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Characterization of Intermediate Filaments in PC12 Cells

Linda M. Parysek and Robert D. Goldman

Northwestern University Medical Schoot, Department of Cell Biology and Anatomy, Chicago, lllinois 60611

A 57 kDa protein is the major polypeptide in intermediate
filament (IF)-enriched cytoskeletal preparations obtained
from the neuronal cell line PC12 (rat pheochromocytoma).
Under the conditions used to assembile IF in vitro from other
cultured cell lines, 10 nm filaments are formed after 2 cycles
of disassembly-assembly from PC12 IF-enriched cytoskel-
etal preparations; the 57 kDa protein is the major compo-
nent of the final IF pellet.

The 57 kDa protein is immunologically related to the BHK-
21 fibroblast 55 kDa protein (vimentin), but a comparison of
the peptide maps of PC12 57 kDa and BHK 55 kDa indicates
that they are different proteins. With the use of a polyclonal
antiserum to the PC12 57 kDa protein, immunofluorescence
observations of PC12 cells not treated with NGF reveal a
juxtanuclear “knot’-like structure. After NGF treatment, the
“knots” are less prominent and many IF arrays are seen
coursing through the cytoplasm and extending into the neu-
rites. These immunofluorescence observations of the dis-
tribution of IF are corroborated by fine-structural analyses.

SDS-PAGE analyses indicate that IF-enriched cytoskele-
tons isolated from NGF-treated cells have a polypeptide
composition similar to that of untreated cells, that is, the 57
kDa protein remains the major polypeptide. SDS-PAGE and
immunoblotting analyses show that untreated and NGF-
treated PC12 cells also contain relatively minor amounts of
the 68, 150, and 200 kDa neurofilament triplet (NFT) pro-
teins. Under immunofiuorescence, only 5% of untreated
PC12 cells are found to contain a juxtanuclear ‘‘knot” la-
beled with NFT antibodies, but with time following NGF
treatment, the number of fluorescent cells increases. After
about 2 weeks of NGF treatment, all of the PC12 cells appear
to contain NFT antibody-positive filamentous structures. As
assessed by immunofluorescence, the NFT polypeptides
appear to codistribute with the 57 kDa protein in both un-
treated and NGF-treated PC12 cells.

These data indicate that PC12 cells contain IF composed
of a complex set of polypeptides, including a previously
unidentified 57 kDa IF protein. While NGF may induce pro-
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duction of NFT polypeptides, there does not appear to be a
“switch” from known mesenchymal IF polypeptide expres-
sion to NFT polypeptide expression upon stimulation of PC12
cells with NGF.

In contrast to the other cellular cytoskeletal systems, i.e., mi-
crofilaments and microtubules, intermediate filaments (IF) are
composed of 1 or more of a large group of related but distinct
proteins. The polypeptide composition of cellular IF generally
reflects the tissue type from which the cell was obtained or
derived (Steinert et al., 1984). The major polypeptides that com-
pose neural IF have been deduced from analyses of the slow
component of axonal transport (Hoffman and Lasek, 1975) and
from biochemical studies of neural tissue based on the selective
fractionation of 68, 150, and 200 kDa proteins into a pellet that
contains intermediate-sized filaments (Liem et al., 1978;
Schlaepfer and Freeman, 1978). These 3 proteins have also been
shown to comprise in vitro assembled IF from mammalian CNS
(Liem and Hutchison, 1982; Zackroff et al., 1982). The occur-
rence of proteins, other than the neurofilament triplet (NFT),
that might participate in the formation of neural IF or act as
intermediate filament-associated proteins (IFAP) in neuronal
cells is a subject for continued investigation.

PC12 (rat pheochromocytoma) cells have been used as a mod-
el system for the study of the actions of NGF with regard to
neuronal differentiation (for a review, see Guroff, 1985). Among
other neuronal characteristics, PC12 cells exhibit neurite out-
growth in response to NGF (Tischler and Greene, 1975), pro-
duce catecholamines (Greene and Tischler, 1976), and contain
proteins that react with monospecific NFT antibodies (Lee et
al., 1982). The PC12 cell line is one of the few continuous cell
lines that produce polypeptides that react with NFT antibodies,
and it is therefore thought to represent one of the few model
systems in which one might study neurofilament biosynthesis
and function in a reasonably homogenous cell system.

Although IF from PCl12 cells have not been isolated and
biochemically characterized, the presence of vimentin antibody-
and NFT antibody-reactive proteins has been identified by im-
munofluorescence and immunoblotting (Lee et al., 1982; Lee
and Page, 1984; Lee, 1985). Using an ELISA assay, it has been
shown that PC12 cells exposed to NGF contain an increased
amount of vimentin and NFT proteins and that the ratio of
vimentin antibody-reactive material to 68 kDa (NFT protein)
antibody-reactive material decreases from 3.0 to 1.5 as com-
pared to untreated cells. Further, the 68 kDa protein and vi-
mentin antibody-reactive protein were localized in the same
juxtanuclear “ball”-like configurations, while the 150 and 200
kDa NFT antibody-reactive proteins were diffusely distributed,
with perinuclear stippling and weakly fluorescent *““balls” (Lee
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and Page, 1984). A recent study indicated that the NFT 200
kDa protein could not be detected in PC12 cells by immuno-
blotting, leading to the conclusion that neurofilaments in PC12
cells may be abnormal, due to a deficiency in the expression of
or alteration in the immunoreactivity of PC12 200 kDa protein
(Lee, 1985).

