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Abstract

Monoclonal antibodies specific for neurofilament (NF) subunits or for vimentin filament (VF)
protein were used to study nerve growth factor (NGF)-induced intermediate filament expression
and organization in a rat pheochromocytoma cell line (PC12 cells). NGF induced increased amounts
of NF subunits and VF protein, and they were, in part, differentially localized within PC12 cells.
The relative expression of each of the NF subunits and of the VF protein was measured by an
enzyme-linked immunosorbent assay which revealed that PC12 cells grown in the absence of NGF
(PC12— cells) contained 3 times more VF than 68,000-dalton NF subunits and only barely detectable
amounts of 150,000- and 200,000-dalton NF subunits. Exposure of these cells to NGF (PC12+ cells)
increased the amount of 68,000-dalton NF subunits 8-fold, VF protein 3-fold, and 150,000- and
200,000-dalton NF subunits 2-fold. The ratio of VF to 68,000-dalton NF proteins in PC12— versus
PC12+ cells decreased from 3.0 to 1.5. Both VF and 68,000-dalton NF subunits were arranged in
juxtanuclear “ball-like” configurations and both were present in neurites of PC12+ cells. The
distribution of 150,000- and 200,000-dalton NF subunits was diffuse with perinuclear stippling and
only occasional, weakly fluorescent “balls.” After perturbation of the PC12 cell cytoskeleton, 68,000-
dalton NF subunits and VF redistributed together and, thus, may exist as heteropolymers. Finally,
the increased expression of NF and VF proteins was specific for NGF since they could not be
induced by other hormones or “growth” factors.

We conclude that PC12 cells constitute a model system for studies of NF and VF expression,

assembly, and interactions.

Biochemical studies of neurofilament (NF) proteins
are limited by the heterogeneous structure of CNS and
PNS tissue. Primary cultures of neurons are homogene-
ous, but they do not provide the quantities of NF proteins
necessary for many kinds of biochemical studies. A
clonal, nerve growth factor (NGF)-responsive rat pheo-
chromocytoma (PC12) cell line (Greene and Tischler,
1976, 1982) has recently been shown to contain NF
subunits using NF-specific antisera (Virtanen et al.,
1981; Lee et al., 1982a). We have recently developed a
library of monoclonal antibodies (MAs) specific for each
of the three different intermediate filaments (IFs) of the
CNS and PNS, i.e., glial filaments (GFs), vimentin fila-
ments (VFs), and NF subunits (Lee et al., 1982b, 1984).
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These antibodies overcome the problem of cross-reacting
species in antiserum due to the fact that epitopes of IF
classes may be both unique and shared (Pruss et al.,
1981), and they also permit the detection and quantita-
tion of small amounts of NF subunits and VF protein.
In the studies described here, we used immunochemicals
from this library to quantitate the induction of NF and
VF protein expression in PC12 cells by NGF over time.
We also established that the induction of increased
amounts of these IF proteins was specific for NGF.
Finally, studies of the interactions of NF and VF proteins
in PC12 cells suggested that 68-kilodalton (Kd) NF
subunits and VF may exist as heteropolymers. We con-
clude from these studies that PC12 cells are an important
model system for probing the biochemistry and molecular
interactions of NF and VF proteins.

Materials and Methods

PC12 cells in culture. The PC12 cells were grown in
plastic culture flasks (Falcon), on glass coverslips or on
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Aclar strips coated with a thin film of air-dried, rat-tail
collagen using a culture medium comprised of 85% RPMI
1640, 5% fetal calf serum, and 10% heat-inactivated
horse serum as previously described (Lee et al., 1977,
1980, 1981, 1982a). PC12 cells are designated PC12—
when they are grown in the absence of NGF and PC12+
when grown in the presence of NGF. For experiments
using NGF-treated cells (PC12+ cells), 50 ng/ml of 2.5
S NGF, prepared as described by Mobley et al. (1976),
were added to the culture medium.

