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Axotomy-Induced Changes in the Expression of a Type Ill Neuronal

Intermediate Filament Gene
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The effect of axotomy on the expression of the 57 kDa neu-
ronal intermediate filament (IF) protein in adult rat dorsal
root ganglion (DRG) neurons was examined. This IF protein
is known to have an exclusively neuronal localization but is
considerably more limited in its distribution in the nervous
system than the neurofilament (NF) triplet proteins. The 57
kDa neuronal IF protein is similar (and perhaps identical) to
the protein “peripherin” and is known to be the product of
a Type lil IF gene. Since the down-regulated expression of
NF proteins (products of type IV IF genes) has been well
established, it was of interest to determine whether the novel
57 kDa IF protein was regulated in a similar or different man-
ner from that of the NFs in axotomized neurons. /In vitro
pulse-labeling of DRGs with **S-methionine : cysteine fol-
lowed by 2-dimensional gel electrophoresis/fluorography re-
vealed that the synthesis of the 57 kDa neuronal IF protein
was increased 2 weeks after sciatic nerve crush. Immuno-
cytochemical studies using a polyclonal antibody to the 57
kDa neuronal IF protein showed that the immunodetectable
levels of this protein increased in DRG neurons after pe-
ripheral axotomy. In the normal DRG, staining was localized
almost exclusively to small-sized neurons. At 2 weeks after
axotomy, however, large- and medium-sized neurons also
became immunoreactive; in addition, the overall level of
staining in the DRG was greater than normal. Quantitative
analysis of in situ hybridizations of DRG neurons with a *S-
labeled cDNA probe specific for the 57 kDa neuronal IF pro-
tein revealed a significant increase in the level of 57 kDa IF
mRNA in the large-sized (> 1000 um?) neurons 2 weeks after
axotomy; the level of 57 kDa IF mRNA in the small neurons
was not different from normal at that time. Finally, using a
newly developed paradigm for examining the composition
of regenerating axons by axonal transport, we determined
that significant amounts of the 57 kDa neuronal IF protein
were conveyed into the regrowing axonal sprouts of DRG
neurons. When DRG neurons were conditioned by a previous
axotomy (a crush axotomy of the distal sciatic nerve 2 weeks
earlier) and then stimulated to regenerate axons by a second
crush axotomy located very close to the DRG, the regener-
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ating sprouts incorporated and conveyed significantly more
57 kDa IF protein by slow axonal transport than did those
elaborated by unprimed DRG neurons. These findings of up-
regulated expression of the 57 kDa neuronal IF protein in
axotomized DRG cells indicate that the expression of the
Type lll and IV neuronal IF genes is differentially regulated
in response to axotomy.

The family of intermediate filament (IF) proteins is classified
into 5 types based on analysis of sequence data (Steinert and
Roop, 1988). Type I and II IFs include the acidic and basic
keratins; type III IFs include vimentin, desmin, and glial fi-
brillary acidic protein; type I'V IFs include the NF triplet pro-
teins (NF-L, 68 kDa; NF-M, 145 kDa; NF-H, 200 kDa), and
Type V IFs include the nuclear lamins. The majority of mam-
malian neurons express the NF triplet proteins (Shaw et al.,
1981; Trojanowski et al., 1986). In addition, a subset of mam-
malian neurons has been shown to express a 57 kDa IF protein
(Portier et al., 1984b; Parysek and Goldman, 1988; Parysek et
al., 1988; Brody et al., 1989), which is the major component of
the cytoskeleton in PC12 cells (Portier et al., 1984a; Parysek
and Goldman, 1987). Based on immunocytochemistry as well
as in situ hybridization, the 57 kDa neuronal IF protein or its
mRNA has been shown to be present in some PNS components,
including small neurons of the DRG, sympathetic ganglia, most
cranial nerves, and ventral motor neurons (Portier et al., 1984b;
Leonard et al., 1988; Parysek and Goldman, 1988; Brody et al.,
1989). In addition, a number of nuclear groups in the adult rat
CNS have also been shown to express the 57 kDa neuronal IF
protein (Leonard et al., 1988; Parysek and Goldman, 1988;
Brody et al., 1989). The predicted amino acid sequence of the
57 kDa IF protein, which may be identical to peripherin (Aletta
et al., 1988), indicates that it is a type III IF protein (Leonard
et al., 1988; Parysek et al., 1988; Thompson and Ziff, 1989).
Thus, the currently characterized IFs that are expressed exclu-
sively in neurons are encoded by both type III and IV IF genes.