The difficulties inherent in interpreting exclusively immu-
nologic data prompted us to more precisely characterize the
components of the IF system in PC12 cells by preparing IF-
enriched cytoskeletons so that the relative amounts of purported
vimentin-like and NFT proteins might be directly assessed. The
procedure employed here has been used successfully to char-
acterize complex IF systems (including their associated proteins)
in other cell types (Starger et al., 1978; Aynardi et al., 1984,
Jones and Goldman, 1985). We find that a 57 kDa protein, not
vimentin, is the major component of PC12 IF and that NFT
polypeptides appear to be minor components of the total IF-
enriched cytoskeletal preparation. In addition, the morphologic
data presented here help explore the nature of the reported
“ball”-like configurations (Lee et al., 1982) with increased res-
olution, using coordinated fluorescence and electron micros-

copy.

Materials and Methods

Cell culture. PC12 cells were obtained from G. Landreth (Medical Uni-
versity of South Carolina) and maintained in Dulbecco’s minimal es-
sential medium with high glucose, 10% defined calf serum, 5% horse
serum, and penicillin-streptomycin (Feinstein et al., 1985). 8-NGF was
obtained from Hyclone (Logan, UT) and used at 50 ng/ml culture me-
dium. For some experiments, an estimate of the number of cells present
in the cultures was obtained by counting the number of cells in phase
micrographs of a 0.33 cm? area of the culture dish. The phase images
were recorded from random areas of the culture dish, and cell counts
were averaged over several determinations.

Antibodies. Monoclonal antibodies used in this study were prepared
using standard fusion techniques with SP2/0 myeloma cells and spleen
cells from mice that had been injected 6 weeks previously with rat
neurofilament proteins isolated according to Zackroff et al. (1982). Each
clone producing a desired antibody was recloned twice, either by the
soft agar or limiting dilution method. Culture supernatants were used
without dilution for the immunofluorescence and immunoblotting ex-
periments.

Polyclonal antisera directed against the 150 and 200 kDa NFT sub-
units were each prepared by injection of gel-excised, electrophoretically
purified 150 and 200 kDa proteins into rabbits (Granger and Lazarides,
1980). Sera from the first bleed of the 200 kDa rabbit and the third
bleed of the 150 kDa rabbit were used in all experiments described in
this report. The same method was used to prepare an antiserum to the
PCI12 57 kDa protein. Serum from the first bleed was used here. For
immunofluorescence observations, the polyclonal 150 kDa antiserum
was affinity-purified from diazophenylthioether (DPT) paper blots of
rat brain and PC12 cell IF preparations (Olmsted, 1981).

A rabbit antiserum to the 68 kDa subunit was the generous gift of
Dr. L. Gambetti (Autilio-Gambetti et al., 1981).

Immunofluorescence. Cells were grown on untreated or 0.1% poly-L-
lysine-coated (when NGF was to be added) 22 mm? coverslips. The
coverslips were rinsed in PBSa (140 mm NaCl, 3 mm KCl, 8§ mMm
Na,HPO,-7H,0, 1.5 mm KH,PO,; pH 7.2) and drained before being
plunged into 2% formaldehyde-methanol at —15°C. After 5 min, the
coverslips were transferred to PBSa at room temperature; then culture
supernatants or polyclonal antisera diluted in 10% normal goat serum
were applied. Goat anti-mouse IgG-rhodamine and goat anti-rabbit
IgG-fluorescein (Kirkegaard and Perry, Gaithersburg, MD) were preab-
sorbed with acetone-precipitated whole PC12 cells (Yumuraet al., 1984)
to reduce nonspecific fluorescence prior to their use as secondary probes
for immunofluorescence. For most immunostaining procedures, cells
were first flattened under agarose (Fukui et al., 1986, 1987), then im-
mediately fixed in 2% formaldehyde-methanol at —15°C for 5 min.
Agarose pieces were gently removed in PBSa after fixation and culture
supernatants or polyclonal antisera were applied as described above.
The distribution of certain antibody-labeling patterns among PC12 cells

was identified by counting the number of labeled cells per 100 cells.
Five hundred cells per slide were counted in 2 or more different prep-
arations.

