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Sensory neurons in the dorsal root ganglion (DRG) were used 
in an in viva pulse-chase labeling paradigm to examine the 
time course and nature of posttranslational prpcessing of 
neurofilament (NF) proteins. Ganglia of adult rats were la- 
beled with 3-methionine and harvested l-72 hr later. Sam- 
ples containing the cell bodies and short initial axonal seg- 
ments of DRG neurons were analyzed by 1 - and 2-dimensional 
PAGE/fluorography. For comparison, axonally transported 
NF proteins (200, 145, and 68 kDa) were harvested from the 
sciatic nerve 21 d after labeling the fifth lumbar (L5) DRG. 
Analysis of the pulse-chase experiments revealed that the 
mature 200 kDa protein (NF200) was not identifiable in gels 
of DRG samples until 24-48 hr after labeling. 

Immunoblotting/fluorography of 2-dimensional gels with 
monoclonal antibodies to phosphorylated and unphosphor- 
ylated NF proteins identified the high-molecular-weight NF 
subunit in various stages of processing in the DRG between 
1 and 48 hr after labeling. The precursor to NF200 migrated 
on 2-dimensional PAGE as a 160 kDa protein with a pl of 
about 7.2. During the next 48 hr, the migration of this protein 
progressively changed to the mature pattern of 200 kDa and 
a pl of about 5.2. The 145 and 68 kDa NF proteins exhibited 
very little change in migration on gels during this same in- 
terval. Dephosphorylation of mature NF proteins with E. co/i 
alkaline phosphatase regenerated the 160 kDa precursor, 
confirming that phosphorylation was the main posttransla- 
tional mechanism involved in the maturation of newly syn- 
thesized high-molecular-weight NF protein. Detergent ex- 
traction of labeled DRGs suggested that the 160 kDa NF 
protein was present in assembled neurofilaments. 

lmmunohistochemical experiments with monoclonal anti- 
bodies were performed to explore the intracellular location 
of phosphorylated and unphosphorylated high-molecular- 
weight NF protein. Analysis revealed that neuronal cell bod- 
ies, as well as short initial segments of DRG axons located 
within the ganglion, contained unphosphorylated NF protein, 
while axons in the distal nerve contained mature, phospho- 
rylated NF200. These findings provide support for a model 
in which posttranslational processing of the 160 kDa pre- 
cursor occurs in the initial axonal region of DRG cells after 
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the assembled NFs have left the cell body and begun axonal 
transport. 

Mammalian neurofilaments (NFs) are composed of 3 related 
polypeptides with apparent molecular weights on SDS gels of 
200, 145, and 68 kDa (Hoffman and Lasek, 1975; Liem et al., 
1978). They are typically distributed differentially within neu- 
rons such that axonal regions contain more NFs than dendritic 
and cell body regions (Peters et al., 1976). In fact, in large mye- 
linated axons, NFs are the predominant intracellular structures 
and the primary determinants of axonal diameter (Berthold, 
1978; Lasek et al., 1983; Hoffman et al., 1985). NF proteins are 
synthesized almost exclusively in the neuronal cell body (Black 
and Lasek, 1980; Lasek, 1981) and assembled into filaments 
very shortly after synthesis (Black et al., 1986). The regional 
differences in NF concentration in axons as compared to cell 
bodies suggested that the majority of NFs that are synthesized 
are exported to the axon. There, NFs are transported slowly to 
the neuron terminal for eventual degradation (Lasek, 198 1). 

Recent studies have provided evidence of significant bio- 
chemical differences between NFs located in different intracel- 
lular regions of neurons. For example, studies using 2-dimen- 
sional(2D) gels on axonal- and cell body-enriched samples have 
demonstrated that axonal NFs are distinguishable from those 
found in dendritic and cell body regions (Drake and Lasek, 1984; 
Peng et al., 1986). In mammalian neurons, much of the regional 
heterogeneity of NFs within neurons appears to be a result of 
differences in the degree of phosphorylation of the 2 higher- 
molecular-weight NF proteins. Immunocytochemical studies 
using monoclonal antibodies directed at heavily phosphorylated 
regions ofthe NF200 and NF145 subunits have shown that such 
antibodies localize predominantly to axons, while antibodies 
directed at nonphosphorylated or poorly phosphorylated NFs 
localize mainly to cell body and dendritic regions (Goldstein et 
al., 1983; Sternberger and Stemberger, 1983; Lee et al., 1986; 
Peng et al., 1986; Trojanowski et al., 1986). Interestingly, re- 
gional differences in the NF68 subunit within neurons have not 
been reported. 