The presence of this type III IF mRNA and its encoded 57
kDa protein in the nervous system raises many questions about
the function of this protein. The observation that it is primarily
(but not exclusively) distributed in neurons that have small-
caliber, unmyelinated axons suggests that it may have a function
different from that of the NF triplet proteins. NFs are predom-
inant in neurons with large myelinated axons, wherein they play
an essential role in defining axonal caliber (Lasek et al., 1983;
Hoffman et al., 1987). It is likely that progress towards under-
standing the possible function(s) of the 57 kDa IF in the nervous
system can result from studies of its expression during neuronal
development and regeneration. Disconnection of the axon from



its neuronal cell body is well known to have a significant effect
on the expression of NFs. In adult DRG neurons, the expression
of the NF (Type IV IF) genes is down-regulated after peripheral
axotomy (Hoffman et al., 1987; Wong and Oblinger, 1987,
Goldstein et al., 1988; Oblinger et al., 1989). In addition to
changes in NF mRNA levels, axotomy results in down-regulated
levels of NF protein synthesis and axonal transport in DRG
neurons (Oblinger and Lasek, 1985, 1988; Greenberg and Lasek,
1988, Oblinger et al., 1989). The following question arises: is
the novel 57 kDa IF protein regulated in a similar or different
manner from that of the NFs in axotomized DRG neurons?

In this study, we examined the effect of axotomy on the
expression of the 57 kDa neuronal IF protein using the well-
characterized system of L5 DRG neurons of adult rats after
unilateral sciatic nerve crush. We report the results from protein
synthesis studies, immunocytochemical studies, ix situ hybrid-
ization experiments and axonal transport studies, all of which
indicate that the 57 kDa IF gene is regulated differently than
the NF genes during axonal regeneration. Our findings of up-reg-
ulated expression of the 57 kDa neuronal IF protein in axoto-
mized DRG neurons suggest that this protein has an essential
function during axonal regrowth.

Materials and Methods

Animals. Adult male Sprague-Dawley rats (Harlan Sprague Dawley,
Indianapolis, IN) weighing 300-350 gm were used for all experiments.
All animals were acquired, cared for, and surgically handled in accor-
dance with the guidelines specified in the NIH Guide for the Care and
Use of Laboratory Animals. For surgical procedures, animals were anes-
thetized with a mixture of sodium pentobarbital (27 mg/kg) and chloral
hydrate (128 mg/kg); for scheduled kills, animals were decapitated under
ether anesthesia.

Protein synthesis studies. For in vitro labeling of newly synthesized
DRG proteins, experimental and contralateral control L5 DRGs were
removed from 4 rats 14 d after unilateral peripheral axotomy. For the
axotomy, the distal sciatic nerve was crushed 3 consecutive times for
30 sec with #5 Dumont forceps at a distance of 50-60 mm from the L5
DRG. After removal from the animal, the ganglia were quickly de-
sheathed, the ventral roots were dissected away from the bottom of the
DRG, and the dorsal roots and peripheral nerves were trimmed very
close to the ganglia. Each DRG was placed into 500 l of a methionine-
and cysteine-free MEM (Minimal Essential Media) solution made using
a Select-Amine Kit (Gibco, Grand Island, NY). The DRGs were allowed
to equilibrate at 37°C for 15 min with bubbling 95% oxygen and then
transferred to 500 ul of fresh MEM solution containing 500 uCi of 3S-
trans-label (3*S-methionine : cysteine; ICN Radiochemicals, Irvine, CA)
for 1 hr at 37°C with 95% oxygen bubbling, After labeling, the ganglia
were homogenized in extraction buffer and the proteins separated into
Triton X-100 insoluble (cytoskeletal fraction) and detergent-soluble
fractions as described previously (Oblinger, 1987). The fractions were
mixed with SUB (0.5% SDS, 8 M urea, 2% beta-mercaptoethanol) and
then subjected to isoelectric focusing followed by SDS-PAGE (2D gels)
and fluorography as described previously (Oblinger, 1987).