IF-enriched cytoskeletal preparations. Native IF-enriched cytoskele-
tal networks were isolated from BHK-21 cells as previously described
(Jones and Goldman, 1985). To isolate PC12 cell IF-enriched cytoskel-
etons, the identical procedure was used. For experiments in which IF-
enriched polypeptides from cells cultured in the absence or presence of
NGF were to be compared, equal numbers of cells were plated into 100
mm dishes, NGF and media were replaced every 48 hr, and the cells
were cultured for 7 d. IF preparations were made from equal numbers
of dishes and solubilized in equal amounts of Laemmli (1970) sample
buffer for analysis. Isolation of neural IF polypeptides from rat spinal
cord was carried out as described by Lee (1985); however, a DNAase
digestion step was added to the final spinal cord IF pellet as in the
cultured cell IF-enrichment procedure (Jones and Goldman, 1985).

Some IF-enriched cytoskeletal preparations were subjected to 2 cycles
of disassembly—assembly. Native IF pellets were solubilized by stirring
in a urea-containing disassembly buffer (Goldman et al., 1986) at room
temperature for 3 hr. The protein concentration of this solution
was 0.8-1.0 mg/ml, as assessed by the Bradford method (1976). Urea-
insoluble material was removed by centrifugation at 250,000 x g for 1
hr at 15°C, and the resulting supernatant dialyzed against PBSa with
0.2 mm phenylmethylsulfonyl fluoride (PMSF) and 0.2% 8-mercapto-
ethanol overnight at room temperature. The dialyzed supernatant was
centrifuged at 250,000 x g for 1 hr at 15°C and the resulting IF pellet
solubilized in urea-disassembly buffer to begin the second cycle of IF
disassembly-reassembly. The pellet that was collected after the second
PBSa dialysis step is called the “twice-cycled IF pellet”; it was analyzed
by SDS-PAGE and by electron microscopy.

Electrophoresis and immunoblotting. Seven percent SDS-polyacryl-
amide gels were used throughout this study to analyze IF-enriched prep-
arations (Laemmli, 1970). Silver-stained gels (Oakley et al., 1980) of
peptide maps were 15% acrylamide (Cleveland et al., 1977). To ensure
good separation of 54 and 55 kDa BHK IF subunits for peptide mapping,
gels were allowed to run ~30 min past the time when the tracking dye
ran into the lower buffer chamber. The migration of unknown poly-
peptides was compared with that of myosin (200,000), 8-galactosidase
(116,000), phosphorylase B (92,500), BSA (66,000), and ovalbumin
(45,000). Molecular weights were estimated from a semilog plot of de-
natured molecular weight relative to distance migrated. To determine
the relative amounts of 57 kDa protein present in the gel lanes to be
compared, gels were scanned by a densitometer (E-C Corp.) and peak
areas and height were quantitated by a plotting—reporting integrator
(Hewlett-Packard).

For Western blotting, gels were transferred to 0.45 um pore size ni-
trocellulose paper, according to the method of Towbin et al. (1979).
The paper was blocked with GTS (10 mm Tris-7.5, 0.9% NaCl, 0.25%
gelatin) and incubated for 10-14 hr with antibodies diluted with the
same buffer. Antibody binding was detected with 4-chloro-L-naphthol.

Electron microscopy. Thirty-five millimeter plastic culture dishes con-
taining coverslips of PC12 cells were washed once with PBSa, then fixed
for 30 min with 2.0% glutaraldehyde in PBS (PBSa plus 0.5 mm MgCl,
H,0, 0.9 mMm CaCl,-H,0). After washing, cells were treated with 1.5%
tannic acid in 0.05 mm cacodylate for 1 min, then 0.15% tannic acid
for 30 min. Postfixation in 0.5% OsO, in 0.05 M cacodylate, pH 7.2,
for 15 min on ice was followed by washing and immersion in 2% uranyl
acetate for 75 min. The fixed cells were flat-embedded in Epon/Araldite
and, following polymerization, thin sections were prepared and stained
with uranyl acetate and lead citrate. Pellets of IF-enriched cytoskeletal
preparations, obtained after the final PBSa wash, were processed for
electron microscopy as are whole cells, except that en bloc uranyl acetate
staining was omitted. Twice-cycled IF on Formvar- and carbon-coated
grids were negative-stained with 3.0% uranyl acetate. All observations
were made on a Jeol 200CX operated at 80 kV.

