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NGF Rescues Substance P Expression but not Neurofilament or
Tubulin Gene Expression in Axotomized Sensory Neurons

Johnson Wong and Monica M. Oblinger

Department of Cell Biology and Anatomy, The Chicago Medical School, North Chicago, lllinois 60064

A reduction in the supply of retrogradely transported NGF
has been proposed as a possible signal for the axotomy
response in dorsal root ganglion (DRG) neurons. Compo-
nents of the axotomy response that have previously been
well characterized in axotomized DRG cells include changes
in cytoskeletal gene expression and changes in the expres-
sion of neurotransmitters/neuromodulators such as sub-
stance P. In this study, we examined the role of NGF in the
axotomy response by examining protein synthesis and mRNA
levels of the low-MW neurofilament protein (NF-L) and
B-tubulin in DRG cells at 1, 7, and 12 d after axotomy with
and without continuous administration of exogenous NGF.
We also examined substance P levels in the DRG by im-
munocytochemistry under the same experimental condi-
tions. Sciatic nerves of adult male rats were unilaterally tran-
sected at the midthigh level, and the proximal nerve stumps
were placed into Silastic tubes connected to osmotic mini-
pumps that were filled with biologically active NGF. NGF (0.5
mg/ml in saline) was continuously infused (0.5 ul/hr) onto
the proximal stumps of transected sciatic nerves for 1-12
d. Control animals were prepared in an identical fashion
except that the nerves were treated with saline alone. At
death, DRGs were removed from the animals; the L4 exper-
imental DRGs (axotomized) and contralateral L4 DRGs (un-
injured) were used immediately for protein synthesis ex-
periments, while the experimental and contralateral L5 DRGs
were fixed in 4% paraformaldehyde and subsequentiy used
for in situ hybridization and immunocytochemistry. From an-
other set of experimental animals, the L4 and L5 DRGs were
harvested and used for total RNA isolation and RNA blotting
experiments. Immunocytochemical studies using a poly-
clonal antibody to substance P showed that the immunod-
etectable levels of this peptide decreased to undetectable
levels in DRG neurons after axotomy and saline administra-
tion. However, in axotomized neurons treated with NGF, the
level of immunodetectable substance P did not decrease,

Received June 7, 1990; revised Sept. 25, 1990; accepted Sept. 28, 1990.

This work was supported by NIH Grant NS-21571 to M.M.O. We thank Ron-
lang Zheng and Judy Pickett for their excellent technical assistance. We also thank
Dr. Linda Parysek and Dr. Robert Goldman for their help in assaying the bio-
activity of the NGF, Dr. Nick Cowan for the NF-L ¢cDNA probe, Dr. Steve Farmer
for the tubulin cDNA probe, and Dr. Larry Wilkin for providing the substance P
antibody.

Correspondence should be addressed to Dr. Monica M. Oblinger, Department
of Cell Biology and Anatomy, The Chicago Medical School, 3333 Green Bay
Road, North Chicago, IL 60064.

Copyright © 1991 Society for Neuroscience 0270-6474/91/110543-10$03.00/0

but instead, increased over even that present in normal DRG
neurons. Pulse labeling of DRGs with **S-methionine:
cysteine followed by 2-dimensional (2D) gel electrophoresis
and fluorography revealed that the synthesis of neurofila-
ment (NF) proteins was decreased, while that of tubulin was
increased, 12 d after sciatic nerve transection. NGF admin-
istration to axotomized neurons did not alter this pattern.
Quantitative analysis of in situ hybridizations of DRG neurons
and RNA blot analysis with cDNA probes specific for NF-L
and g-tubulin mRNAs showed that NGF treatment of axo-
tomized DRGs did not significantly affect cytoskeletal gene
expression at the mRNA level. Robust decreases in NF-L
mRNA levels and increases in g8-tubulin mRNA levels were
present to a nearly identical extent in both NGF-treated and
saline-treated DRG neurons after axotomy. These results
indicate that, while administration of exogenous NGF can
ameliorate the effects of axotomy on substance P expres-
sion, the role of NGF in regulating cytoskeletal gene ex-
pression in axotomized adult sensory neurons in vivo is not
significant.