Immunocytochemistry. Experimental and contralateral control L5
DRGs were removed from rats 14 d after unilateral distal sciatic nerve
crush (50-60 mm from the ganglia). The DRGs were placed into 4%
paraformaldehyde for 2 hr, dehydrated, and embedded in paraffin. The
blocks were sectioned at 10 pm and the histological sections mounted
on gelatin~chrome alum-subbed slides. Slides were stored in covered
slide boxes at room temperature until used for immunostaining. For
staining, the sections were deparaffinized and then incubated in 4%
normal goat serum (NGS) at room temperature for 1 hr. This blocking
serum was lightly suctioned off, and primary antisera (rabbit polyclonal
antibody to the 57K protein; Parysek and Goldman, 1987) was applied
(1:1000 dilution in PBS containing 1% NGS) for 12-16 hr at room
temperature. The sections were rinsed with PBS and reacted with bio-
tinylated anti-rabbit IgG (1:200 in PBS) for 1 hr. The sections were next
incubated for 1 hr with Vectastain Elite ABC Reagent (avidin DH/
biotinylated HRP H; 1:50 with PBS; supplied as a kit from Vector
Immunocytochemicals) and the reaction product visualized with 0.05%
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diaminobenzidine and 0.02% hydrogen peroxide. Nonimmune control
sections were treated as described, except that primary antibody was
omitted. After staining, slides were dehydrated, coverslipped with Per-
mount, and examined by light microscopy.

In situ hybridization. The sciatic nerves of 6 adult rats were crushed
unilaterally 50-60 mm from the L5 DRG. The axotomized L5 ganglia
were removed 2 weeks after the nerve crush and fixed by immersion in
4% paraformaldehyde for 2 hr. Four untreated rats provided normal
control L5 ganglia. The DRGs were embedded in paraffin, sectioned at
10 um, and hybridized in situ with a 35S-labeled cDNA as described
previously (Wong and Oblinger, 1987), except that sections were washed
to a final stringency of 0.5X SSC with 0.1% beta-mercaptoethanol at
45°C for 30 min. The probe used for hybridization was a cDNA specific
for the 57 kDa IF protein (Parysek et al., 1988).

After hybridization, the sections were dehydrated through an increas-
ing series of ethanol/300 mM ammonium acetate, dried, dipped into
37°C Kodak NTB2 emulsion (diluted 1:1 with 600 mM ammonium
acetate) and stored at 4°C in the dark. Slides were developed after 8 d
exposure and lightly counterstained with cresyl violet. The density of
silver grains over DRG neurons in which clearly defined nucleus and
nucleolus were present was determined using a computer-based image-
analysis system as described previously (Wong and Oblinger, 1987).
Measurements of nonspecific background labeling were made from each
section by determining the grain density over axonal regions of the DRG
(that did not contain neuronal cell bodies); the grain counts over neurons
from any given section were corrected for nonspecific labeling. Two size
categories of neurons were examined: large neurons (>1000 um?) and
small neurons (<600 um?). In each size category, 25-50 neurons per
ganglion were counted. To establish statistical significance between the
normal and experimental material, an unpaired, 2-tailed Student’s  test
at the 95% confidence level was used.

Axonal transport experiments. In order to label proteins conveyed by
newly regenerating axons, the L5 DRG and a 6 mm stretch of the
peripheral L5 nerve were exposed unilaterally and 2 ul of saline con-
taining 1 mCi of 3’S-methionine (New England Nuclear) were microin-
jected into the midpoint of the DRG over a period of 10 min. The DRG
was flushed with saline, and immediately thereafter the L5 peripheral
nerve was crushed 2—4 mm from the ganglion (test crush). Four normal
rats were prepared in this manner and formed the “unprimed” condi-
tion. One group of 5 rats was used for the “primed” condition. In the
latter group, a conditioning or priming lesion which consisted of a crush
of the distal sciatic nerve (50-60 mm from the L5 DRG) was made 2
weeks prior to the labeling/test crush procedure. All animals were killed
7 d following labeling/test crush and the L5 DRGs and sciatic nerves
were removed and frozen on dry ice. The DRG, the segment of nerve
located proximal to the crush site (2—4 mm), and consecutive 10 mm
segments of nerve located distal to the crush site (and which contained
the newly regenerating axons) were dissected and homogenized in SUB.
An aliquot of each sample was used to determine the total acid-precip-
itable radioactivity; the remaining sample was subjected to 2D gels/
fluorography. To verify the identity of the 57 kDa protein, immunoblots
of 2D gels were done as described previously (Oblinger, 1987) using a
polyclonal antibody to the 57 kDa IF protein (Parysek and Goldman,
1987).