Results

Composition of PC12 IF-enriched cytoskeletons

The gel-electrophoretic profiles of proteins comprising IF-en-
riched cytoskeletal preparations from PC12 cells grown without
NGF show several bands, the most prominent of which is a 57
kDa polypeptide (Fig. la, lane 2). This polypeptide did not
comigrate with either of the structural subunits (54 or 55 kDa;
desmin and vimentin, respectively) of BHK-21 IF (Fig. 14, lane
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Figure 1. Composition of the PC12 IF-enriched cytoskeleton. a, Coomassie blue-stained gel of a crude preparation of rat spinal cord neurofilaments
(lane 1), a PC12 (lane 2) and BHK (lane 3) IF-enriched cytoskeletal preparation and molecular weight standards (lane 4). Major bands in lane 4
are, from the top, 200 kDa, 116 kDa, 97.5 kDa, 66 kDa, and 45 kDa. Dots indicate, from top, migration of 200, 150, and 68 kDa NFT proteins.
The major component of the PC12 IF-enriched cytoskeletal preparation is a 57 kDa protein (dask) that does not comigrate with either of the BHK
54-55 kDa (arrows) IF subunits. Double dots, 300 kDa. b, Peptide maps of BHK 55 kDa (vimentin; lane 1) and PC12 57 kDa (lane 2) proteins.
The peptide map of the PC12 57 kDa protein is unlike that of vimentin, ¢, Lane I, Coomassie blue-stained gel of a BHK IF preparation. Lanes
2 and 3, Immunoblots of the BHK IF preparation labeled with a BHK 55 kDa (vimentin) antibody (/ane 2) and a polyclonal 57 kDa ab (lane 3).
Coomassie blue-stained gel of a PC12 IF preparation (lane 3). Lanes 5-7, 9, Immunoblots of a PC12 IF preparation labeled with a BHK 55 kDa
(vimentin) ab (/ane 5), a polyclonal 57 kDa ab (lane 6), a polyclonal 68 kDa ab (lane 7), and a monoclonal ab to neural 150 and 200 kDa proteins
(lane 9). Lane 8, Immunoblot of rat spinal cord IF labeled with a monoclonal ab to 150 and 200 kDa proteins. A polyclonal ab directed against
the BHK 55 kDa protein labels the major structural subunits of both PC12 and BHK IF preparations. A polyclonal ab prepared against the PC12
57 kDa protein, however, does not label the BHK 55 kDa protein. These data, along with the SDS-PAGE data in this figure, indicate that although
PC12 57 kDa and BHK 55 kDa proteins may share some immunologic relationship, they are distinct proteins. The 68, 150, and presumptive

dephosphorylated 200 kDa NFT components also are detected in PC12 IF-enriched cytoskeletal preparations.

3). In addition, silver-stained gels of their proteolytic fragments
showed that the PC12 57 kDa protein and BHK 55 kDa protein
(vimentin) had very few proteolytically derived peptides in com-
mon (Fig. 15). Comparison of the 57 kDa peptide map to maps
of vimentin from other fibroblast cell lines yielded identical
results (not shown).

A second, prominent component of the PC12 cytoskeletal
preparation was a polypeptide of 300 kDa that comigrated and
shared immunoidentity with a 300 kDa IFAP (not shown) that
has been described previously (Lieska et al., 1985; Yang et al.,
1985) (Fig. 14, lanes 2 and 3). In addition, the BHK 300 kDa
IFAP and PC12 300 kDa proteins exhibited identical peptide
maps (not shown). Note that a protein was also present in the
rat spinal cord IF preparation that comigrated with PC12 and
the BHK 300 kDa protein (Fig. 1a).

Despite their dissimilar peptide compositions, the BHK 55
kDa and PC12 57 kDa proteins were both recognized by 3
polyclonal antisera to the BHK fibroblast-derived 55 kDa pro-
tein (vimentin). The immunoblotting analysis of one of these
antisera is shown in Figure lc, lanes 2 and 5. A polyclonal
antiserum to the PC12 57 kDa protein (Fig. 1¢, lane 6), however,
did not label BHK 53 kDa protein on immunoblots (lane 3).

Careful comparisons of the rat spinal cord and PC12 IFs
indicated that proteins that might correspond to the 68, 150,
and 200 kDa NFT proteins in rat spinal cord were not prominent
in Coomassie blue-stained gels of PC12 IF-enriched cytoskel-
etons (Fig. 1a, compare lanes 1 and 2). NFT antibody-reactive

proteins, however, could be detected on immunoblots of PC12
cell IF preparations. A polyclonal antiserum directed against rat
68 kDa protein detected a single band in PC12 IF preparations
(Fig. 1¢, lane 7) that comigrated with the rat 68 kDa protein
(not shown). A monoclonal antibody that recognized rat spinal
cord 150 and 200 kDa proteins (Fig. 1¢, lane 8) showed positive
immunoreactivity with bands in PC12 IF preparations of mo-
lecular weights identical to rat 150 kDa and presumptive de-
phosphorylated 200 kDa proteins (Fig. 1¢, lane 9) (see Julien
and Mushynski, 1983). This monoclonal antibody and a poly-
clonal antiserum to rat 150 kDa protein both detected a triplet
of tightly spaced bands in PC12 IF preparations that comigrated
with rat 150 kDa protein (see inset, Fig. 3d), as well as with a
set of bands between ~ 100 and 120 kDa. These bands, which
migrated faster than the 150 kDa protein, may be degradation
fragments or otherwise related to the 150 kDa protein, since
they were recognized by other antibodies to the 150 kDa NFT
protein (not shown).

Thus, it appears that IF-enriched cytoskeletal preparations of
non-NGF-treated PC12 cells contained a complex set of poly-
peptides, including major proteins of 57 kDa, which appeared
to be different from fibroblast vimentin, and of 300 kDa, which
were similar to the 300 kDa IFAP described previously. Rela-
tively small amounts of NFT protein also were present, along
with numerous minor unknown species of polypeptides.