It is clear that posttranslational events are important in gen- 
erating the regional heterogeneity of NFs and that this hetero- 
geneity is likely to be important to NF function in different parts 
of the neuron. However, at the present time our information 
about the events involved in generating such differences is lim- 
ited. For example, it is not clear to what extent the biochemical 
differences in axonal and cell body NFs are due to posttransla- 
tional events that occur in the cell body or after the NFs enter 
the axon. Time course studies of the posttranslational processing 
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of newly synthesized NFs provide a starting point for evaluating 
the mechanism and role of NF heterogeneity in neurons. To 
date, such studies have been reported for the middle-molecular- 
weight NF subunit in cultured chicken (Bennett and DiLullo, 
1985) and rat (Black et al., 1986) neurons. However, in spite of 
the marked regional differences that have been documented for 
the high-molecular-weight NF protein in mammalian neurons, 
processing of this protein has not yet been examined in an in 
vivo setting. The present report provides information on the 
time course, nature of modification, and intracellular location 
involved in the processing of newly synthesized, high-molecu- 
lar-weight NF protein in adult rat dorsal root ganglion (DRG) 
neurons in vivo. Portions of the results presented here have been 
published in abstract form (Oblinger and Schick, 1985). 

Materials and Methods 
In vivo labeling of neurojlament protein. Adult male Sprague-Dawley 
rats (250-350 gm) were anesthetized with Chloropent (Fort Dodge Lab- 
oratories, Fort Dodge, IA), and the fifth lumbar (L5) DRG was exposed 
by laminectomy. A 2 ~1 volume of saline containing 250 PCi of )S- 
methionine (New England Nuclear, Boston, MA) was injected into the 
midpoint of each DRG using a glass micropipette. At 1, 3, 6, 12, 24, 
48, or 72 hr following injection, animals were killed by decapitation 
and the L5 ganglia were rapidly removed. Three or 4 animals were 
prepared at each time point. In one experiment, there was a 5 min 
interval between injection and removal of the DRG. In 2 experiments, 
animals were killed 2 1 d after injection and the L5 DRGs and segments 
of sciatic nerve located 2 l-30 mm from the ganglia were removed. 

Sample preparation. For analysis of total protein, DRGs were rinsed 
with ice-cold saline and homogenized in 50 mM sodium phosphate, pH 
8.0. For each sample homogenate, acid-precipitable radioactivity was 
determined by spotting duplicate 10 pl aliquots onto Whatman 3 mm 
filter disks, processing the filters through trichloroacetic acid, and count- 
ing the filters in a liquid scintillation counter using Formula 963 (New 
England Nuclear) as cocktail. Two additional aliquots were used to 
determine total protein by a standard Coomassie dye-binding assay. 
The remainder of each sample was mixed with 2 vol of SUB (0.5% SDS, 
8 M urea, 2% beta-mercaptoethanol) and stored frozen at -70°C until 
used for gel electrophoresis. 

For analysis of cytoskeletal protein fractions, labeled DRGs were 
homogenized in extraction buffer [50 mM phosphate buffer, pH 7.6, 
containing 1% Triton X- 100, 150 mM NaCl, 2 mM MgCl,, 2 mM EGTA, 
50 mM NaF, 15% glycerol, 0.1 mM dithiothreitol (DTT), 0.1 mM phen- 
ylmethylsulfonylfluoride (PMSF), 1 mM furoyl saccharine, and 0.2 mg/ 
ml leupeptin] and incubated on ice for 30 min. The samples were cen- 
trifuged at 100,000 x g for 30 min to separate detergent-soluble (su- 
pernate) from detergent-insoluble (pellet) proteins. Soluble proteins were 
concentrated by precipitation with 10% trichloroacetic acid (TCA), 4% 
sulfosalicylic acid. The detergent-insoluble and detergent-soluble pro- 
teins were mixed with SUB (above) and stored frozen at -70°C until 
used for gel electrophoresis. Using this procedure, essentially all of the 
NF proteins were recovered in the detergent-insoluble fraction. 

For analysis of dephosphorylated proteins, labeled DRGs were ho- 
mogenized in 50 mM Tris-HCl. 1 mM ZnSO,. 150 mM NaCl. DH 8.0. 
TheDRG homogenates were incubated with 0‘13 units of E. coii alkaline 
phosphatase (type III-N, Sigma Chemical Co., St. Louis, MO) at 37°C 
for l-6 hr. The reaction was terminated by diluting samples with 4 vol 
of SUB; samples were stored at -70°C until used for gel electrophoresis. 

Analysis of 35S-labeled proteins by gel electrophoresis. Proteins were 
separated by 1D SDS-PAGE and by isoelectric focusing followed by 
SDS-PAGE (2D gels). For SDS-PAGE, a 6-17.5% gradient of acryl- 
amide in the running gel, a 4% stacking gel, and a Tris-glycine buffer 
system (Laemmli, 1970) were used. Isoelectric focusing was done in 
tube aels mainlv according. to the O’Farrell Drocedure (O’Farrell. 1975). 
Prior-to isoelecnic focusing, samples were diluted with 2-4 vol’of lysis 
buffer (8% Triton X-100, 9 M urea, 5% beta-mercaptoethanol, and 5% 
ampholines (LKB Instruments, Gaithersburg, MD, 1:3 mixture of pH 
3.5-10 and pH 5-7). Isoelectric focusing was done for 7000 V-hr after 
which the gels were removed from the guide tubes and subjected to 
SDS-PAGE as described above. Molecular weight marker proteins (Sig- 
ma) had the following approximate values (M,): myosin (205,000), phos- 
phorylase B (97,000), bovine serum albumin (68,000), pyrnvate kinase 

(57,000), ovalbumin (43,000), and lysozyme (14,000). Gels were stained 
with 0.1% Coomassie blue G-250 (Sigma), destained, and the radio- 
active polypeptides visualized by fluorography (Bonner and Laskey, 
1974). In brief, gels were processed through dimethyl sulfoxide (DMSO), 
imoreanated with 2.5-dinhenvl oxazole (PPO)-DMSO. rehvdrated. dried 
between dialysis membranes; and exposed to preflashed Kodak XAR-5 
film for 0.5-5 d. 

