI (K5)]; lanes 3 and 4, cell extracts and medium from cells
exposed to high potassium [56 mM KCI (K56)]; and lanes 5 and
6, cell extracts and medium from IONO-treated cells. Half of the
total cell extracts (~100 ug) from 2 x 10° cells and all the
released material (S) were electrophoresed on the gel.

DISCUSSION

The major finding of the present report is the demon-
stration that VGF protein is proteolytically processed
in rat nervous tissues and that the derived peptides are
stored in and released from mature secretory granules.
Three major C-terminal-derived forms of 20, 18, and
10 kDa apparent molecular sizes were detected. Re-
gional differences exist in their relative amount as well
as in their ratio to the high-molecular-weight forms
(VGF-90 and VGF-80). This could be attributed to
neuron-specific differences in the expression of con-
verting enzymes. Alternatively, because these forms
are strongly enriched in neuronal processes, whereas
VGF-90 and VGF-80 are mainly present in the perikar-
yon, variation in the ratio between the high- and the
low-molecular-weight species may reflect different
densities of synaptic terminals in the brain areas exam-
ined. Prohormones and neuropeptide precursors are
generally processed by ubiquitous and tissue-specific
convertases in different compartments along the secre-
tory pathway (Steiner et al., 1992). Because VGF pro-
cessing does not occur, for instance, in the adrenal
medulla, which nevertheless synthesizes detectable
quantities of this protein, it is likely that neuronal-
specific endoproteases are responsible for generating
the low-molecular-weight species. The best-character-
ized neuroendocrine-specific convertases (PC1/3 and
PC2) have been shown to cleave their substrates at
short stretches of basic residues. If either one or both
of these convertases are responsible for processing of
VGEF is presently unknown, however, several potential
target sites are present in the sequence of this protein
(Salton et al., 1991), some of which would generate

fragments of molecular size similar to the peptides
described in this article.

The data have shown that the NGF-responsive cell
line PC12 cieaves pro-VGF only NGF-induced differ-
entiation. Similarly, VGF-20, VGF-18, and VGF-10
are detectable in primary cultures of nconatal cerebel-
lar granule cells only after in vitro maturation, with a
time course delayed with respect to the expression of
VGF-90 and VGF-80. Thus, the ability to process VGF
appears to be a characteristic of neuronal maturation.
In NGF-treated PC12 cells proteolytic conversion of
VGF to the low-molecular-weight species occurs with
reduced efficiency with respect to other cell lines, pri-
mary cell cultures, and neuronal tissues. The same
findings were observed with PC12 cells cultured for
10 days with NGF (authors’ unpublished data). It
should be noted, however, that NGF-treated PC12 cells
synthesize amounts of VGF that are at least one order
of magnitude higher than in all tested cell lines and
tissues. Such a high level of VGF might saturate the
processing machinery of PC12 cells, resulting in the
accumulation of intermediate products that are fully
digested in neurons. Alternative hypotheses can also
be formulated: (a) Treatment with NGF may not be
sufficient for inducing the complete repertoire of the
neuronal-specific processing enzymes that are respon-
sible for generating VGF-20, VGF-18, and VGF-10 in
neurons of the CNS, or (b) treatment with NGF may
induce the synthesis of convertases that are able to
recognize VGF as a substrate, possibly with low speci-
ficity, but that are different from those present in neu-
rons of the CNS.