Electron-microscopic examination of the PC12 IF-enriched
cytoskeletal preparations revealed the presence of masses of IF
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Figure 2. The 57 kDa protein is the major component of PC12 IF. g, Thin-sections of the PC12 cell IF-enriched cytoskeletal preparation show
that IF are the major structural component. b, Electron microscopy of a pellet obtained after 2 cycles of in vitro disassembly-assembly of the native
IF pellet illustrates filaments of ~10 nm in diameter by negative staining. ¢, SDS-PAGE analyses indicate the subunits of PC12 IF after 2 cycles
of assembly (lane 3). The 57 kDa polypeptide (dash) is the major protein in both the native (lane 2) and twice-cycled (lane 3) IF preparation, Rat
spinal cord neural IF (/ane I) and molecular weight markers (lane 4) are shown for reference. Bars, 0.25 pm.

(10 nm diameter) (Fig. 2a). Other components seen among the
IF were centrioles and nuclear remnants (not shown).

To ascertain whether the 57 kDa protein was a component
of IF and not of any other organelle that fortuitously coisolated
with the IF-enriched cytoskeleton, we attempted in vitro assem-
bly of IF from the PC12 cytoskeletal pellet. Negative-stain im-
ages of the reassembled pellet obtained after 2 cycles of disas-
sembly-assembly revealed that the major components were
filaments of ~ 10 nm in diameter, with varying lengths (Fig. 25).
SDS-PAGE analyses of these same preparations indicated that
numerous minor bands in the gel and the 300 kDa protein
appeared to be diminished (Fig. 2¢, lane 3) compared to the
native IF-enriched cytoskeletal preparation (Fig. 2¢, lane 2). The
57 kDa protein, however, remained the major polypeptide in
the cycled preparation. These data on the native IF-enriched
cytoskeletal preparation and the twice-cycled IF pellet strongly
suggest that the 57 kDa protein is the major component of PC12
cell IF.

Changes in IF-related polypeptides after NGF treatment

To assess the effect of NGF on IF polypeptide composition, IF-
enriched cytoskeletal preparations were made from equal num-
bers of dishes of PC12 cells grown either in the presence or
absence of NGF, and compared. After 7 d of NGF treatment,
approximately one-third fewer cells were present per unit area
of the culture dish than appeared in the untreated cultures. The
NGF-treated cells showed extensive neurite formation and ex-
hibited hypertrophy (Fig. 3a), while the control cells remained

round. SDS-PAGE results indicated that despite a decrease in
the total number of cells in NGF-treated cultures, an increased
amount of IF-enriched cytoskeletal material was derived from
these cultures (Fig. 36). As an indicator of possible changes in
NFT polypeptides, a polyclonal 150 kDa antiserum was used
to immunoblot gels similar to those in Figure 3a. This blot (Fig.
3¢) indicated that, in the NGF-treated cell lane, PC12 150 kDa
protein showed an increase in blot-reaction intensity, compared
to the preparation of untreated PC12 cell IF.

As a measure of the specificity of the effect of NGF, it is
important to determine whether or not the NFT polypeptides
increase in comparison to the other IF proteins. When gel sam-
ples from an experiment like that described above were loaded
onto gels such that the 57 kDa protein was approximately equal
in each lane, an identifiable increase in the number of NFT
proteins was not readily apparent (Fig. 3d). Immunoblotting
analyses of a similar gel, however, indicated that the relative
intensity of the 150 kDa antibody reaction was greater after 7
d of NGF treatment than in the untreated culture (Fig. 3e).
These qualitative data suggest that, in response to NGF, there
is a slight, immunologically detectable increase in NFT relative
to the 57 kDa protein in the PC12 cell IF-enriched cytoskeletal
preparations.

Immunofluorescence

The pattern of IF in PC12 cells is not easily discernible by
immunofluorescence because the cells are very small and round.
The antiserum to the 57 kDa protein labeled a bright area of



fluorescence next to the nucleus (Fig. 4a). To ascertain the nature
of the bright area labeled by the 57 kDa antiserum, we gently
flattened the cells immediately prior to fixation. This technique
has been used successfully to study the cytoskeleton in Dictyo-
stelium, including its response to cyclic AMP (Yumura and
Fukui, 1985; Fukui et al., 1987), and in cultured cells (Fukui
et al., 1986). All of the fluorescence images in subsequent fig-
ures in this report were obtained after flattening. This technique
significantly improved the fluorescence image and enabled us
to determine that the “bright area” seen in unflattened cells was
actually a distinct tangle of filamentous elements (Fig. 4b). The
knot was juxtanuclear and, in most cases, several filamentous
structures extended from the knot on either side of the nucleus.