NGF is a well-characterized trophic factor important for the
development and maintenance of sensory neurons (Levi-Mon-
talcini and Angeletti, 1968; Gorin and Johnson, 1979; Thoenen
and Barde, 1980; Johnson et al., 1986). It is now well established
that, in developing dorsal root ganglion (DRG) neurons, NGF
1s an essential survival factor and promotes the survival of
neurons that reach appropriate targets. NGF continues to be a
source of trophic support to mature DRG neurons even though
it is not strictly required by adult sensory cells for survival (Yip
et al.,, 1984; Johnson et al., 1986). NGF is produced by target
tissues, internalized at axonal endings, and transported retro-
gradely to neuronal cell bodies (Claude et al., 1982; Richardson
and Riopelle, 1984; Yip and Johnson, 1984).

In the event of an axotomy, the supply of retrogradely trans-
ported NGF is interrupted. However, NGF receptors (NGFr)
are located all along the peripheral axons of DRG neurons (Rich-
ardson and Riopelle, 1984), and Schwann cells in the distal
stump of an injured peripheral nerve begin to synthesize NGF,
NGF mRNA (Heumann et al., 1987a), and NGFr mRNA after
denervation (Heumann et al., 1987b); Taniuchi et al., 1988).
Also, evidence exists that DRG neurons can transport NGF via
their central branch axons under certain conditions (Khan et
al., 1987). Thus, it is likely that peripherally axotomized DRG
neurons continue receiving some NGF (but probably greatly
reduced amounts) by retrograde transport even in the absence
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of peripheral target connection. The loss of trophic support from
target cells has long been speculated to play a role in the neuronal
response to axotomy (Lieberman, 1971; Johnson et al., 1986).
For DRG neurons, a reduction in the level of the retrograde
supply of NGF is a potential factor in the axotomy response.

One of the known effects of NGF in mature DRG neurons is
the maintenance of substance P expression. Substance P, a mem-
ber of the tachykinin family, is an undecapeptide that functions
as a neurotransmitter/neuromodulator in a subpopulation of
DRG neurons, the small nociceptive neurons (Nicoll et al., 1980).
NGF has been shown to regulate both the level of substance P
and the level of preprotachykinin mRNA, which encodes the
substance P precursor in cultured adult DRG cells (Lindsay and
Harmar, 1989). In axotomized mature DRG neurons, the levels
of substance P and preprotachykinin mRNA have been shown
to decrease (Goedert et al., 1981; Bisby and Keen, 1986; Nielsch
etal., 1987; Nielsch and Keen, 1988). NGF treatment of axoto-
mized adult DRG neurons has been shown to reverse the ax-
otomy-induced changes in substance P levels (Fitzgerald et al.,
1985). Thus, results of a number of studies suggest that NGF
is a required effector for the maintenance of steady-state levels
of substance P levels in adult DRG cells.

NGF treatment is known to evoke a number of other bio-
chemical changes, such as protein phosphorylation and the in-
duction of expression of a number of genes (Greene and Tischler,
1982; Leonard et al., 1987; Milbrandt, 1987; Lindenbaum et
al., 1988; Cho et al., 1989). Cytoskeletal proteins appear to be
one of the targets of NGF action. For example, NGF has been
shown to upregulate the expression of neurofilament (NF) pro-
teins and NF mRNAs (Lee et al., 1982; Lee, 1985; Lindenbaum
etal., 1987, 1988) and to modulate tubulin mRNA levels (Fer-
nyhough and Ishii, 1987) in cultured pheochromocytoma PC12
cells. NGF treatment has also been shown to result in alterations
in the stability of microtubules (Black and Greene, 1982; Drubin
et al., 1985) and to stimulate certain posttranslational modifi-
cations of tubulin (Black and Keyser, 1987). At present, most
of the research on NGF effects on the cytoskeleton has been
conducted on cultured cells, and very little is known about the
effects of NGF on the neuronal cytoskeleton in adult neurons
in vivo.