Monoclonal antibodies (MAs) and monospecific anti-
serum. A library of MAs has been produced which rec-
ognizes unique and shared determinants of each of the
subunits of NF as well as unique and shared determi-
nants of VF and GF proteins (Lee et al., 1982b, 1984).
The anti-68-Kd MA is designated 2.4H11; and MA des-
ignated 4.3F9 recognizes an epitope shared by the 150-
Kd and 200-Kd NF subunits; the anti-VF MA is desig-
nated 1.3H9; and an anti-GF MA, used as a negative
control antibody, is designated 2.2B10. Purified bovine
NF, VF, and GF were used as the immunogens, and all
of the hybridomas are the product of rat-mouse fusions.
The details regarding the production and the immuno-
chemical and immunohistochemical characterization of
these MAs have been published (Lee et al., 1982b, 1984;
Hickey et al., 1983; Trojanowski et al., 1983). For double
indirect immunofluorescence experiments, a previously
described rabbit anti-68-Kd monospecific antiserum was
used (Lee et al., 1982a).

Indirect immunofluorescence studies of PC12 cells. In-
direct immunofluorescence was conducted on the PC12+
and PC12— cells as previously described (Lee et al.,
1982a). Briefly, prior to each experiment, the cells were
rinsed in phosphate-buffered saline (PBS), fixed in ace-
tone at —20°C by immersion for 7 min, and rinsed once
more in PBS. Alternatively, the cells were fixed by im-
mersion in freshly prepared 4% paraformaldehyde in
PBS for 10 min at room temperature and were then
permeabilized with a solution of 1% Triton X-100 in
PBS for 1 min at room temperature followed by a 5-min
wash in PBS. This fixation protocol yielded the best
results. The fixed cells were then incubated in a given
MA (applied as undiluted spent supernatant) for 1 hr at
room temperature. After this incubation, they were
rinsed for 5 min with PBS and then incubated for 1 hr
in a rhodamine-conjugated goat anti-rat IgG antibody
(Cappel). This incubation was terminated by washing
the cells in PBS. The strips on which the cells were
grown were inverted and mounted onto glass slides with
an aqueous mounting medium (Lerner Laboratories) and
examined with a Zeiss microscope equipped with epiflu-
orescent ultraviolet illumination and filters for rhoda-
mine viewing.

Perturbation of the cytoskeleton of PC12 cells. To gain
further insight into the relationship of NF subunits
(especially the 68-Kd NF subunit) and VF, the cytoske-
leton of the PC12 cells was manipulated: (1) with col-
chicine; (2) by replating the cells; (3) by growing the
cells in suspension culture; and (4) by seeding the cells
at high density.

In the colchicine experiments, PC12+ or PC12— cells
were treated for 16 hr with 10 pg/ml of this drug prior to
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performing indirect immunofluorescence studies follow-
ing the procedures described above. In the replating
experiments, NGF-primed (3 weeks in NGF) PC12+ cells
were mechanically triturated off the culture dish and
resuspended in medium containing NGF. The cells were
then replated onto collagen-coated coverslips, and indi-
rect immunofluorescence studies were performed as de-
scribed above. For the experiments on PC12 cells grown
in suspension, PC12+ or PC12— cells were seeded onto
naked Petri dishes. Under these circumstances, the cells
do not attach to the surface of the Petri dishes. Instead,
they grow in unattached clumps which float in the me-
dium. Finally, the possible effects of cell-cell contact on
NF and VF interactions were evaluated by seeding the
cells at high density on collagen-coated coverslips or
strips.

Substitution of other growth factors for NGF in the
PC12 culture medium. In order to eliminate the possibil-
ity that the observed changes in NF and VF synthesis
and organization were nonspecific and unrelated to NGF,
indirect immunofluorescence studies were conducted on
PC12 cells which had been grown for up to 1 week in
each of the following commercially available hormones
or growth factors: insulin (20 units/ml), epidermal
growth factor (1 ug/ml), dibutyryl cyclic AMP (200 ug/
ml), and hydrocortisone (20 ug/ml).