In order to detect expression of the NFT proteins in these
untreated cells, a monoclonal 150 kDa antibody was used in
double-label experiments with the antiserum directed against
the PC12 57 kDa protein. Only a small percentage (5%) of
untreated PC12 cells labeled with 150 kDa antibody contained
a large, juxtanuclear array of IF like that seen with 57 kDa
antiserum (Fig. 4, b, c). The filamentous labeling patterns of the
57 and 150 kDa antibodies appeared to be coincident. In ad-
dition, some clusters of cells in the culture (32% of the total
number of cells) contained tiny foci of 150 kDa fluorescence
that correlated with the brightest area of 57 kDa fluorescence
(see Fig. 4c). The percentage of cells that contained filamentous
structures labeled with 150 kDa antiserum was identical to the
percentage of cells labeled with the 68 kDa polyclonal antiserum.
Double-labeling with these 2 antibodies indicated that the same
cells reacted with each antibody, and the labeling patterns of
the filamentous structures appeared to be identical (Fig. 4, e, /).
These data show that the majority of untreated PC12 cells do
not express filamentous arrays containing immunodetectable
NFT polypeptides, but, in those that do, the 57 kDa and NFT
proteins appear to be codistributed.

A monoclonal antibody that reacted with both the rat 150
and 200 kDa NFT proteins labeled distinct dots in the cytoplasm
in 16% of the cells (Fig. 4g), and these dots were not detected
by a double label with either a 57 or 68 kDa antiserum (not
shown). The dots could be found both in cells that had a fila-
mentous knot and in those with no filamentous pattern by im-
munofluorescence with this antibody. These dots were detect-
able with other antibodies to the 150 kDa protein, but were best
illustrated with the 150 and 200 kDa antibody. They did not
label with 200 kDa antiserum (not shown).

Even though the BHK 55 kDa (vimentin) antiserum labeled
the PC12 57 kDa protein in immunoblotting tests (see Fig. 1¢),
the immunofluorescence pattern of vimentin was different from
that obtained with antibodies directed against the 57 kDa pro-
tein. Whereas 99% of the cells labeled with 57 kDa antiserum,
only 20% of PC12 cells exhibited positive fluorescence with anti-
vimentin. For the most part, the fluorescence patterns were
restricted to a small, round juxtanuclear region and, in rare cases,
a filamentous labeling pattern could be discerned (see Fig. 4).
Double-label studies showed that this small, round area coin-
cided with the center of the knot labeled with the 57 kDa anti-
serum and that any anti-vimentin-labeled filaments were dif-
ferent from those labeled with the 57 kDa antiserum (Figs. 4,
i, j). The vimentin antibody labeled a typical array of IF in BHK
cells (Fig. 4k). This immunofluorescence data further indicates
that the 57 kDa protein, not the typical mesenchymal type of
IF protein (vimentin), is the major component of the IF network
in PC12 cells.
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Figure 3. Comparison of the composition of PC12 IF-enriched cy-
toskeletal preparations of untreated and NGF-treated cells. a, Phase
image of PC12 cells after 7 d of NGF treatment. b, d, Coomassie blue-
stained gels of IF preparations and (¢, ¢) immunoblots of the same
preparations as in b and 4 of untreated (/ane I) and NGF-treated (/ane
2) cells. When equal volumes of sample from an equal number of culture
dishes are compared, the NGF-treated sample appears to contain greater
amounts of IF protein (b), including the 150 kDa NFT protein (c). If
the samples are compared when amounts of 57 kDa protein in each gel
lane are approximately equal for both cultures (d), there appears to be
aslight immunodetectable (¢) increase in the 150 kDa protein, compared
to the major IF subunit in PC12 cells. Inset is a magnification of e, lane
1, showing that the 150 kDa ab reacts with a closely spaced triplet of
polypeptides in PC12 cells. Dash indicates 150 kDa. Bar, 10 um.

After NGF treatment, the cells extended neurites, became
hypertrophic, and flattened. Accordingly, their IF patterns
changed from those observed in untreated cells. Many cells
retained a bright IF-enriched knot, but many filamentous struc-
tures radiated from the knot and became dispersed throughout
the cytoplasm of the cell (Fig. 5, a, b), which suggests the pres-
ence of increased numbers of IF. Whereas only 5% of untreated
cells reacted with NFT protein antibodies in untreated cells,
after about 2 weeks of NGF treatment, all the cells in the culture
contained NFT protein, as detected by indirect immunofluo-
rescence. The filamentous structures extended into the neurites
and often ended in a tortuous knot at the tip of the neurite (Fig.
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Figure 4. Immunofluorescence of untreated PC12 cells. @, Cells labeled with 57 kDa ab. Images b—j are obtained after flattening PC12 cells under
agarose. Cells double-labeled with a 57 kDa ab (b) and a 150 kDa ab (¢), and corresponding phase image (d). Cells double-labeled with 68 kDa ()
and 150 kDa (/) ab. Cells labeled with an ab to the 150 and 200 kDa NFT proteins (g) and corresponding phase image (k). Cells double-labeled
with 57 kDa () and vimentin (j) abs. BHK cell labeled with vimentin abs. The “ball” of 57 kDa fluorescence in a can be resolved by gently
flattening the cells (b). b—f, Indications that only a subset of the PC12 cells labeled with 57 kDa ab can be labeled with NFT protein abs, but that
in those cells that are labeled, the 57, 68, and 150 kDA labeling patterns appear to be coincident. g, Both a filamentous and nonfilamentous (dotted)



5¢). The labeling patterns of the 57 kDa protein and NFT pro-
teins still appeared to be coincident, as they did in the untreated
cells (not shown).