Immunoblots. Proteins were electrophoretically transferred to nitro- 
cellulose (Towbin et al., 1979) using a Transblot apparatus (Bio-Rad 
Laboratories, Richmond, CA) at high field strength. Electrodes were 
positioned immediately adjacent to the gel sandwich and the transfer 
was conducted at 175-200 V for 2-4 hr with continuous circulation of 
refrigerated coolant. The transfer buffer contained 25 mM Tris, 0.19 M 
glycine, 20% methanol. Blots were rinsed in Tris-saline (10 mM Tris, 
0.13 M NaCl, pH 7.4) blocked with 5% Carnation instant nonfat milk 
in Tris-saline, and incubated overnight at 4°C with monoclonal anti- 
bodies directed at either phosphorylated or non- to poorly phosphor- 
ylated NFs (Stemberger-Meyer Immunocytochemicals, Jarrettsville, 
MD). Antibodies were used at dilutions of 1:lOOO or 1:5000. After 
incubation, the nitrocellulose sheets were rinsed in Tris-saline, blocked 
in 5% milk, and incubated for 4 hr at 4°C with a peroxidase-labeled 
rabbit anti-mouse second antibody (Boehringer Mannheim Biochemi- 
cals, Indianapolis, IN) at 1:500 dilution. Diaminobenzidine (DAB) was 
used to visualize the reaction product. The blots were rinsed in Tris- 
saline and then incubated in a filtered (0.2 pm filter) solution of 0.04% 
DAB, 50 M Tris-HCl (pH 7.4), 10 mM imidazole, and 0.01% hydrogen 
peroxide. Nonimmune control blots were treated as described, except 
that primary antibody was omitted. 

Immunocytochemistry. DRGs were removed from rats and fixed in 
4% paraformaldehyde in 0.1 M phosphate buffer overnight. The ganglia 
were embedded in paraffin, sectioned at a thickness of 10 Frn, and 
mounted onto gelatin-subbed slides. After deparaffinization, the sections 
were incubated in 3% rabbit serum for 15 min and then reacted with 
monoclonal antibodies to phosphorylated or nonphosphorylated NFs 
(Sternberger-Meyer Immunocytochemicals) using the peroxidase-anti- 
peroxidase (PAP) procedure (Stemberger et al., 1970). Dilutions of pri- 
mary antibody of 1: 1000-l : 10,000 in PBS containing 1 O/o rabbit serum, 
and incubations of 12-16 hr at 37°C were typically used. The sections 
were subsequently rinsed with PBS and incubated for 4 hr at 37°C with 
unlabeled second antibody [rabbit anti-mouse IgG (Stemberger-Meyer 
Immunocytochemicals); 1:50 dilution with PBS and 1% serum]. Next, 
the slides were rinsed in PBS and incubated for 4-16 hr in mouse 
monoclonal PAP (Stemberger-Meyer Immunocytochemicals; 1: 100 di- 
lution with PBS). The reaction product was visualized using DAB. Brief- 
ly, sections were incubated in 0.05% DAB in PBS for 10 min; the 
solution was brought to 0.02% hydrogen peroxide and the sections in- 
cubated for an additional 5-l 5 min. Nonimmune control sections were 
treated as described, except that primary antibody was omitted. After 
staining, the slides were rinsed, dehydrated, and coverslipped using 
Permount. 

Results 
Axonally transported NF proteins direr from newly 
synthesized NF proteins 
Axonal NF proteins, as all other axonal proteins, are initially 
synthesized in the neuron cell body. However, newly synthe- 
sized NF proteins in DRG cells differ in their mobility on gels 
from axonal NF proteins. Figure 1 A illustrates the labeled pro- 
teins present in sensory axons of the sciatic nerve at a distance 
of 21-24 mm from the L5 DRG 3 weeks after injecting ?S- 
methionine into the ganglion. These labeled proteins define slow 
component a (SCa) of axonal transport. In DRG axons, SCa 
moves at about 1 mm/d and is known to include the NF pro- 
teins, tubulins, and actin (Lasek et al., 1983; Wujek and Lasek, 
1983; Oblinger and Lasek, 1985; Oblinger et al., 1987). Note 
that the 3 NF pr0tein.s in DRG axons have similar isoelectric 
points and apparent molecular weights of 200, 145, and 68 kDa 
(Fig. 1 A). Figure 1 B illustrates the labeled proteins present in 
the L5 DRG 1 hr after injection of YS-methionine. Note that 
no label is present in the region of the gel that, in axonal samples, 
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Figure 1. Comparison of NF proteins in axonal regions with newly 
synthesized NF proteins in neuronal cell body regions. Fluorographs of 
2D gels depict labeled proteins present in (A) sensory axons of the sciatic 
nerve 21 d after labeling the DRG with 9-methionine and (B) those 
present in DRGs 1 hr after labeling. The 3 NF subunits are indicated 
by asterisks; note the absence of the 200 kDa subunit in the DRG sample 
at 1 hr (parentheses in B). Arrowheads on the right of each fluorograph 
depict molecular weight standards, as described in Materials and Meth- 
ods; the isoelectric dimension is presented such that the acidic end of 
the gel is on the right side. 