Immunochemical quantitation of NF and VF proteins
in PC12 cells. To quantitate the response of the PC12
cells to NGF with respect to the induction of NF and VF
proteins, an enzyme-linked immunosorbent assay
(ELISA) was developed. To perform this assay, PC12+
or PC12— cells were plated onto polylysine-coated 96-
well culture plates (Costar). At specific time intervals,
the monolayer cultures were washed twice with PBS,
fixed with 4% paraformaldehyde in PBS for 10 min,
washed twice with PBS, and then permeabilized with 1%
Triton X-100 in PBS for 1 min. Immediately thereafter,
the cells were washed again and nonspecific sites were
blocked for 30 min with 10% horse serum in PBS. After
this blocking step, different MAs at predetermined dilu-
tions were applied in a total volume of 100 ul to each of
the wells, and a 2-hr incubation was performed at room
temperature. At the conclusion of this incubation, the
cells in each of the wells were washed three times with
PBS, and a peroxidase-labeled rabbit anti-rat IgG anti-
body (Cappel) diluted 1:800 was applied in a volume of
100 ul to each of the wells for a second 2-hr incubation.
Unbound antibody was washed from the wells with PBS,
and bound labeled antibody was visualized using the
chromogen ortho-phenyldiamine in citrate buffer with
hydrogen peroxide as previously described (Lee et al.,
1984).

The amount of reaction product in the incubation
medium was then quantitated by transferring the incu-
bation medium to a second, clean 96-well plate and
reading the optical density at 450 nm on a Multiscan
Spectrophotometer. The protein concentration in each
of the wells was determined separately on sister cultures
of PC12 cells which were processed in an identical man-
ner as the experimental plates, except that the blocking
steps and antibody incubation steps were omitted to
avoid adding exogenous proteins to the wells. The quan-
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titative results derived from the ELISA were then ex-
pressed as activity/30 ug of total protein of the PC12+
or PC12— cells. Each experiment was performed in quad-
ruplicate samples and each experiment was repeated at
least three times. The average of all experiments and
samples was reported.

Controls. In the indirect immunofluorescence studies,
MAs directed against different IF proteins served as
controls for each other since they recognize different
classes of IF proteins. In addition, an anti-GF MA (des-
ignated 2.2B10) was used in parallel with the anti-NF
subunit MAs and the anti-VF MA in both the indirect
immunofluorescence studies and the ELISA studies. GF
is present in CNS glia and is not found in PC12 cells.
Therefore, the anti-GF MA served as a negative control
antibody for the studies of NF and VF proteins. Finally,
as positive control tissue in the immunofluorescence
studies, acetone-fixed frozen sections of rat cerebellum
or peripheral nerve were examined in parallel with the
PC12 cells.

Results

Localization of NF and VF proteins in PCI2 cells by
immunofluorescence. Data regarding the localization of
NF subunits in the PC12+ and PC12— cells by using our
anti-NF subunit MAs confirmed the results previously
obtained using monospecific antisera to individual NF
subunits (Lee et al., 1982a). Briefly, the anti-68-Kd MA
stained in a “ball-like” manner in the PC12— cells;
however, these “balls” were small, weakly fluorescent,
and were evident in only about one-third of these cells
(Fig. 1a). In contrast, an intensely fluorescent “ball-like”
staining pattern was observed in approximately 95% of
the PC12+ cells (Fig. 2a). In addition, 68 Kd immuno-
reactivity was observed in PC12+ cell neurites. Using an
MA specific for both the 150- and 200-Kd NF subunits,
a weak and diffuse immunofluorescent staining pattern
was observed in both the PC12— (Fig. 1c) and PC12+
(Fig. 2¢) cells. A weak “ball-like” staining pattern occa-
sionally was observed in the PC12+ but not in the PC12—
cells. In addition, both PC12+ and PC12— cells exhibited
perinuclear fluorescent stippling with this MA. Identical
results were obtained when MAs specific for only the
150-Kd or 200-Kd NF subunits were used (data not
shown). In parallel studies conducted on normal CNS
and PNS tissue using the same anti-NF MAs, as well as
in previous immunoperoxidase studies (Lee et al., 1982b;
Hickey et al., 1983; Trojanowski et al., 1983), neuronal
staining was always diffuse, and “ball-like” configura-
tions were never seen. The weak staining of PC12 cells
with the MA specific for the 150- and 200-Kd NF sub-
units most likely reflects the low quantities of these
antigens since this MA intensely stains both CNS and
PNS neurons and their processes (see also quantitative
data below).