Results

Synthesis of the 57 kDa IF protein in axotomized DRG cells
To examine whether axotomy affected the synthesis of the 57
kDa neuronal IF protein in adult DRG neurons, matched pairs
of experimental and contralateral control L5 ganglia were har-
vested 2 weeks after distal sciatic nerve crush and pulse-labeled
with 3S-methionine : cysteine iz vitro for 1 hr. Since the 57 kDa
protein is a fairly minor labeled protein in gels of total DRG
protein synthesis, proteins were first separated into cytoskeletal
and soluble fractions using standard detergent (Triton X-100)
extraction. The fluorographs of 2D gels of detergent-insoluble
protein pellets revealed that the incorporation of label into the
57 kDa IF protein was substantially greater in axotomized DRGs
than in contralateral control ganglia (Fig. 1). This finding was
consistently observed in 4 separate experiments and suggested
that the synthesis of 57 kDa was increased in DRG neurons 14
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Fluorographs of 2D gels illustrating newly synthesized cytoskeletal proteins in (4) contralateral control DRGs and (B) axotomized DRGs

14 d after distal sciatic nerve crush. Proteins were labeled by incubating DRGs in **S-methionine : cysteine for 1 hr in vitro. The DRGs were
detergent-extracted (Triton X-100) after labeling as described in Materials and Methods and the detergent-insoluble (cytoskeletal) protein fraction
was used for the 2D gels. The open arrows indicate the 57 kDa IF protein; T designates the tubulins, 4 designates the position of actin; L, M, and
H mark the position of the NF triplet proteins. Molecular-weight standards indicated on the far-right side of gel panels depict 200, 97, 68, 57, 43,

and 14 kDa.

d after axotomy. The fluorographs also revealed that by 1 hr
after labeling, the 57 kDa IF protein quantitatively partitioned
with the detergent-insoluble (cytoskeletal) pellet. No label in the
position of the 57 kDa IF protein was found in 2D gels of the
soluble protein fraction from 1 hr pulse-labeling experiments
(Fig. 2). This indicated that the 57 kDa IF protein was assembled
into the cytoskeleton within 1 hr of synthesis.

Immunocytochemical studies of 57 kDa IF protein in
axotomized DRG neurons

The level ofimmunodetectable 57 kDa IF protein in axotomized
versus contralateral control DRG neurons was examined using
immunocytochemistry. In control ganglia, the 57 kDa IF protein
was found almost exclusively in the small sensory neurons (Fig.
3, A, O). In contrast, 14 d after distal sciatic nerve crush, im-
munodetectable 57 kDa IF protein was present in many of the
larger DRG neurons, as well as in the small DRG neurons (Fig.
3, B, D). In control sections where primary antibody was omitted
from the immunohistochemical procedure, DRG cell bodies
and axons were not stained (not shown). Sections of paired L5
DRGs (14 d postaxotomy and matched contralateral controls)
from 8 different animals that were immunostained together were
scored. The following observations were consistent in all pairs.
First, the overall number of immunoreactive neurons appeared
to be greater in axotomized than in control DRGs (Fig. 3, 4,
B). Second, immunostaining was frequently observed in large-

and medium-sized neurons in axotomized preparations but rarely
in control preparations (Fig. 3, C, D). Third, the intensity of
immunostaining of the small-sized neurons in the 14 d postax-
otomy DRGs was substantially greater than that in paired
control DRGs. In many cases, the heaviest staining was in cable-
like structures located around the eccentric nucleus of chro-
matolytic neurons (Fig. 3D). These findings indicated that the
somal content of immunodetectable 57 kDa IF protein was
substantially increased in both small and large DRG neurons
at 14 d postaxotomy. In addition to the differences in somal
staining, it was also apparent that the level of axonal staining
with the 57 kDa antibody was greater in the axotomized prep-
arations than in control ganglia (Fig. 3, 4, B).

In situ hybridization of axotomized DRG neurons with a
c¢DNA to the 57 kDa IF mRNA

To examine the level of mRNA for the 57 kDa IF protein after
axotomy and to determine if all sizes of neurons in the DRG
exhibited a change in 57 kDa IF transcript levels, in situ hy-
bridizations of histological sections of L5 DRGs were done using
a labeled cDNA specific for the 57 kDa IF protein mRNA. The
autoradiograms of normal DRG neurons hybridized with the
#S-labeled cDNA probe revealed the presence of the 57 kDa
IF mRNA in both small- (<600 um?) and large-sized (> 1000
pm?) DRG neurons; however, the density of silver grains was
quantitatively higher over small neurons than over large neurons
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Figure 2. Fluorographs of detergent-insoluble and detergent-soluble proteins from a normal DRG labeled in vitro with Jst“;-mn;thionine: cysteine
for 1 hr. Labeled DRGs were extracted with Triton X-100 as described in Materials and Methods. Note that the 57 kDa protein (open qrrqws} is
found only in the detergent-insoluble (cytoskeletal) pellet. T marks the position of the a- and $-tubulins. Molecular-weight standards are indicated

on the far-right side of gel panel in kilodaltons.