The data indicate that treatment of mature (8 DIV)
cultures of cerebellar granule cells with BFA prevents
the proteolytic cleavage of VGF, which accumulates
in a perinuclear compartment. This finding suggests
that this processing occurs after VGF has left the endo-
plasmic reticulum. In fact, posttranslational modifica-
tions that are inhibited by BFA treatment are generally
considered to occur in the trans-Golgi network or
downstream of it (Rosa et al., 1992b). A postendoplas-
mic reticulum cleavage of pro-VGF is in agreement
with the late processing of other prohormones. It has
been shown, for instance, that the endoproteolytic
cleavage of prosomatostatin is initiated in the trans-
Golgi network, in a late acidic compartment, shortly
before the nascent immature secretory granules are
formed (Xu and Shields, 1993). It is noteworthy that
treatment with BFA inhibits also the cleavage that pro-
duces the 80-kDa form of VGF, which we have ob-
served in every cell line and tissue that express the
protein. This cleavage therefore is likely to be carried
out by a ubiquitous convertase like, for instance, furin.
It is interesting that this endoprotease has been recently
shown to be selectively concentrated in the trans-Golgi
network and to require transit through the Golgi to
achieve functional activity (Molloy et al., 1994). Indi-
rect immunofluorescence in primary cultures of cere-
bellar granule cells clearly demonstrates that high-mo-
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lecular-weight species of VGF are excluded from neu-
ronal processes, whereas the low-molecular-weight
species of VGF are excluded from neuronal processes,
whereas the low-molecular-weight forms are strongly
enriched in secretory vesicles present in neurites. Ac-
cordingly, only the short peptides are released on cell
depolarization. We have previously described that in
PC12 cells secretory stimuli induce the release of
VGF-90 and VGF-80 (Possenti et al., 1989), and we
have also observed that every peptide recognized by
anti-VGFgy_¢7 serum in NGF-treated PCI12 cells is
released through the regulated pathway (authors’ un-
published data). As mentioned before, NGF-treated
PC12 cells produce such high quantities of this protein
that the processing machinery of the cells may be satu-
rated so that uncleaved VGF can escape from the com-
partment in which it should be processed. Alterna-
tively, it is conceivable that secreted VGF has its own
physiological role as suggested by the finding that the
adrenal medulla does not process it. In this respect
PC12 cells would behave like the chromaffin cells from
which they are derived. The cleavages that produce
the C-terminal-derived polypeptides should generate
also proteins that are in principle detectable with anti-
sera directed against N-terminal domains of VGF.
Such species were undetectable; therefore, it is possi-
ble that they are rapidly degraded intracellularly. An-
other possible explanation is that the C-terminal region
of VGF contains a cis-acting signal for sorting the
protein in the regulated secretory pathway. Once liber-
ated the N-terminal portions of the protein could be
rerouted by default into the constitutive pathway and
rapidly released into the extracellular medium. Such a
situation has been described previously for the egg-
laying prohormone of Aplysia californica (Jung et al.,
1993).

It has been shown that treatment with BFA by itself
does not affect the morphology of mature synaptic
vesicles localized in nerve terminals, whereas it in-
duces redistribution of markers of early endosomes and
of presumed immature synaptic vesicles (Mundigl et
al., 1993). Moreover, BFA inhibits the formation of
immature secretory granules but does not affect the
regulated secretion from mature ones (Rosa et al.,
1992a). In accord with these findings, the treatment
of cerebellar granule cells with BFA does not inhibit
secretion of prestored VGF-20, VGF-18, and VGF-10
(data not shown).

Several suggestions can be made regarding the pos-
sible biological role of the various species of VGF:
We cannot exclude that other peptides, not detectable
with the presently available antisera, are derived from
VGF; further processing of the low-molecular-weight
forms, leading to the removal of even a few residues
at the C-terminus, will prevent their recognition by the
antisera that we used. Nevertheless, because VGF-20,
VGF-18, and VGF-10 are secreted by neuronal cells
in culture on cell membrane depolarization, we are

J. Neuwrochem., Vol. 65, No. 6, 1995

tempted to speculate that they are biologically relevant
species that play a role in intercellular communication.

A recent article reports the purification, from bovine
posterior pituitary, of a peptide corresponding to the
C-terminal 30 amino acids of VGF (named peptide V)
(Liu et al., 1994). The predicted molecular size of
peptide V is 3,708 Da: therefore, it may represent a
processed form different from those described in this
article. We cannot exclude, however, that peptide V
corresponds to VGF-10, because preliminary results
indicate that recombinant peptides derived from the C-
terminus of VGF have an altered mobility in SDS-
PAGE.

Further studies will be necessary to ascertain if
VGF-20, VGF-18, and VGF-10 have different targets
or different functions as well as to determine if the
high-molecular-weight VGF, as detected in the adult
adrenal medulla, has its own biological role.
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