The distribution of VF proteins was determined with
the anti-VF MA, and the pattern of VF protein immu-
noreactivity was similar to that observed with the anti-
68-Kd NF subunit MA (Figs. 1e and 2¢). Immunoreactive
VF was seen in juxtanuclear “ball-like” structures in
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nearly all PC12+ cells and in linear profiles within their
neurites, Small, VF-containing “ball-like” structures
were also seen in the PC12— cells, but they were weakly
fluorescent and less common. In addition, “coils” or
“cage-like” structures comprised of immunoreactive VF
proteins were seen (Fig. 2¢). When double, indirect im-
munofluorescence was conducted on the PC12+ and
PC12— cells, using a previously described monospecific
anti-68-Kd NF subunit rabbit antiserum (Lee et al.,
1982a) and the anti-VF MA, VF and 68 Kd immuno-
reactivity were seen in the same “ball-like” structures
(data not shown). The “coils” or “cage-like” structures
were stained only by the anti-VF MA (data not shown).

Redistribution of NF and VF proteins in PCI12 cells
after colchicine treatment. Further evidence that VF pro-
tein and the 68-Kd NF subunit were localized in the
same domain from which the 150- and 200-Kd NF sub-
units were excluded was derived from experiments in
which the PC12 cells were treated with colchicine (10
ug/ml) for 16 hr before the immunofluorescence studies.
Under these experimental conditions, the “ball-like”
structures completely disappeared and both 68-Kd NF
and VF protein immunoreactivity were arranged in “ca-
bles” or “coils” (Figs. 1, b and f, and 2, b and f). This was
the case in both the PC12+ and PC12— cells. Whether
these two different proteins are present as copolymers
within the same filaments or in separate filamentous
structures occurring in the same location could not be
determined in these experiments. However, double, in-
direct immunofluorescence studies, conducted as de-
scribed above, demonstrated both of these proteins in
the same “cables” or “coils” (data not shown), suggesting
that VF and 68-Kd NF subunits are associated or linked
together.

In contrast, parallel studies using 150- and 200-Kd
specific MAs demonstrated a fine fibrillary staining net-
work in PC12+ and PC12— cells which was distinctly
different from the pattern just described (Figs. 1d and
2d). The staining intensity observed with these MAs was
increased compared with that observed in PC12 cells not
treated with colchicine. This could be due to colchicine-
induced aggregation of nonfilamentous 150- and 200-Kd
NF subunits, and it further distinguishes these two NF
subunits from the 68-Kd NF subunit and VF protein.

Time course of NF and VF protein induction with NGF
in PC12 cells. As noted earlier, in the absence of NGF,
the “balls” containing immunoreactive 68-Kd NF sub-
units and VF were small or absent in the majority of
PC12 cells (Fig. 3a). After 1 day in NGF, the PC12 cells
displayed a slight increase in staining intensity (Fig. 3b).
By 4 days, ~50% of the PC12 cells contained medium-
size “balls” comprised of 68-Kd NF subunits and VF
proteins (Fig. 3c). By 9 days, over 90% of the cells
contained these “ball-like” structures which filled nearly
the entire perikaryal compartment outside the nucleus
(Fig. 3d). The only change observed after further NGF
exposure (up to 3 weeks) was an increase in staining
intensity. Parallel studies conducted at the same time
intervals using the MAs specific for the 150-Kd or 200-
Kd NF subunits revealed a less dramatic but detectable
increase in staining intensity with occasional but weakly
staining “ball-like” configurations.



1708

Lee and Page

Vol. 4, No. 7, July 1984

Figure 1. PC12— cells on which immunofluorescence was performed using MAs specific for the 68-Kd NF subunit (a and b),
for both the 150- and 200-Kd NF subunits (¢ and d), or for VF protein (e and f). The cells illustrated in b, d, and f were treated
with colchicine prior to the immunofluorescence studies. All photomicrographs were taken with identical exposure times.

Magnification X 600.