The axotomy paradigm provides a good opportunity to eval-
uate the role of target-derived factors in cytoskeletal gene ex-
pression in neurons ix vivo. Significant changes in the expression
of neuronal cytoskeletal genes are known to occur in adult DRG
neurons that have been axotomized. For example, the mRNA
levels of various tubulins are upregulated after axotomy, while
those of the NF triplet proteins are downregulated (Hoffman et
al., 1987; Wong and Oblinger 1987, 1990a,b; Goldstein et al,,
1988; Hoffman and Cleveland, 1988; Oblinger et al., 1989).
These changes peak at about 14 d after axotomy and are also
reflected at the level of protein synthesis and axonal transport
(Hoffman and Lasek, 1980; Oblinger and Lasek, 1985, 1988;
Greenberg and Lasek, 1988). To learn more about the regulation
of NF and tubulin expression in DRG cells, and to examine the
potential role of NGF in cytoskeletal gene expression in vivo,
exogenous NGF was administered to the proximal stumps of
transected rat sciatic nerves, and the pharmacological potential
of NGF to ameliorate the effects of axotomy on the cytoskeleton
in adult sensory neurons was evaluated. We report our findings
that NGF replacement therapy did not reverse the axotomy-
induced changes in NF or tubulin gene expression, but did abol-

ish the axotomy-induced changes in substance P expression in
adult rat DRG neurons.

Materials and Methods

Isolation and characterization of NGF. The 2.5-S biologically active
form of NGF was purified from 200 frozen male mouse submandibular
glands (Pel-Freeze) using the rapid procedure described in Mobley et
al. (1976). Purified fractions of NGF were dialyzed against 0.9% saline
{pH, 7.4), concentrated using Centricon 10 filtration units (Amicon
Corp.), and filter sterilized (Nalgene). The concentration of the NGF
solution was measured by a standard Coomassie dye-binding assay
(Bradford, 1976) and then diluted to approximately 0.5 mg/ml. The
purity was examined by polyacrylamide gel electrophoresis in the pres-
ence of SDS (SDS-PAGE) using a 12% minigel. The gel was fixed and
stained according to Burk et al. (1983). Bioactivity of the NGF was
assessed by addition of NGF to cultured PC12 cells and confirming that
neurite outgrowth in the cells was induced (Greene and Tischler, 1982).
At the end of the experiments, remaining NGF from the osmotic mini-
pumps was assayed by SDS-PAGE.

Animals and surgical procedures. Adult male Sprague-Dawley rats
(Harlan Sprague Dawley, Indianapolis, IN) weighing 250-350 gm were
used for all experiments. All animal were acquired, cared for, and sur-
gically handled in accordance with the guidelines specified in the NIH
Guide for the Care and Use of Laboratory Animals. For surgical pro-
cedures, animals were anesthetized with a mixture of sodium pento-
barbital (27 mg/kg) and chloral hydrate (128 mg/kg); for scheduled kills,
animals were decapitated under ether anesthesia.

The right sciatic nerves of rats were transected at midthigh, and the
proximal nerve stumps were immediately placed into 1-cm-long cuffs
of Silastic tubing that were connected via smaller-diameter polyethylene
tubing to osmotic minipumps (Alzet), which were implanted subcuta-
neously on the back. The cuffs on the nerves were snug but not tight.
Before implantation, the osmotic pumps were filled with either NGF
(0.5 mg/ml) or sterile saline and primed by incubation in sterile saline
at 37°C for 2 hr. The entire length of tubing from pump to nerve stump
was filled with either NGF or saline at the time when the nerve stumps
were placed into the tubing. The pumps delivered 0.5 ul/hr of either
NFG (0.5 mg/ml) or saline in a continuous manner to the proximal
nerve stumps.

At 1,7, and 12 d after nerve transection and placement of the nerves
into the Silastic tubes, rats were decapitated, and the L4 experimental
DRGs (axotomized) and contralateral control DRGs (not transected)
were removed and immediately used for protein synthesis experiments
(see below). Experimental and contralateral LS DRGs were removed,
fixed in 4% paraformaldehyde for 2 hrs, and subsequently processed for
in situ hybridization and immunocytochemistry experiments (see be-
low). Four rats at each time point and condition were used for these
studies. In addition, a second group of rats, prepared in an identical
manner, were killed at 1, 7, and 12 d, and the experimental and con-
tralateral control L4 and L5 DRGs were removed and rapidly frozen
on dry ice for RNA isolation and RNA blotting experiments (see below).
Three rats at each time point and condition were used for the RNA
blotting studies.