(Figs. 4, 5). Comparisons of autoradiograms of DRG neurons
that had sustained a distal sciatic nerve crush 14 d earlier with
those of normal control DRG neurons indicated that the level
of 57 kDa IF mRNA was increased in the large-sized DRG cells
after axotomy (Fig. 4). Quantitation of grain densities over the
large-sized DRG neurons confirmed the qualitative observa-
tions. The mean grain density over large DRG neurons at 2
weeks after axotomy was significantly higher (p < 0.05) than
that over large normal control DRG neurons (Fig. 5). In contrast
to the large neurons, the level of 57 kDa IF mRNA in the small-
sized DRG cells in axotomized preparations was not signifi-
cantly different from that in normal controls (Fig. 5).

Transport of 57 kDa neuronal IF protein in regenerating
axonal sprouts of primed vs unprimed DRG neurons

Axonal transport of the 57 kDa IF protein in regenerating axonal
sprouts of DRG neurons was examined by SDS-PAGE/fluo-
rography. Proteins synthesized by primed and unprimed L5
DRG neurons were radiolabeled by microinjection of **S-me-
thionine into the ganglion and, immediately thereafter, the pe-
ripheral L5 nerve was crushed at a distance of 24 mm from
the L5 ganglion (test crush site). In this paradigm, new axonal
sprouts elaborated by DRG neurons in response to the test crush
grew distally from the parent stump of axon and incorporated
radiolabeled proteins synthesized by the L5 DRG neurons as
they elongated. In the “unprimed” condition, protein synthesis
was labeled in normal, uninjured DRG neurons. In the “primed”
condition, a crush of the distal sciatic nerve was made 2 weeks
prior to the labeling/test crush procedure. Thus, in the primed
condition, protein synthesis was labeled in 14 d postaxotomy
neurons. In both conditions, the test crush immediately followed

the protein labeling and the regenerating axonal sprouts were
harvested 7 d later. The temporal parameters of the experiment
targeted the cytoskeletal proteins which are conveyed by slow
axonal transport.

Fluorographs illustrated major differences in the amount of
57 kDa neuronal IF protein that entered regenerating sprouts
of unprimed and primed DRG neurons by slow axonal transport
(Fig. 6). The amount of radiolabeled 57 kDa IF protein clearly
was greater in the sprouts of primed DRG neurons compared
to unprimed neurons (Fig. 6). This finding consistently was made
in 6 separate experiments. In contrast to the 57 kDa IF protein,
regenerating axonal sprouts of primed DRG cells incorporated
and conveyed significantly less labeled NF protein than did
those of unprimed DRG neurons (Fig. 6; see also Oblinger et
al., 1989). The difference in the content of 57 kDa IF protein
in regenerating sprouts of primed and unprimed neurons also
was seen on 2D gel immunoblots using a polyclonal antibody
(Fig. 7). The amount of immunoreactive 57 kDa protein ob-
tained from regenerating nerve segments from primed systems
clearly was greater than that obtained from unprimed systems
(Fig. 7). This observation was confirmed in 3 separate experi-
ments. These findings suggested that increased amounts of the
57 kDa neuronal IF protein were axonally transported in re-
generating axonal sprouts of conditioned or primed DRG neu-
rons compared with unprimed neurons.

Discussion

Type III and Type IV neuronal IFs are differentially regulated
in adult neurons

Adult neurons express proteins that are products of type III and
type IV IF genes. The vast majority of neurons in the nervous
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Figure 3. Immunocytochemical lo-
calization of the 57 kDa neuronal IF
protein in control and axotomized DRG
neurons. Histological sections of con-
tralateral control L5 DRGs (4, C) and
axotomized DRGs 14 d after sciatic
nerve crush (B, D) stained using a poly-
clonal antibody to the 57 kDa protein.
Scale bars: 100 um (4, B); 10 pm (C,
D).

system express the type IV IF genes which code the NF triplet
proteins (Shaw etal., 1981; Trojanowski et al., 1986). Generally,
the level of NF expression is greatest in large-sized neurons that
project large-diameter, myelinated axons (Lasek et al., 1983)
and one of the well-studied functions of NFs in the nervous
system is the maintenance of axonal caliber (Lasek et al., 1983;
Hoffman et al., 1987). Only a subset of neurons in the adult rat,
including small neurons of the DRG and sympathetic ganglia,
some components of cranial nerves, ventral motor neurons, and
neurons in a few nuclei and regions of the CNS, express the type
III IF gene that encodes the 57 kDa protein (Leonard et al.,
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1988; Parysek and Goldman, 1988; Brody et al., 1989). With
some exceptions, cells which express the 57 kDa IF protein are
generally small neurons with small caliber, mostly unmyelinat-
ed, axons. The differential patterns of normal expression of types
Il and IV IF genes in the normal adult animal imply that the
2 types of IF genes are regulated differentially in the nervous
system.