Effect of replating on NF and VF organization in
PC12+ cells. Because cytoskeletal elements are consid-
ered to play a role in cell shape and cell motility, we
evaluated the effect of replating on NF and VF in NGF-
primed (3 weeks in NGF) PC12+ cells, using the MAs
specific for either the 68-Kd NF subunit or VF. Following

the trituration and replating protocol described earlier,
indirect immunofluorescence studies were conducted on
PC12+ cells at 0, 1, 2, and 4 days after replating. On day
0, “balls” of immunoreactive 68-Kd NF subunits and VF
protein could not be detected (Fig. 4a). One day after
replating, small “balls” reappeared (Fig. 4b) and they
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Figure 2. PC12+ cells on which immunofluorescence was performed using MAs specific for the 68-Kd NF subunit (a and b),
for both the 150- and 206-Kd NF subunits (¢ and d), or for VF protein (e and f). The cells illustrated in b, d, and f were treated

with colchicine prior to the immunofluorescence studies. All photomicrographs were taken with identical exposure times as in
Figure 1. Magnification X 600.

became larger by day 2 (Fig. 4c). Much larger “balls” of
68-Kd NF subunits and VF protein were seen at 4 days,
and their appearance did not substantially change with
longer periods in culture (Fig. 4d).

Effect of growing PC12 cells at high density or in
suspension on NF and VF organization. Both the PC12—
and PC12+ cells were seeded at high density on Aclar
strips. Under these condition, most PC12+ cells were
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Frgure 3. PC12 cells on which immunofluorescence was performed using the MA specific for the 68-Kd NF subunit. The cells
in a were grown in the absence of NGF. The cells in b, ¢, and d were exposed to NGF in culture for 1, 4, and 9 days, respectively.
All photomicrographs were taken with identical exposure times as in Figures 1 and 2. Magnification X 600.

devoid of processes. However, in less densely cellular
areas, some of the PC12+ cells had neurites. Indirect
immunofluorescence studies of the PC12— cells grown
under these conditions produced staining patterns, using
each of the MAs described earlier, which were identical
to those seen when these cells were not densely seeded
(cf. Figs. 1la and Fig. 5a). In contrast, densely plated
PC12+ cells which lacked neurites (comprising the ma-
jority of the PC12+ cells grown under these circumstan-
ces) contained only small, weakly staining “balls” using
the anti-68 Kd-specific MA. At the same time, PC12+
cells with prominent neurites (comprising the minority
of PC12+ cells in these experiments) exhibited large and
prominent 68 Kd-positive “balls” (Fig. 5b).

Growing the PC12— cells for 1 week in suspension did
not significantly alter the pattern of NF or VF protein
staining using the respective MAs (Fig. 5¢). However,
when PC12+ cells were grown in suspension for the same
period of time and examined with the same MAs, marked
differences in the organization of NF and VF proteins in
these cells were observed by immunofluorescence. The
pattern was similar to that just described for PC12+ cells
grown at high density. For example, most of the cells
were in clumps and were devoid of neurites. These cells
had small, weakly staining “balls” using the MA specific
for the 68-Kd NF subunit (Fig. 5d). About one-third of

the PC12+ cells did display processes and they contained
intensely staining, large, 68-Kd NF-positive “balls.”

Specificity of the effect of NGF on NF and VF proteins
in PC12 cells. To determine whether the effect of NGF
on NF and VF proteins in the PC12 cells was specific,
we treated PC12 cells for up to 1 week with the following
hormones or growth factors: insulin, epidermal growth
factor, dibutyryl cyclic AMP, and hydrocortisone. None
of these reagents mimicked the effects of NGF on NF
and VF proteins in the PC12 cells as detected by indirect
immunofluorescence.