Immunocytochemistry. Axotomized and contralateral control L35
DRGs from both the NGF- and saline-treatment conditions and normal
control L5 DRGs were fixed in 4% paraformaldehyde for 2 hr, rinsed
for 4 hr in phosphate-buffered saline (PBS), dehydrated, and embedded
in paraffin. Tissue blocks were sectioned at 10 um, and the histological
sections were mounted on gelatin chrome-alum-subbed slides. Slides
were stored at —20°C until used for immunostaining or in situ hybrid-
izations (below). For immunostaining, sections were deparaffinized, hy-
drated in PBS, and incubated in 4% normal goat serum (NGS) in PBS
for 1 hr. This blocking serum was lightly drawn off by suction, and
primary antiserum (rabbit polyclonal antibody to substance P; Wilkin
et al., 1983) was applied at 1:1000 dilution in PBS with 1% NGS for
24 hr at 4°C. The sections were rinsed with PBS and reacted with
biotinylated anti-rabbit IgG (1:200 in PBS) at 24°C for | hr. The sections
were rinsed with PBS and incubated for 1 hr with Vectastain Elite ABC
Reagent (avidin DH/biotinylated HRP H, 1:50 in PBS; supplied with
the ABC Elite kit from Vector Immunocytochemicals). The reaction
product was then visualized with 0.05% diaminobenzidine and 0.02%
H,0,. Slides were rinsed with water for 1 hr, dehydrated, coverslipped
with Permount, and examined by light microscopy.

In situ hybridization. Preparation of histological material was as de-



scribed above for immunocytochemistry. In situ hybridization with S-
labeled ¢cDNA probes specific for low-MW NF protein (NF-L) and
B-tubulin was performed as previously described (Wong and Oblinger,
1987, 1990a,b). Sections of experimental L5 DRGs (either NGF-treated
or saline-treated) at 1-12 d after axotomy and sections of normal con-
trols were hybridized with **S-labeled NF-L ¢cDNA (Lewis and Cowan,
1985) or B-tubulin cDNA (entire clone RBT1; Bond et al., 1984) and
washed to a final stringency of 0.5 x SSC with 5 mm DTT at room
temperature. On Northern blots of total RNA from rat DRG, the NF-L
c¢DNA hybridizes with 2.5-kb and 4-kb mRNAs, and the g-tubulin
cDNA hybridizes with a 1.8-kb mRNA (Wong and Oblinger, 1990a).
After hybridization, slides were dipped in Kodak NTB2 emulsion, dried,
and incubated in the dark for 2-8 d, and then the autoradiographs were
developed. Sections were lightly counterstained with cresyl violet, de-
hydrated, and coverslipped with Permount.

Using a computer-based image analysis system (MicroComp), the
density of silver grains overlying large-sized DRG neurons (> 1000 yum?)
was determined as described previously (Wong and Oblinger, 1987,
1990a). Only neurons with apparent nuclei and nucleoli were selected
for grain counting. At least 25 large DRG neurons from each ganglion
were randomly selected for quantification, and the average grain density
from at least 4 ganglia (100 or more cells in total) for each time point
and condition was determined. For graphical purposes, the mean grain
densities over axotomized DRG neurons were plotted as a percentage
of those in normal control DRG neurons at the different postaxotomy
times. For statistical comparisons, differences in the mean grain den-
sities of experimental versus control DRG neurons and between the
NGF-treated and saline-treated DRG neurons were assessed using the
Student’s ¢ test (p < 0.05).