contains NF200. This indicates that the newly synthesized high- 
molecular-weight NF subunit differed significantly from axonal 
NF200 and suggests that major biochemical modifications oc- 
curred, converting the precursor to the mature axonal protein. 
Only a minor difference in mobility in the isoelectric dimension 
is evident between the NF145 present in the 1 hr postinjection 
DRG sample and that present in the axonal sample (Fig. 1). 
The NF68 subunit obtained from DRGs 1 hr after labeling 

migrated identically on 2D gels to the axonally transported pro- 
tein (Fig. 1). 

Time course of processing of NF proteins after synthesis 
To define the time course of posttranslational processing of the 
high-molecular-weight NF protein in DRG cells, ganglia were 
harvested between 1 and 72 hr after a pulse label of ?S-methi- 
onine. The DRGs were desheathed and homogenized, and the 
labeled proteins separated on 2D gels. Each DRG sample con- 
tained pseudounipolar sensory neurons as well as short proximal 
segments of axons of DRG cells (0.1-2 mm), axons of ventral 
motor neurons, and non-neuronal satellite cells. However, note 
that only the sensory neurons in these samples synthesize pro- 
tein and that the analysis focused specifically on radiolabeled 
proteins. 

Fluorographs of 2D gels of labeled proteins present in DRGs 
at various postlabeling times are illustrated in Figure 2; the NF 
subunits are indicated by asterisks. Note that the 68 kDa NF 
protein did not change in its mobility on gels between 3 and 48 
hr. The 145 kDa NF protein obtained 12 hr after labeling fo- 
cused at a slightly more acidic pH than that obtained from DRGs 
at earlier times. In contrast, the 200 kDa NF protein was not 
even detectable before 24 hr post-labeling, and significant 
amounts of this protein only appeared at 48 hr (see brackets in 
Fig. 2). At 3 hr after labeling, a labeled protein considerably 
more basic than NF200 was observed on fluorographs of 2D 
gels (Fig. 2, arrow). This same protein was observed at earlier 
postlabeling times (1 hr: Fig. 5A; 5 min: not shown), when its 
migration was not noticeably different from that at 3 hr after 
labeling. However, between 3 and 24 hr after labeling, this pro- 
tein underwent both a progressive mobility shift towards the 
acidic end of the isoelectric focusing gel and an apparent mo- 
lecular weight change (arrows in Fig. 2). This protein was ten- 
tatively identified as the precursor of NF200. 

At very long intervals after labeling DRGs, the gel profiles 
differed from those at 48 hr. The fluorograph on the lower right 
side of Figure 2 illustrates the labeled proteins present in DRGs 
21 d after a pulse label of YS-methionine. Since NFs destined 
for the axonal regions of DRG neurons were most likely to have 
cleared the ganglion by 2 1 d, these profiles probably represent 
cell body-specific NFs. Note that very little NF200 is present 
and that a high-molecular-weight protein at the basic end of the 
2D gel is apparent (arrow in 21 d panel of Fig. 2). This protein 
had a mobility similar to that of the putative precursor ofNF200 
present in DRGs at early postlabeling intervals (arrows on 3 
and 6 hr panels of Fig. 2). 

Characterization of the newly synthesized precursor of NF200 
Cytoskeletal and soluble protein fractions of DRGs were pre- 
pared at various times after labeling using a standard detergent 
(1% Triton X- 100) extraction method. Figures 3 and 4B illus- 
trate the detergent-insoluble labeled proteins present in DRGs 
1 and 48 hr after injection of 35S-methionine. At 48 hr, labeled 
NF200, NF145, and NF68 were recovered nearly 100% in the 
detergent-insoluble fraction (Figs. 3B, 4B). However, at 1 hr 
after labeling, NF200 was not present in either the cytoskeletal 
(Figs. 3A, 48) or soluble protein (not shown) fraction. On 2D 
gels, a major labeled protein that had a more basic isoelectric 
point than that of NF200 was recovered in the detergent-in- 
soluble protein pellet from DRGs 1 hr after labeling (arrow in 
Fig. 3A). This protein was not present in the detergent-soluble 
fraction of 1 hr postlabeling DRG samples (not shown) or in 
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Figure 3. 2D gel analysis of detergent-insoluble protein fractions of DRGs at 2 intervals after pulse-labeling ganglia with 3SS-methionine. Fluo- 
rographs illustrating the major cytoskeletal proteins isolated from DRGs 1 hr (A) and 48 hr (B) after labeling. Cytoskeletal protein fractions were 
isolated by a standard extraction protocol using 1% Triton X-100 (see Materials and Methods). Note that at 1 hr, a 160 kDa protein is evident at 
the basic side of the gel (large open arrow in A); at 48 hr, the 160 kDa protein is not visible (brackets), but the 200 kDa NF protein is present (large 
open arrow in B). Asterisks indicate the 145 and 68 kDa NF subunits. The pH range of the isoelectric gel is from about 7.5 to 4.5 (indicated as - 
to +). Bars on the side of each gel panel are molecular weight standards (described in Materials and Methods). 

either the cytoskeletal (Fig. 3B) or soluble protein (not shown) 
fraction of 48 hr postlabeling samples. 