ELISA studies on NF and VF proteins in PC12 cells.
To provide quantitative data on the increased expression
of NF and VF proteins in PC12 cells by NGF, the relative
amounts of these proteins were quantitated by ELISA,
using the method described earlier. The results were
expressed as activity/30 ug of total protein in the PC12+
or PC12— cells, and these data are summarized in the
graphs in Figures 6 and 7, Prior to exposure to NGF, the
PC12— cells contained more VF than did all of the NF
subunits combined (Fig. 6). The 150- and 200-Kd NF
subunits were barely detectable, and there was approxi-
mately 3 times more VF than 68-Kd NF proteins. PC12+
cells grown in NGF for 21 days contained an 8-fold
increase in 68-Kd NF subunits compared with PC12—
cells, whereas the level of VF proteins increased only by
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Figure 4. Replated PC12+ (3 weeks in NGF) cells on which immunofluorescence was performed using the MA specific for the
68-Kd NF subunit immediately after mechanical trituration (a) or 1 (b), 2 (¢), or 4 (d) days after trituration and replating. All
photomicrographs were taken with identical exposure times as in the previous figures. Magnification X 600.

3-fold (Fig. 7). The ratio of VF to 68-Kd NF subunits
decreased from ~3.0 in the PC12— cells to 1.5 in the
PC12+ cells. The amount of 150- and 200-Kd NF sub-
units in PC12+ cells remained relatively low, but a 2-
fold increase was noted.

Using the same quantitative assay, the time course for
the induction of NF and VF proteins by NGF in the
PC12 cells was also studied. The induction of NF and
VF protein synthesis in the PC12+ cells reached a max-
imum after 7 days in NGF (Fig. 8). There was only a
slight increase in the amount of NF and VF proteins
from 7 to 21 days. In addition to using the same MAs in
the ELISA studies as those previously employed in the
immunofluorescence studies, additional ELISA studies
were performed using a rat antiserum rendered mono-
specific for the 68-Kd NF subunit (Lee et al., 1982a),
four other anti-200-Kd NF subunit-specific MAs, and
two other anti-150-Kd NF subunit-specific MAs (Lee et
al., 1982b). All of these studies yielded results similar to
those just described.

Discussion

Anti-NF subunit-specific MAs were used to establish
that PC12 cells contain each of the three NF subunits.
We also demonstrated an NGF-specific induction in the
expression of VF and NF proteins by PC12 cells. The
ELISA data suggested that the observed differences in

immunofluorescence staining intensity reflect quantita-
tive differences in the amounts NF and VF subunits
expressed by PC12+ and PC12— cells. PC12 cells are
therefore an attractive model system for probing the
biochemistry and structure of NFs as well as the inter-
actions of NFs with other cytoskeletal components.

The evidence presented here and in two earlier reports
(Virtanen et al.,, 1981; Lee et al., 1982a) is consistent
with the hypothesis that PC12 cells are neurons. NF
proteins are expressed by cells committed to become
neurons (Tapscott et al., 1981). Mammalian NF proteins
are found only in neurons (Virtanen et al., 1981; Ander-
ton, 1982; Lazarides, 1982; Schlaepfer, 1983), although
an avian NF subunit has recently been described in
chicken erythrocytes (Granger and Lazarides, 1983). Re-
ports of other neuron-specific proteins in PC12 cells
provide additional evidence that PC12 cells are commit-
ted neurons (Lee et al., 1977, 1980, 1981; Stallcup et al.,
1983). To what extent PC12 cells express normal versus
aberrant neuronal properties is the subject of continued
study (Greene and Tischler, 1982). Other putative neu-
ronal cell lines, such as those derived from neuroblasto-
mas, do not contain NF subunits (Virtanen et al., 1981).
Although neuronal differentiation has been induced in
embryonal carcinoma cell lines, neuronal cell lines have
not yet been established (Jones-Villeneuve et al., 1982).

The genetic and epigenetic mechanisms controlling



1712

Lee and Page

Vol. 4, No. 7, July 1984

Figure 5. PC12— (a) and PC12+ (b) cells seeded at high cell density and incubated for the immunofluorescent demonstration

of the 68-Kd NF subunit. The photomicrographs in ¢ and d are of PC12— and PC12+ cells, respectively, grown in suspension
and incubated to demonstrate the 68-Kd NF subunit. All photomicrographs were taken with identical exposure times as in the

previous figures. Magnification X 600.
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Figure 6. Graph of the relative expression of NF and VF
protein in PC12— cells determined by using serial dilutions of
specific MA supernatant (horizontal axis). The optical density
(0.D.) at each dilution (vertical axis) is expressed per 30 ug of
total protein of permeabilized PC12— cells per well. Vertical
hash marks indicate standard deviations. An anti-GF MA
(2.2B10) was used as a negative control antibody.