Protein synthesis. For in vitro labeling of newly synthesized proteins,
the experimental and paired contralateral L4 DRGs were removed from
the animals. The ganglia were desheathed, the ventral and dorsal roots
and peripheral nerve branches were trimmed, and a colored string was
tied around the short stump of the peripheral nerve branch. A matched
pair of experimental and control DRGs (from the same animal) was
placed in a small tube containing 500 ul of a methionine- and cysteine-
free Minimal Essential Media (MEM) made using the Select-Amine Kit
(Gibco, Grand Island, NY) and allowed to equilibrate for 20 min at
37°C with bubbling 95% oxygen. The DRGs were then transferred to
500 ul of fresh MEM solution containing 500 uCi of *S-Trans-label
(**S-methionine : cysteine; ICN Radiochemicals, Irvine, CA) for 1 hr at
37°C with 95% oxygen bubbling. Next the ganglia were rinsed with PBS
and then homogenized in 0.5% SDS, 8 M urea and 2% S-mercapto-
ethanol (SUB) and centrifuged for 10 min at 17,000 x g. Aliquots of
each sample were spotted on Whatmann 3-mm filter disks, processed
through trichloroacetic acid (TCA), and counted in a liquid scintillation
counter to determine total acid-precipitable protein radioactivity.

Equal amounts of radiolabeled protein (5 x 10° dpm) from experi-
mental and contralateral control DRGs from the same animal were used
for 2-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and
fluorography as previously described (Oblinger et al., 1987). Fluorog-
raphy was done on Kodak XAR-5 film for 0.5-5 d to visualize the
labeled proteins. To quantify the level of incorporation of radioactivity
into various proteins during the pulse label, fluorographs were used as
guides to locate and excise spots from the gels. The gel pieces were
dissolved in 30% H,0, at 60°C, mixed with 5 ml of scintillation cocktail,
and counted in a liquid scintillation counter. Synthesis of NF-L (68
kDa) and the entire tubulin complex was quantified in this manner.
Data from 4 experiments (different ganglia) per time point and condition
were averaged. For graphical purposes, the mean dpm incorporated into
NF-L and tubulin in axotomized DRGs was expressed as a percentage
of that in contralateral control DRGs at the different postaxotomy times.
For statistical comparisons, differences in the mean dpm incorporated
into the various proteins in experimental versus contralateral control
DRGs and between the NGF-treated and saline-treated DRGs were
assessed using the Student’s ¢ test (p < 0.05).

RNA slot blot analysis. RNA was isolated from experimental (both
NGF-treated or saline-treated) L4 and L5 DRGs, contralateral DRGs,
and normal (untreated) DRGs by the acid guanidinium thiocyanate-
phenol-chloroform extraction method (Chomcyznski and Sacchi, 1987).
Two ug of total RNA were loaded into wells of a slot blot apparatus
{(American Bionetics) and vacuum filtered onto Nytran membranes
(Schleicher & Schuell) according to manufacturer’s instructions. The
membranes were baked in a vacuum oven at 80°C for 2 hr and then
hybridized sequentially to ?P-labeled cDNA probes to NF-L (Lewis
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Figure 1. Immunocytochemistry of DRG neurons using polyclonal
antibody against substance P. The panels show a normal control DRG
(A), a saline-treated DRG at 12 d after axotomy (B), and a NGF-treated
DRG at 12 d after axotomy (C). Note the disappearance of immuno-
reactivity in the saline-treated axotomy condition and the marked in-
crease in staining of NGF-treated axotomized neurons.

and Cowan, 1985) and §-tubulin (Bond et al., 1984). Final stringency
of the washes was 0.1 x SSC with 0.1% SDS at 40°C. After each hy-
bridization, autoradiographs were made by exposing Kodak XARS film
to the blots for 1-4 d. To strip labeled probes from the blots prior to
hybridization with the next probe, blots were immersed in boiling water
with 0.1% SDS for 5 min.
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Figure 2. Fluorographs of 2D gels showing DRG proteins labeled during 1-hr pulse-label with **S-methionine : cysteine in vitro. Labeled proteins
in a contralateral control L4 DRG (/eff) and an NGF-treated axotomized L4 DRG at 12 d postaxotomy (right) are shown. The positions of 2 of
the NF proteins (<nf) and tubulins (7) are indicated. The horizontal bars to the right of the gel panels correspond from top to bottom, to the

following MW standards: 200, 97, 68, 57, 43, and 14 kDa.