Additional support for this idea comes from studies of injured
neurons. The axotomy paradigm has been used quite extensively
in the past few years to modulate the expression of cytoskeletal
genes in neurons. The consensus from a number of different
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laboratories studying mRNA levels in the DRG indicates that
the expression of Type IV IF (NF triplet) genes is down-regulated
after axotomy (Hoffman et al., 1987; Wong and Oblinger, 1987;
Goldstein et al., 1988; Hoffman and Cleveland, 1988; Oblinger
etal., 1989). The synthesis and axonal transport of NF proteins
is also known to be significantly reduced in axotomized neurons
(Hoffman and Lasek, 1980; Oblinger and Lasek, 1985, 1988;
Greenberg and Lasek, 1988; Oblinger et al., 1989). The findings
of the present study provide the first evidence for up-regulation
of an IF gene in regenerating neurons. In axotomized DRG
neurons, the mRNA level for the 57 kDa IF protein has been
shown to increase during the same time span in which NF
mRNAs levels are reduced. Additionally, the synthesis of the
57 kDa IF protein has been shown to increase in axotomized
DRG neurons that exhibit reduced levels of NF triplet protein
synthesis. Finally, the levels of 57 kDa IF protein in slow axonal
transport have been shown to increase significantly in regen-
erating axonal sprouts of primed (previously axotomized) DRG
neurons. Using this same paradigm for examining cytoskeletal
protein transport in regrowing axons, we have recently dem-
onstrated that significantly less NF triplet protein is transported
in regrowing axons of primed DRG neurons (Oblinger et al.,
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Figure 4. Localization of the 57 kDa

IF mRNA within L5 sensory neurons

by in situ hybridization with a 3*S-la-

beled cDNA probe. The autoradio-

grams of (4) normal control DRG neu-
® rons and (B) 14 d postaxotomy DRG
neurons were hybridized with the 57
kDa cDNA probe; slides were exposed
for 8 d. Scale bar, 10 pm.

1989). Thus, based on a number of lines of evidence, it is clear
that the 57 kDa IF protein is regulated in a direction opposite
that of the NF proteins after axotomy, supporting the hypothesis
that Type III and IV IF genes are regulated differentially in the
nervous system.

Multiple levels of regulation of the 57 kDa IF protein

Several levels of regulation of the 57 kDa IF protein have been

implicated by the results of this study. First, in sifu hybridization

experiments indicate that the expression of 57 kDa IF protein

is regulated at the mRNA level. The significantly increased

amounts of 57 kDa IF mRNA observed in large-sized DRG

neurons after axotomy could result either from a change in

transcription rate or from a change in the level of mRNA deg-

radation; these alternatives cannot be distinguished using the

in situ methodology. It is of interest that the mRNA changes
occurred only in the large-sized DRG neurons which normally

have only low levels of 57 kDa IF mRNA compared with small

DRG neurons. Second, the results of pulse-labeling experiments

indicated that the synthesis of 57 kDa protein was increased in

DRG cells after axotomy. Presumably, increased translation of
the protein is a direct result of the increase in mRNA level.
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Figure 5. Quantitation of changes in the level of 57 kDa IF mRNA
in DRG neurons 14 d after peripheral axotomy. Mean grain densities
(number of silver grains/um? of cell area) were determined for normal
large-sized DRG neurons (open bar), axotomized large-sized DRG neu-
rons (solid bar), normal small-sized DRG neurons (striped bar), and
axotomized small-sized DRG neurons (stippled bar). In all cases, only
neurons in which a clearly defined nucleus and nucleolus were present
were used for grain counting; 25-50 neurons in each size category per
DRG were counted. The average grain densities and SEM are plotted,;
n = 6 experimental and # = 4 normal ganglia. The asterisk indicates
statistical significance at p < 0.05.