NF subunit synthesis, assembly, and turnover remain
undefined. The experiments described here regarding the
expression of NF subunits by NGF, as well as the mod-
ulation of NF protein expression in NGF-primed cells as
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Figure 7. Graph of the relative expression of NF and VF
proteins in PC12+ cells determined and represented as in
Figure 6.

a function of replating, are consistent with current hy-
potheses concerning the mechanisms of action of NGF
(Greene and Shooter, 1982). We speculate that the grad-
ual increase in NF subunit expression in PC12 cells
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Figure 8. Graph of the time course of NF subunit and VF
protein expression in PC12 cells treated with NGF. The time
(days in NGF) is expressed on the horizontal axis and the
optical density (0.D.) per 30 ug of total protein of permeabilized
PC12 cells is expressed on the vertical axis. Vertical hash marks
indicate the standard deviations.

following exposure to NGF reflects the slow, transcrip-
tion-dependent effect of this growth factor. In contrast,
the rapid increase in NF protein expression in replated
PC12+ cells most likely correlates with a transcription-
independent process. Although NGF is known to be
internalized by PC12 cells, its site of action is unknown
(Hogue-Angeletti et al., 1983). How NGF affects NF
subunit expression is likewise unknown. The putative
transcription-independent process regulating NF expres-
sion in PC12+ cells may not be an artifact of tissue
culture conditions since nerve transection results in in-
creased amounts of immunoreactive NF in anterior horn
cells (Moss and Lewkowicz, 1983).

One of the more striking observations in this study
was the prominent arrangement of 68-Kd NF subunits
in juxtanuclear “balls.” Using double indirect immuno-
fluorescence on PC12+ cells grown in the presence or
absence of colchicine, VFs were seen in the same region
as the 68-Kd NF subunits. This result suggests that these
two IF proteins are associated or linked. Whether they
exist as heteropolymers (Lazarides, 1982; Quinlan and
Franke, 1982; Sharp et al., 1982) remains to be deter-
mined. Earlier we described juxtanuclear aggregates of
10-nm-diameter filaments in PC12 cells (Lee et al,
1982a), but it was not possible to determine their subunit
composition. Immunoelectron microscopic studies will
be required in order to resolve these issues. Similar
“balls” have not been described in normal CNS or PNS
neurons by light or electron microscopy (Anderton,
1982).

We speculate that the aggregation of VF and NF
subunits into juxtanuclear “balls” and the exclusion of
the two higher molecular weight NF subunits from the
“ball-like” domain in PC12 cells may be a manifestation
of abnormal IF assembly. Mammalian NFs differ from
all other IFs in that they have two higher molecular
weight subunits associated with the putative “backbone”
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molecule, i.e., the 68-Kd NF subunit (Wais-Steidler et
al.,, 1983). The exclusion of the 150- and 200-Kd NF
subunits from the “ball-like” domain may result from
the abnormal association of VF proteins with the 68-Kd
NF subunit, thereby preventing this subunit from asso-
ciating normally with the other two NF triplet proteins.
This could lead to “instability” of these structures, re-
sulting in a partial collapse of NF into “balls.”

The disappearance and reappearance of these “balls”
in PC12 cells as a result of perturbations of the cytoske-
leton, growth in suspension and growth in high density
cultures, supports the hypothesis that functional inter-
actions occur between IFs and other organelles as well
as with the cell surface (Dellagi and Brouet, 1982; La-
zarides, 1982; Lehto and Virtanen, 1983; Maro et al.,
1983; Menko et al., 1983). These studies also suggest that
neurite outgrowth and the appearance of “balls” are
related. The increase in the number of “balls” containing
68-Kd NF subunits, as neurites grow and ramify, may be
due to the fact that some of these subunits fail to become
properly assembled into intact NFs and instead accu-
mulate in the cytoplasm of PC12 cells. It should be
possible to address these and other issues regarding the
biology of NFs using PC12 cells as a model system for
studies of normal and abnormal aspects of NF expression
and organization.
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