Results

NGF treatment increases the immunodetectable level of
substance P in axotomized DRG neurons

Immunocytochemistry of sections of normal, untreated rat DRG
neurons with a polyclonal antibody against substance P showed
light staining of a number of small-sized neurons and dark stain-
ing of only a few neurons in each section (Fig. 14). Two types
of axotomized preparations were next examined: saline-treated,
transected DRGs and NGF-treated, transected DRGs. In both,
the right sciatic nerves were transected at the midthigh level,
and the proximal nerve stumps were continuously infused with
either NGF or saline via osmotic minipumps for periods of 1-
12 d. In axotomized preparations treated with saline for 12 d,
no detectable staining of neurons for substance P was found
(Fig. 1B). At 1 d after axotomy and saline treatment, a few
substance P-positive cells were observed, but by 7 d after ax-
otomy, no staining was observed in any of the animals examined
(data not shown). In contrast, NGF treatment of axotomized
DRG neurons resulted in a dramatic increase in the immuno-
detectable levels of substance P by 12 d (Fig. 1C). Many more
small neurons were stained in the NGF-treated preparations
compared to normal. The intensity of staining in the NGF-
treated, axotomized preparations was considerably darker than
that of normal, untreated control neurons (Fig. 1). Increases in
substance P immunoreactivity in DRG cells were also observed
7 d after axotomy coupled with NGF treatment, but the level
of increase was not as robust as that present at 12 d (data not

shown). These results indicated that NGF treatment not only
rescued substance P levels in axotomized DRG neurons, but
that it also augmented the levels of immunodetectable substance
P over those present normally in the DRG.

NGF administration to axotomized DRGs does not alter NF-L
or tubulin synthesis

Protein synthesis was examined in experimental (either NGF-
treated or saline-treated) and contralateral control DRGs 1, 7,
and 12 d after axotomy. The level of synthesis of NF proteins
and tubulin was assessed using quantitative 2D-PAGE/fluorog-
raphy after a 1-hr in vitro pulse label of the DRG. Fluorographs
revealed that the synthesis patterns in axotomized, NGF-treated
DRGs (Fig. 2) were nearly identical to those in axotomized,
saline-treated DRGs (not shown). In both cases, decreases in
the labeling of the NF proteins and increases in labeling of the
tubulins were present in the axotomized preparations compared
to contralateral controls. Figure 2 shows representative exam-
ples of the protein synthesis patterns at 12 d postaxotomy in an
NGF-treated, axotomized DRG and its contralateral control.
The level of incorporation into both NF-L (~68 kDa) and me-
dium-MW NF protein (NF-M; ~ 145 kDa) was markedly less
in the axotomized DRG than in the control DRG (Fig. 2). The
synthesis of the high-MW NF protein (NF-H) was not specifi-
cally examined in the present study for the following reason.
NF-H is known to undergo extensive posttranslational modi-
fication that affects its migration on 2D gels (Oblinger, 1987).
The nascent unmodified NF-H protein that is present after a
1-hr pulse-labeling experiment was not consistently resolved



sufficiently within the pH range of the 2D gels used in the present
study.

Quantification of protein synthesis was done by excising the
NF-L and tubulin proteins from the 2D gels using the fluoro-
graphs as guides, dissolving the gel pieces, and determining their
radioactivity by liquid scintillation counting. Synthesis of NF-L
and tubulin in axotomized DRGs at different times after ax-
otomy was expressed as a percentage of that in contralateral
control DRGs (Fig. 3). In saline-treated axotomized DRGs,
tubulin synthesis was 150% of contralateral controls at 7 d after
axotomy, while NF-L synthesis was reduced to 66% and 63%
of control at 7 and 12 d, respectively (Fig. 34). In NGF-treated,
axotomized DRGs, tubulin synthesis was 123% of control at 7
d, and NF-L synthesis was 67% and 43% of control at 7 and 12
d, respectively (Fig. 3B). The changes were quite consistent in
4 separate experiments using different animals. Statistical com-
parisons of the mean radioactivity (dpm) incorporated into NF-L
and tubulin proteins in the different conditions showed that,
while axotomy had a significant effect on the synthesis of NF-L
at 7 and 12 d postaxotomy in both in the NGF- and the saline-
treatment conditions (p < 0.05), no significant differences in the
level of synthesis of NF-L or tubulin existed between NGF- and
saline-treatment conditions. These results demonstrated that
NGF did not ameliorate the axotomy-induced changes in NF
and tubulin synthesis in DRG neurons.