Electron microscopy

Untreated and NGF-treated PC12 cells were prepared for elec-
tron microscopy to determine the nature of the “knot” seen by
immunofluorescence and to examine any IF relationship to oth-
er cellular components that would not be detected by immu-
nofluorescence.

In thin cross sections, untreated PC12 cells appeared very
rounded. The greatest number of IF were found in the area of
the centriole and Golgi apparatus (Fig. 6a). As seen in cross
section, the centriole and Golgi complex were situated most
often on the side of the nucleus in the lower, rather than the
upper half of the cell, using the substrate as a reference point
for the lower half. In addition, IF were seen adjacent to the
nucleus (Fig. 6b). These accumulations of IF probably accounted
for the juxtanuclear concentration of IF, seen as a knotlike struc-
ture by immunofluorescence.

After NGF treatment, individual and parallel arrays of IF
were seen with much greater frequency throughout the cyto-
plasm than in untreated cells. The concentration of IF in the
centriole and Golgi area appeared morphologically similar to
that found in untreated cell cultures. In addition, we observed
IF in neurites, where they were most often located in the central
core region (Fig. 6¢). Microtubules were prominent structural
components of the neurite (Fig. 5¢).
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Discussion

PCI12 cells have been proposed as a model for the study of
neuronal differentiation (see Guroff, 1985) and neurofilament
synthesis (Lee and Page, 1984). They have been shown to con-
tain proteins that are immunoreactive with vimentin antibody
and with NFT antibodies (Lee et al., 1982; Lee and Page, 1984).
We have observed, however, that the major polypeptide in the
IF-enriched cytoskeleton of PC12 cells is a 57 kDa protein that
is different from vimentin or any known neurofilament protein.
Although the migration of the PC12 57 kDa protein is similar
to vimentin on SDS-PAGE, the relationship of PC12 57 kDa
protein to fibroblast vimentin appears to be primarily immu-
nological. It is not surprising that the vimentin antiserum seems
to react with the PC12 57 kDa protein on immunoblots, as all
IF have conserved structural domains (review in Steinert et al.,
1984). The term ‘““vimentin™ refers to a major structural subunit
protein of 57 kDa isolated from fibroblasts (Franke et al., 1978).
The peptide map of the PC12 57 kDa protein is different from
that of vimentin, and the PC12 labeling pattern using 57 kDa
antiserum is unlike that seen with vimentin antiserum. We have
further distinguished the 57 kDa protein from vimentin by com-
paring the labeling pattern of each antiserum on frozen sections
of the CNS and peripheral nervous system and find that, in
contrast to vimentin, the 57 kDa protein is found in neuronal
elements (unpublished observations). Because we have dem-
onstrated that PC12 57 kDa protein is not similar in compo-
sition to fibroblast vimentin, we will refer to the PC12 57 kDa

pattern are seen in PC12 cells labeled with 150 kDa antibodies. PC12 vimentin ab-labeled filaments (/) are distinct from 57 kDa ab-labeled filaments
(f). Vimentin antiserum shows a typical array of IF in BHK cells. a-d, g, A, k, Bar, 10 um. e, f; i, j, Bar, 10 um.
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Figure 5.

Immunofluorescence of NGF-treated PC12 cells. Cells labeled with a 57 kDa ab (a) or a 150 kDa ab (b,c) after 12 d of NGF treatment.

The IF appear to be more dispersed throughout the cytoplasm (a,b) than in untreated cells (see Fig. 45). In addition, IF are often seen as a tortuous

bundle in the neurite tip (c). Bar, 10 um.

protein by its molecular weight. On the basis of our findings,
we suggest that the PC12 57 kDa protein is an IF subunit that
probably belongs to the neural IF group and has not yet been
described in the literature.

The complexity of the IF polypeptide pattern in PC12 cells
is reminiscent of the heterogeneity observed in the proteins that
compose the HeLa cell IF. HelLa cells, a human epithelial cell
type, contain IF proteins representative of more than one class
of IF proteins—the keratin group and the vimentin class of
structural subunits (Aynardi et al., 1984). Thus far, in the PC12
cell IF, we have identified NFT proteins in addition to the 57
kDa protein. We speculate that some of the remaining poly-
peptides may be keratinlike, not only because of the neuroep-
ithelial origin of neurons, but because our preliminary obser-
vations indicate that some proteins in the 60-70 kDa region
blot with keratin antibodies. The 60-70 kDa group of keratinlike
proteins appears to be a consistent component of IF-enriched
cytoskeletal preparations from many cell types (Aynardi et al.,
1984; Zackroff et al., 1984; Goldman et al., 1986) and have
been shown to be identical to the nuclear lamins (Goldman et
al., 1986).