The molecular weights of newly synthesized NF proteins were 
assessed by SDS-PAGE on 6-15% gradient gels. Figure 4 (A, 
B) shows that a small shift in apparent molecular weight (3-4 
kDa) of the NF145 protein occurred between 1 and 48 hr after 
labeling. The shift for the high-molecular-weight subunit ap- 
pears to have been considerably more substantial (40 kDa). At 
1 hr after labeling, a major 160 kDa protein was present in 
samples of total DRG proteins (Fig. 4A) and detergent-insoluble 
DRG proteins (Fig. 4B). This labeled band was absent in 48 hr 
postlabeling samples, which contained the labeled 200 kDa NF 
protein (Fig. 4, A, B). The presence of the 160 kDa protein in 
the detergent-insoluble fraction 1 hr after labeling (Figs. 3, 4B) 
indicates that this protein was associated with the neuronal 
cytoskeleton. Its presence in those samples that did not contain 
NF200 and its absence in samples that contained NF200 suggest 
that this protein was the precursor to NF200. Peptide mapping 
(Cleveland et al., 1977) studies provided further support for the 
idea that the 160 kDa protein was the unmodified form of 
NF200. In several experiments, the 160 and 200 kDa bands 
were excised from gels of 1 and 48 hr DRG samples, respec- 
tively, and subjected to limited proteolysis with Staphylococcus 
aureus protease. The labeled peptide fragments generated from 
each band were similar (data not shown). 

Further evidence indicating that the 160 kDa protein is the 
unmodified form of NF200 is shown in Figure 4C. Immunoblots 
of duplicate DRG samples were probed using monoclonal an- 
tibodies that recognize either non- to weakly phosphorylated 
NF proteins (- P) or heavily phosphorylated NF proteins (+ P) 
(Sternberger and Stemberger, 1983). These antibodies recognize 
epitopes on both the high- and middle-molecular-weight NF 
proteins. Note that the -P antibody recognized the 160 kDa 
protein, while the +P antibody did not (Fig. 4C’). On nonim- 
mune control blots, no bands were visible (not shown). 

Evidence for phosphorylation as the posttranslational 
mechanism 
Immunoblots of 2D gels of DRG samples at different postla- 
beling intervals (l-48 hr) were prepared and subjected to au- 
toradiography. Figure 5 illustrates one such pair of immunoblots 
and autoradiographs at the 1 hr postlabeling time point. A very 
characteristic streak across the 2D gel blot was evident when 
the monoclonal antibody to non- and poorly phosphorylated 
NF proteins was used to probe the sample. All of the immu- 
noblots of DRG samples from different postlabeling intervals 
that were stained using this antibody appeared identical (because 
the antibody reacts with constitutive proteins in the DRG and 
not just with the labeled proteins). However, the autoradio- 
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Figure 4. Characterization of newly synthesized NF proteins by SDS-PAGE and immunoblotting. The shift in the apparent molecular weight of 
NF proteins between 1 and 48 hr after a pulse label of ‘Yj-methionine was assessed on a 6-15% polyacrylamide gel. Fluorographs of total labeled 
protein (A) and labeled T&on X- lOO-insoluble proteins (B) from DRGs at the 2 postlabeling times are shown. The 3 NF subunits are indicated 
by solid arrows. The putative precursor to NF200 is indicated in the 1 hr samples by an open arrow; this 160 kDa band is not present in the 48 
hr samples (asterisk). Note that the 145 kDa NF protein also undergoes a slight shift in apparent molecular weight between 1 and 48 hr (A, B). C, 
Immunoblots of duplicate samples of total DRG protein that were probed with monoclonal antibodies that recognize unphosphorylated and poorly 
phosphorylated NFs (-P) versus heavily phosphorylated NFs (+P). Labeling of the NF200 and the NF145 bands (solid arrows) is quite evident 
with the +P antibody and is much less intense with the -P antibody. The 160 kDa precursor protein (open arrow) is recognized by only the -P 
antibody. 

graphs from each immunoblot differed with respect to the lo- 
cation of the radiolabel along the immunoreactive streak. At 1 
hr, the far left end of the immunoreactive streak was labeled 
(Fig. 5). At later times, the radiolabeled spot (or streak) was 
located at progressively more acidic parts of the streak on the 
immunoblots (to visualize this, the arrows on the .2D immu- 
noblot in Fig. 5 should be compared with the arrows on the 
fluorographs in Fig. 2). 