NGF has no effect on the time course of changes in NF-L and
B-tubulin mRNA levels in axotomized DRG neurons

In situ hybridization with *S-labeled cDNA probes was used
to examine NF-L and g-tubulin mRNA levels in large-sized
(> 1000 um? DRG neurons at different times after axotomy
and either NGF or saline treatment. Visual comparisons of
autoradiograms of NGF-treated, axotomized neurons and sa-
line-treated, axotomized neurons at 12 d postaxotomy showed
a marked reduction in NF-L. mRNA levels (a reduced number
of silver grains over neuronal cell bodies) and a robust increase
in B-tubulin mRNA levels in the injured neurons compared to
normal controls (Fig. 4). The examples shown are randomly
selected neurons. In all ganglia, some of the axotomized neurons
exhibited a substantial change in labeling, while other neurons
showed more modest alterations.

Quantification of the mean grain densities of at least 100 large-
sized DRG neurons per postaxotomy time point and treatment
condition using a computer-based image analysis system was
done to determine the changes in NF-L and 8-tubulin mRNA
levels. The data for mRNA levels in axotomized neurons were
expressed as a percentage of those in normal control neurons
(Fig. 5). NF-L mRNA levels were 51% of normal in NGF-
treated neurons (Fig. 5B) and 65% of normal in saline-treated
neurons (Fig. 54) at 12 d postaxotomy. The 8-tubulin mRNA
levels were 202% of normal in NGF-treated neurons (Fig. 5B)
and 170% of normal in saline-treated neurons (Fig. 54) at 12 d
postaxotomy. Statistical comparisons of the various conditions
revealed that the mean grain densities for NF-L in NGF-treated
neurons were significantly lower than those in control neurons
at 7 and 12 d postaxotomy (z < 0.05), while the levels of labeling
for g-tubulin mRNA in the NGF-treated neurons at 1, 7, and
12 d after axotomy were significantly greater (p < 0.05) than
those in controls (data not shown). This was also true for the
saline-treatment condition. Comparison of the level of labeling
of NGF-treated, axotomized DRG neurons versus saline-treat-
ed, axotomized neurons revealed no statistically significant dif-
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Figure 3. Quantification of synthesis of NF-L and tubulin proteins in
DRGs from 1 to 12 d after axotomy and either saline (4) or NGF (B)
treatment. DRGs were labeled with *S-methionine : cysteine in vitro
for 1 hr, and proteins were separated by 2D-PAGE. NF-L and §-tubulin
proteins were excised from 2D gels using fluorographs as guides, and
the radioactivity in each was determined by liquid scintillation counting.
The mean protein radioactivity (dpm) incorporated into NF-L or tu-
bulin in experimental (axotomized) DRGs is expressed as a percentage
of that in contralateral control DRGs (EX/CON). The open bars show
changes in the labeling of NF-Lat 1 (n=4),7(n=4),and 12d (n =
4) after axotomy. The hatched bars show changes in the relative level
of tubulin synthesis of experimental-versus contralateral control DRGs
at 1 (n=4), 7 (n = 4), and 12 d (n = 4) after axotomy. Error bars
represent SEM.

ferences between these treatment conditions at any postaxotomy
time. These results demonstrated that administration of exog-
enous NGF did not alter the axotomy-induced changes in NF-L
or tubulin mRNA levels in DRG neurons.