Additional levels of control of the expression of the 57 kDa
IF protein are also suggested by the results of this study. In this
regard, a seeming discrepancy in the findings of immunocyto-
chemical studies and in situ hybridization studies is of interest.
After axotomy, immunocytochemical methods revealed that the
level of 57 kDa IF protein increased dramatically in both small-
and large-sized DRG neurons. However, quantitative findings
from in situ hybridization studies showed that the level of 57
kDa mRNA was significantly increased only in the large DRG
neurons. The data indicate that the small DRG neurons exhib-
ited a slight trend towards lower levels of mRNA after axotomy.
Several possible explanations for these differences can be con-
sidered. For example, translational control mechanisms may be
involved in the accumulation of 57 kDa IF protein in the small
DRG cells that did not exhibit a change in 57 kDa IF mRNA
level after axotomy. It is also possible that posttranslational
mechanisms may be involved. For example, altered posttransla-
tional processing may simply alter the immunodetectability of
the 57 kDa IF protein after axotomy. The 57 kDa protein is
known to be phosphorylated (Aletta et al., 1989), and it is pos-
sible that alterations in the level of phosphorylation might affect
the presenting epitopes such that the antibody detectability of
the protein is altered in a manner analogous to what has been
reported for NF-H in the soma of axotomized neurons (Gold-
stein et al., 1987). Alternatively, differential posttranslational
processing of the protein in axotomized and normal neurons
might increase the stability of the protein and reduce its deg-
radation in the cell body or affect its export from the soma into
the axonal transport system. Any of these possibilities could
potentially result in increased immunodetectable levels of the
protein in small DRG cell bodies in the absence of a change in
message level.

Finally, axonal transport is another possible level for control
of the 57 kDa IF protein. Results of the present study show that
the 57 kDa IF protein is a major labeled component of slow
axonal transport in regenerating axonal sprouts, reaching a level
approaching that of the NF proteins. While the transport of this
protein has not yet been studied specifically in intact axons,
examination of published data on slow axonally transported
proteins in normal adult DRG axons reveals the 57 kDa IF
protein to be a very minor labeled species compared with the
NF proteins (Oblinger, 1987; Oblinger et al., 1987). Little is
known about the local mechanisms that regulate the movement
of cytoskeletal proteins from large parent axons into the fine-
caliber regenerating axonal sprouts at an injury site. However,
recent transport experiments have suggested that certain pro-
teins may be selectively recruited into regenerating axons
(McQuarrie and Lasek, 1988). Our present results would suggest
that the 57 kDa IF protein is one protein that is selectively
recruited into axonal sprouts from parent axons.

The role of IF proteins in axonal growth

Intermediate filaments undoubtedly have important functions
in axons, but for the most part many of these functions remain
speculative. However, for the NFs, one well-characterized func-
tion is the regulation of axonal caliber (Lasek et al., 1983; Hoff-
man et al., 1987; Oblinger et al., 1989). During development,
an increase in axonal diameter is a late event in the axonal
growth process that, along with myelination, forms the matu-
ration stage of axonal development. In developing axons, a re-
lationship between increases in the number of NFs and increases
in axonal diameter has long been established (Friede and Sa-
morajski, 1970). While NF proteins have been detected in neu-
rons during early embryonic stages (Bignami et al., 1982; Co-
chard and Paulin, 1984; Carden et al., 1987), it is clear that
major increases in NF expression on both the protein level
(Shaw and Weber, 1982; Willard and Simon, 1983; Pachter and
Liem, 1984) and the mRNA level (Julien et al., 1986) occur
only during later postnatal development. Thus, while the Type
IV IF gene products may have additional important functions
during development, it appears that one major role of NFs is
in the maturational stage of axon growth.

In contrast to the NFs, the expression of vimentin, a type 111
IF gene product, appears to be a very early event in neuronal
development. For example, replicating neuroepithelial cells con-
tain vimentin but not NF proteins (Tapscott et al., 1981; Big-
nami et al., 1982; Bennett, 1987). During subsequent devel-
opment when neuroblasts are formed and neurite growth ensues,
vimentin is no longer expressed (Bignami et al., 1982; Cochard
and Paulin, 1984; Bennett, 1987). It is not yet clear whether 57
kDa expression precedes or follows the expression of vimentin
(or NFs) during early neuronal development. However, recent
studies have indicated that 57 kDa expression begins quite early
in development since the mRNA for the protein is detectable
in E10 rat embryos (Parysek et al., 1988). To progress in our
understanding of the role of type III IFs in neuronal develop-
ment and axonal growth, future studies will need to define the
details of expression of the 57 kDa IF protein relative to vi-
mentin and other IFs in developing neurons.