The streaking appearance of the high-molecular-weight NF 
protein on the immunoblot is presumably generated by the pres- 
ence of variable amounts of phosphate on the protein. Phos- 
phorylation adds negative charges that can alter the isoelectric 
mobility of proteins towards the acidic end of the gel in iso- 
electric focusing, and can also affect the migration of proteins 
in the presence of SDS (Julien and Mushynski, 1982; Carden 
et al., 1985). The change in mobility over 2 pH units on 2D 
gels and the change in the apparent molecular weight of 40 kDa 

in SDS-PAGE of the high-molecular-weight NF protein be- 
tween 1 and 48 hr after labeling could result from the addition 
of progressively larger amounts of phosphate to the precursor. 

To further explore this idea, DRGs that had been labeled 48 
hr earlier were treated with E. coli alkaline phosphatase for 
several hours. The gel migration of NF proteins from such de- 
phosphorylated preparations was assessed. Figure 6 illustrates 
the regeneration of the 160 kDa band by treatment of 48 hr 
postlabeling DRG samples with phosphatase for 3 hr. Concur- 
rent with the appearance of the 160 kDa band in treated samples 
was the disappearance of the 200 kDa band. Almost no change 
in the migration of other proteins was observed, which argues 
against the likelihood that nonspecific proteolysis is involved 
in this result (Fig. 6). On 2D gels, the dephosphorylated 160 
kDa protein focused at a pH considerably more basic than NF200 
and, in fact, was not distinguishable from the protein found in 
DRGs 1 hr after labeling (not shown). 
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Immunocytochemical studies of NF proteins 

Since the DRG samples in the biochemical experiments in- 
cluded more than just the cell bodies of sensory neurons, it was 
important to examine DRGs histologically using the mono- 
clonal antibodies to phosphorylated (+P) and poorly or non- 
phosphorylated (-P) NF proteins. Figure 7 shows the staining 
profiles obtained with these antibodies. The cell bodies and 
initial axonal segments of DRG neurons were strongly stained 
with the -P antibody (Fig. 7A). Other regions of the ganglion 
containing mainly large axons that were either just coursing 
through the DRG (those of ventral motor neurons) or axons 
of DRG neurons that were fasciculating near the borders of the 
ganglion were either weakly stained or were not stained with 
this antibody (not shown). In contrast, the +P antibody gen- 
erally did not stain cell bodies or the initial axonal segments of 
DRG neurons (Fig. 7B). However, intense staining of distal 
axons (located in the sciatic nerve) was obtained using the +P 
antibody (Fig. 7C). These patterns were not absolute, since some 
DRG neuronal cell bodies were not stained with the -P anti- 
body and a few were stained with the +P antibody (not shown). 
In control sections in which primary antibody was omitted from 
the immunohistochemical procedure, DRG cell bodies and ax- 
ons were not stained. 

Discussion 
Characteristics of newly synthesized NF proteins 
Newly synthesized high-molecular-weight NF protein migrates 
very differently on 2D gels than does this subunit at longer pulse- 
chase times. Between 5 min and 3 hr after synthesis, the 2D gel 
mobility of this protein does not change detectably in DRG 
samples. The nascent protein has an apparent molecular weight 
of 160 kDa and an isoelectric point of about 7.2 on 2D PAGE. 
However, between 3 and 48 hr, the mobility of the high-mo- 
lecular-weight NF protein changes to that observed in axonal 
samples (pH 5.2, 200 kDa). 

A combination of several approaches enabled the identifi- 
cation of the precursor of NF200. One was the definition of 
cytoskeletal proteins by their insolubility in Triton X-100. In 
the DRG, only a few major proteins are detergent-insoluble and 
nearly all of these are identified. Thus, it was reasonable to 
assume that if the unprocessed high-molecular-weight NF pro- 
tein was incorporated into the cytoskeleton, it would be present 
as a major protein on fluorographs from gels of detergent-in- 
soluble DRG proteins at early pulse-chase times. The labeled 
160 kDa protein was the only protein present in the detergent- 
insoluble fraction of newly synthesized DRG proteins that was 
not also present in samples from longer postlabeling intervals 
(24-48 hr) containing NF200 (Figs. 3, 4B). This suggested that 
the 160 kDa protein was the precursor of NF200. 

The fact that the 160 kDa protein was completely recovered 
with the cytoskeletal pellet after Triton X-100 extraction of 
DRGs at early times after pulse-labeling (Figs. 3, 4B) suggests 
that this protein was present in assembled filaments. This result 
further suggests that assembly of NFs may occur without post- 
translational modification of the high-molecular-weight sub- 
unit. A similar conclusion (but for the middle-molecular-weight 
NF protein) was reached in a recent study on cultured sympa- 
thetic neurons (Black et al., 1986). However, the situation ap- 
pears to be somewhat different for purified subunits in vitro, 
where phosphorylation of the middle-molecular-weight subunit 
reportedly affects its assembly properties (Wang et al., 1984). 

* 

* 

/ , 

Figureci. Dephosphorylation ofNF proteins with alkaline phosphatase 
from E. coli. A, Fluorograph illustrating total labeled protein in DRGs 
48 hr after a pulse label of )5S-methionine. B, Fluorograph illustrating 
the proteins in an aliquot of the same 48 hr DRG experiment that was 
incubated with E. coli alkaline phosphatase for 3 hr prior to electro- 
phoresis. Note the appearance of the 160 kDa band (open arrow) in the 
phosphatase-treated sample (B). Other major protein bands are not 
significantly affected. Arrowheads indicate molecular weight standards, 
as described in Materials and Methods. 