Our data regarding the immunofiuorescence localization of
NFT antibody-reactive proteins in PC12 cells is somewhat dif-
ferent from those previously reported. We find that the 150 kDa
NFT protein colocalizes with the 68 kDa NFT protein in both
untreated and NGF-treated cells, whereas Lee et al. (1982) and
Lee and Page (1984) found a differential distribution of the 2
proteins. These 2 reports indicated that 150 kDa-positive flu-
orescence was found in stipples that lay over the nucleus or were
perinuclear in location. To determine whether these stipples
could be the same as the dots of fluorescence that appeared in
the cytoplasm of 16% of the PC12 cells in our untreated cultures,
we fixed and labeled unflattened PC12 cells with the monoclonal
antibody to the 150 and 200 kDa NFT proteins. We still found,

even in our unflattened cell preparations, that the dots appeared
to be distributed throughout the cytoplasm (L. M. Parysek and
R. D. Goldman, unpublished observations) and were not spe-
cifically perinuclear, as Lee et al. (1982) and Lee and Page (1984)
have described. Thus, the 150 kDa-positive stipples that we
have identified here may not be the same as those previously
reported, but may represent an intriguing packaged form of an
IF subunit.

There are at least 2 possible explanations for the differences
between our data and those obtained by Lee et al. (1982) and
Lee and Page (1984). The most likely may be that our antibodies
were of a different specificity than theirs. In addition to the
difficulties inherent in attempting to compare immunologic data,
it is possible that there are some differences between the cell
lines being used in each of our laboratories. The PC12 cell line
is characteristically very plastic (Guroff, 1985) and thus could
account for most of the observed differences between this report
and previous studies.

The apparent increase in the amount of isolatable IF-enriched
cytoskeletal protein from PCI12 cells after NGF treatment cor-
relates with our immunofluorescence observations of an ap-
parent increase in the mass of filamentous elements in NGF-
treated cells. Not only does there seem to be an increase in the
number of IF, but the distribution changes from primarily jux-
tanuclear to cytoplasmic and the IF extend throughout the neu-
rites. Anincrease in observable IF in response to NGF treatment
also has been shown in cultured sympathetic neurons by electron
microscopy (Levi-Montalcini et al., 1968). Since NGF-treated
PC12 cells are flatter and their size larger than untreated cells
(Tischler and Greene, 1978), the appearance of greater numbers
of IF might be expected. It is known that an IF distribution
change occurs in cells when they change from a rounded state
to a flattened, spread morphology (Goldman and Follett, 1970;
Graham et al., 1974; Ross et al., 1975). These studies show that
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Figure 6. Electron microscopy of PC12 cells. Thin-sections of untreated (g, &) or 7 d of NGF-treated (c¢) PC12 cells. g, IF are most concentrated
in the centriole (C)-Golgi (G) region and (b) just outside the nucleus in untreated cells. In addition to these 2 areas, individual IF and parallel
arrays of can be detected throughout the cytoplasm of the NGF-treated cells (not shown) and in the neurites (¢), where they tend to be centrally
located within the neurite. Arrows indicate IF. Bar, 0.5 pm.
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IF are initially present as a perinuclear mass in rounded cells,
but become dispersed throughout the cytoplasm of the flattened
cell. Even though the morphologic changes induced in NGF-
treated cells might give rise to the appearance of greater amounts
of IF, the SDS-PAGE data support the idea that the increase is
real.

The ELISA data on total cellular IF protein (insoluble and
soluble) of Lee and Page (1984) appear to indicate that NGF
induces the specific increase of immunodetectable NFT protein
over vimentin, Our SDS-PAGE data on the PC12 cell IF cy-
toskeleton suggests that there is a relative increase in NFT pro-
teins associated with the cytoskeleton over time, following NGF
treatment. Our immunofluorescence data show that NFT pro-
teins are present in the filamentous components of a greater
number of PC12 cells treated with NGF than of untreated cells.
Immunoblot analyses of the supernatants of the cytoskeletal
preparations, however, do not appear to indicate that NGF
promotes the movement of soluble IF proteins into the cyto-
skeleton (L. M. Parysek and R. D. Goldman, unpublished ob-
servations). It remains to be determined whether there is, in
fact, specific synthesis of NFT proteins in preference to other
IF proteins in response to NGF, or whether NGF enhances the
immunodetectability of NFT proteins.

Although we cannot rule out the possibility that the NFT
proteins compose filaments that are different from the 57 kDa
filaments, our data suggest that, in both untreated and NGF-
treated cells, NFT proteins appear to be colocalized with fila-
mentous elements containing the 57 kDa IF protein. It is con-
ceivable that the NFT subunits become associated with the 57
kDa filaments over the period of NGF treatment and, hence,
the composition of the IF are altered. This would imply that
there is a specific, NGF-induced function of IF in PC12 cells
requiring an altered IF composition. The answers to questions
posed by these possibilities may ultimately enable investigators
to understand why IF are compositionally unique in different
cell types.
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