Regeneration studies have also provided some clues about
the role of IFs in axonal growth. For the NFs, the consensus
appears to be unanimous that high levels of NF expression are
not desirable during active axonal regeneration. In various types
of neurons examined to date, NF expression is down-regulated
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Figure 6. Axonal sprouts of primed DRG neurons convey more labeled 57 kDa IF protein by slow axonal transport than those of unprimed DRG
neurons. Fluorographs of 2D gel-separated proteins present in regenerating axonal sprouts 7 d after microinjecting L5 DRGs with **S-methionine
and crushing the peripheral L5 nerve 2-4 mm from the ganglion (test crush) are shown. 4, Unprimed DRG system. B, Primed DRG system; a
conditioning lesion of the distal sciatic nerve was made 2 weeks prior to the labeling/test crush procedure. In both conditions, the samples used
for the gels were homogenates of 10 mm segments of nerve located just distal to the test crush sites. The 57 kDa protein is indicated by the arrows;

T marks the position of the a- and g-tubulins; L, M, and H mark the position of the NF triplet proteins. Molecular-weight standards are indicated
on the far-right side of gel panel in kilodaltons.

A B

Figure 7. 2D gel-immunoblots of regenerating axons from unprimed and primed DRG neurons using a polyclonal antibody to lhe-ST kDa IF
protein. 4, Unprimed DRG system. B, Primed DRG system. Equal amounts of total protein of homogenates of 10 mm segments of nerve located

just distal to the test crush site were used for gels. Note the increase in the amount of the 57 kDa protein (arrows) relative to total protein in the
regenerating axons of primed DRG neurons. .
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after axotomy, when axonal regrowth is occurring, suggesting
that large numbers of NFs may actually hinder the active axonal
elongation process (Hoffman and Lasek, 1980; Oblinger and
Lasek, 1985, 1988; Hoffman et al., 1987; Wong and Oblinger,
1987; Oblinger et al., 1989). Support for this idea is provided
by a recent study which demonstrated an increased axonal re-
generation rate in DRG neurons that were axotomized during
a time in which NF gene expression was reduced (after priming
or conditioning lesions) (Oblinger et al., 1989). Accompanying
NF down-regulation in axotomized DRG is a reduction in the
caliber of both parent axons (Hoffman et al., 1987) and regen-
erating axonal sprouts (Oblinger et al., 1989). A return to normal
(or perhaps even increased) levels of NF gene expression results
during the late stage of axonal regeneration, when axonal mat-
uration occurs (Goldstein et al., 1988; Hoffman and Cleveland,
1988).

Our current findings of up-regulation of the 57 kDa IF protein
in axotomized DRG neurons support the idea that this protein
has an important function during active axonal elongation. In
the DRG, it is of particular interest that the major increase in
57 kDa IF protein expression occurs in the large neurons of the
DRG (which do not normally express significant levels of the
protein) during regeneration. In preliminary studies using im-
munocytochemistry, large DRG neurons in E15 rat embryos
were found to contain significant amounts of 57 kDa IF protein;
during subsequent development, the levels of 57 kDa protein
in the large neurons down-regulate to a very low level that is
maintained in the adult (L. Parysek and C. A. Ley, unpublished
observations). The up-regulation of 57 kDa IF protein expres-
sion in the large DRG cells during axonal regeneration in the
adult may be a recapitulation of the early developmental stages
when active axonal elongation occurs.

Finally, axonal transport studies suggest that the 57 kDa IF
protein has an important function in regenerating axons. The
results of the present study indicate that the 57 kDa IF protein
is a relatively abundant species in the cytoskeletal component
of transport in regenerating axonal sprouts. In contrast, exam-
ination of published profiles of proteins slowly transported in
normal axons or in intact parent axon regions of regenerating
sensory neurons (Oblinger, 1987; Oblinger et al., 1987; Oblinger
and Lasek, 1988) reveals the 57 kDa IF protein to be a very
minor labeled species compared with the major axonal cyto-
skeletal proteins: NF triplet, tubulins, and actin. This suggests
that the 57 kDa IF protein may be selectively recruited into
newly regenerating sprouts. Whether or not the 57 kDa IF pro-
tein is present in the same or different IFs as the NF proteins
remains to be determined in future studies. However, in either
event, altered amounts of 57 kDa IF relative to the NF proteins
in the cytoskeleton of regenerating axonal sprouts compared
with normal may alter the properties of the axonal cytoskeleton
in some manner. The significant up-regulation of 57 kDa expres-
sion that is observed in the present study suggests that such a
change may be beneficial to the axonal regrowth process.
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