In vivo, the evidence in mammalian neurons to date indicates 
that a fairly tight temporal coupling exists between the synthesis 
and assembly of NF proteins. It appears that in vivo assembly 
of NFs can occur in the absence of posttranslational modifica- 
tions of the high- and middle-molecular-weight NF proteins. 

The second approach used to identify the precursor of NF200 
was the immunoblotting of gels of pulse-labeled DRG samples 
with monoclonal antibodies to modified and unmodified NF 
proteins (Stemberger and Stemberger, 1983; Peng et al., 1986). 
In these experiments, the labeled 160 kDa protein was recog- 
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nized by an antibody to non- and poorly phosphorylated high- 
molecular-weight NF protein (Figs. 4C, 5). This provided fur- 
ther evidence that the 160 kDa protein was the unprocessed 
form of NF200. 

Time course experiments showed that 48 hr were required 
for the complete conversion of the 160 kDa protein into its 
mature “axonal” form (200 kDa, p1 - 5.2). Two other recent 
studies have also noted a prolonged time course of processing 
of NF proteins (Bennett and DiLullo, 1985; Black et al., 1986). 
These reports differ somewhat from the present study because 
both describe processing of the middle-molecular-weight NF 
protein in cultured neurons. In chick neurons, the modifications 
of the middle NF protein (160 kDa) reportedly occur over l-2 
d and are accompanied by a major change in the migration of 
this NF subunit on 2D PAGE (Bennett and DiLullo, 1985). This 
situation is analogous to that reported in the present study for 
the mammalian high-molecular-weight NF protein. However, 
in mammalian neurons, the change in migration of the middle- 
molecular-weight NF subunit on 2D PAGE between 1 and 48 
hr after synthesis is very slight compared to that reported in 
chick neurons. This is also evident in a recent paper that reports 
isoelectric variants of the middle-molecular-weight NF protein 
in cultured sympathetic neurons of rat, which appear only after 
a period of several hours after synthesis (Black et al., 1986). In 
that study, as well as the present one, variants of NF145 differ 
only slightly in their migration on 2D PAGE. 

Phosphorylation is the main posttranslational event involved in 
the maturation of NF200 
Prior to this study, it was well substantiated that NFs isolated 
from nervous tissue by conventional methods contain large 
amounts of phosphate. The high- and middle-weight subunits, 
in particular, are highly phosphorylated (Jones and Williams, 
1982; Julien and Mushynski, 1982; Carden et al., 1985; Geisler 
et al., 1985). While the exact numbers differ somewhat in studies 
from different laboratories, the mature 200 kDa protein appears 
to contain about 20-25 phosphates, while the other 2 subunits 
contain substantially fewer (6-l 2 for NF145 and l-3 for NF68) 
(Julien and Mushynski, 1982; Wong et al., 1984; Carden et al., 
1985). It has also been well documented that NF proteins can 
be phosphorylated both in vitro and in vivo using exogenous 
labeled phosphate (Julien and Mushynski, 198 1, 1982; Runge 
et al., 198 1; Shecket and Lasek, 1982). 

In this report, 2 lines of evidence support the conclusion that 
phosphorylation is the main posttranslational modification that 
generates the mature NF200 protein from the initial translation 
product. The first approach used well-characterized monoclonal 
antibodies that recognize phosphorylated (+ P) NF proteins 
(NF200 and, more weakly, NF145) and unphosphorylated to 
poorly phosphorylated (-P) NF proteins (Stemberger and 
Sternberger, 1983; Peng et al., 1986). On immunoblots of 2D 
gels of labeled DRG samples, radioactivity shifted from the 
basic, 160 kDa spot recognized by the -P antibody, through 
intermediates recognized by this same antibody, to the mature 
200 kDa spot recognized by the +P antibody with increased 
time after labeling (see Figs. 2, 5). The straightforward inter- 
pretation of this data is that the immunoreactivity of the protein 
changed as the number of phosphate groups added to the newly 
synthesized protein increased. Thus, only at longer intervals 
after synthesis, when the pulse-labeled protein has matured 
through the addition of numerous phosphate groups, does it 
complex with the antibody to phosphorylated NFs. 

The second line of evidence was that dephosphorylation of 
labeled NF proteins present in total DRG homogenates using 
alkaline phosphatase from E. coli changed the migration of 
NF200 on SDS gels. The procedure generated a labeled 160 kDa 
protein band and removed a labeled 200 kDa band from DRG 
samples that had been labeled 48 hr earlier and that contained 
only labeled NF200 before the treatment (Fig. 6). With the 
exception of a slightly faster migration rate for NF145, practi- 
cally no change in the migration of other major labeled proteins 
present in the DRG homogenates was observed after treatment 
with alkaline phosphatase. This finding suggests that dephos- 
phorylation is fairly selective for NF200 and influences its mi- 
gration on SDS-PAGE such that the pattern exhibited by the 
precursor is obtained. The absence of change in other major 
proteins argues that proteolysis is not a factor in this result. 
Similar findings were reported in previous studies wherein in- 
tact, isolated NFs were dephosphorylated, with a resulting change 
in the electrophoretic mobility of the NF proteins (Julien and 
Mushynski, 1982; Wong et al., 1984; Carden et al., 1985). The 
change in migration of the high-molecular-weight NF protein 
is most likely due to differences in the capacities of the phos- 
phorylated and dephosphorylated proteins to bind or interact 
with SDS during electrophoresis. 

Processing of the high-molecular- weight NF protein occurs 
during axonal transport 
It is important to identify the intracellular location of the post- 
translational processing of NF proteins. Several experiments in 
the present study provide some information on this issue. First, 
the time course experiments demonstrated that an unusually 
long time was required for maturation of a newly synthesized 
high-molecular-weight NF protein. Two possible explanations 
for this data were initially considered. One possibility was that 
phosphorylation of the high-molecular-weight NF protein oc- 
curred in the neuronal cell body, but that it simply occurred 
much more slowly than any previously reported protein mod- 
ification. The second was that phosphorylation occurred mainly 
in the axonal region of the neuron after the protein entered this 
region. For many DRG neurons, l-2 mm of initial axon is 
located within the ganglion. The rate of axonal transport of NF 
proteins in DRG neurons of rat is known to be about 1 mm/d 
(Wujek and Lasek, 1983; Oblinger and Lasek, 1985; Oblinger 
et al., 1987). If we assume that NF proteins are exported to the 
axon and begin transport shortly after synthesis, it is certain 
that many labeled NFs would be in intraganglionic segments of 
DRG axons for l-2 d. This time course is consistent with that 
observed for the posttranslational processing of NF200. 

The data obtained from immunohistochemical experiments 
in this, as well as other, studies (Goldstein et al., 1983; Stem- 
berger and Stemberger, 1983; Lee et al., 1986; Trojanowski et 
al., 1986) also argue that processing occurs mainly in the axon: 
If the NF200 protein matured in the cell body, the somas of 
DRG neurons should have stained with the +P antibody (phos- 
phorylated NF200). However, the vast majority of DRG neuron 
cell bodies were not reactive with this antibody (Fig. 7). Instead, 
both the cell bodies and the short initial axon segments of most 
DRG neurons were strongly stained with the -P antibody (non- 
phosphorylated NF) (Fig. 7). This pattern is consistent with the 
idea that nonphosphorylated NFs initially enter the axonal re- 
gion of sensory neurons, and phosphorylation occurs as NFs 
progress through the initial intraganglionic axonal segments. 

It should be noted that the intracellular compartmentation of 
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modified and unmodified NFs observed in this study using im- 
munohistochemistry appears to be generally, but not always, 
the case for other mammalian neurons. Several recent studies 
that used antibodies to phosphate-dependent epitopes on NFs 
have shown that while most neurons contain only nonphos- 
phorylated NFs in their soma, certain neurons have cell bodies 
that stain very intensely with antibodies to phosphorylated NF 
proteins (Goldstein et al., 1983; Sternberger and Sternberger, 
1983; Lee et al., 1986; Trojanowski et al., 1986). In the present 
study, it was also the case that an occasional DRG neuron 
stained with the antibody to phosphorylated NFs. Thus, it is 
clear that different neurons vary in the degree to which the 
cytoskeleton is regionally differentiated. It is therefore possible 
that, in some neurons, NF200 undergoes phosphorylation in 
the cell body. Presumably, if such cells could be independently 
analyzed, the time course of processing would be significantly 
shorter than that described for the general population of DRG 
neurons in this study. 

Functional role of neurofilament phosphorylation 

At present we still have very little information about the role 
of phosphorylation in the metabolism or function of NFs in the 
axon. One current hypothesis is that phosphorylation influences 
the ability of NFs to interact dynamically with one another or 
with other intracellular elements. This idea is logically appealing 
because at least part of the 200 kDa subunit has a peripheral 
location in the neurofilament (Geisler and Weber, 198 1; Willard 
and Simon, 1981; Sharp et al., 1982; Chin et al., 1983; Minami 
et al., 1984). In fact, the side arms projecting from NFs appear 
to consist of a region of the 200 kDa protein. This peripheral 
domain of the protein appears to be the region that incorporates 
the majority of the phosphate (Julien and Mushynski, 1983; 
Carden et al., 1985). Thus, at least a portion of the 200 kDa 
protein is in a position that places it in contact with other cellular 
elements (such as microtubules or other NFs); it is easy to imag- 
ine that phosphorylation of these regions would affect the prop- 
erties of the filament. For example, phosphorylation might alter 
the degree to which side arms project away from the main axis 
of the filament. If this were the case, NFs containing phospho- 
rylated NF200 might be spaced further from each other than 
NFs containing the unphosphorylated protein. This would have 
important implications for neuronal morphology. For example, 
NFs in the cell body and the initial axon region of DRG cells 
that contain the unphosphorylated high-molecular-weight pro- 
tein may be more closely packed than the heavily phosphory- 
lated NFs in the distal axon. Examination of this or other 
proposed consequences of NF phosphorylation or dephos- 
phorylation is clearly an avenue for important future studies. 
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