RNA slot blots were also used to examine the levels of NF-L
and g-tubulin mRNAs in axotomized DRG neurons (Fig. 6).
For these experiments, total RNA was isolated from experi-
mental DRGs at different times after axotomy and NGF treat-
ment or saline treatment, from contralateral control DRGs from
each of the treatment groups, and from normal control DRGs.
Equal amounts of RNA from the various conditions were blot-
ted onto nylon membranes, and the relative abundance of NF-L
and tubulin mRNA in the various conditions was assessed on
autoradiograms following hybridizations with 32P-labeled cDNA
probes. Blots were done in triplicate using pooled total RNA
obtained from DRGs from 3 rats per postaxotomy time point
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Figure 4. Localization of NF-L and g-tubulin mRNAs within sensory neurons by in sifu hybridization with **S-labeled cDNA probes. The
autoradiograms of normal control DRG neurons (a), saline-treated neurons (12 d after axotomy; b), and NGF-treated neurons (12 d after axotomy;
¢) were obtained from sections of DRGs hybridized with a 3S-labeled NF-L cDNA probe and exposed for 3 d. In the Jower row of panels, the
autoradiograms were obtained from sections of normal control neurons (d), saline-treated axotomized neurons (12 d after axotomy; e), and NGF-
treated axotomized neurons (12 d after axotomy; f) that were hybridized with a labeled S-tubulin cDNA and exposed for 4 d.

and condition. The results were quite similar to those obtained
in the in situ hybridization experiments. As shown in Figure 6,
autoradiograms of slot blots showed that NF-L mRNA levels
in axotomized DRGs (either NGF-treated or saline-treated) were
reduced compared to the levels in contralateral control and
normal control DRGs at 7 and 12 d postaxotomy (Fig. 6, top).
At these same time points, 8-tubulin mRNA levels in axoto-
mized DRGs were increased over control levels (Fig. 6, bottom).
These results supported those from in situ hybridization exper-
iments and showed that administration of exogenous NGF to
axotomized DRG neurons did not ameliorate the injury-in-
duced changes in NF or tubulin gene expression.

Discussion

The importance of NGF as a trophic factor for sensory neurons
in the adult animal has been somewhat unclear. During early
development, it is well established that DRG neurons are de-
pendent on NGF for survival (Levi-Montalcini and Angeletti,
1968). However, unlike sympathetic neurons, which exhibit
continued NGF dependence for both survival and maintenance
of normal differentiated features for the life of the animal (Levi-
Montalcini and Angeletti, 1968; Thoenen and Barde, 1980; Ruit
et al., 1990), most adult DRG neurons are no longer strictly
dependent on NGF for survival (Johnson et al., 1986). However,



sciatic nerve transection in adult rats reportedly causes cell losses
of 9-19% in lumbar DRGs by 30 d and losses of 30-40% after
3 months (Arvidsson et al., 1986). A single dose of NGF ad-
ministered via an implanted silicone tube around the nerve
stump reportedly prevents cell losses for 4 weeks after nerve
transection (Oftto et al., 1987). Thus, some limited contribution
of NGF towards survival of adult sensory neurons cannot yet
be ruled out. The presence of receptors for NGF in mature DRG
neurons (Richardson et al., 1986) and evidence that NGF is
retrogradely transported by mature DRG cells (Richardson and
Riopelle, 1984) also suggest that NGF is important in some way
to adult sensory neurons. NGF may be necessary for maintain-
ing various aspects of biochemical, morphological, and func-
tional homeostasis in adult sensory neurons.

The axotomy model has often been used to explore the role
of target-derived trophic factors in neuronal metabolism and
function. A number of neuronal responses to axotomy have been
well characterized, but the signal(s) for these responses are still
unclear (Lieberman, 1971). One class of axotomy-induced re-
sponses is the downregulation of neurotransmitter/neuromodu-
lator molecules such as substance P. It is now fairly well estab-
lished that NGF is involved in regulating substance P expression
(Goedert et al., 1981; Fitzgerald et al., 1985; Lindsay and Har-
mar, 1989). Substance P levels are increased in the DRG in rats
treated with NGF and decreased in the DRG when rats are
exposed to NGF antibodies (Kessler and Black, 1980; Otten et
al., 1980). In animals deprived of NGF by an autoimmune
paradigm, substance P levels in the DRG are also substantially
reduced (Schwartz et al., 1982). When the retrograde transport
of NGF is disrupted by axotomy, substance P expression in
DRG cells had been shown to be downregulated (Miller et al.,
1982; Schwartz et al., 1982; Fitzgerald et al., 1985; Bisby and
Keen, 1986; Nielsch and Keen, 1988). NGF replacement ther-
apy in axotomized neurons can substantially increase substance
P levels in axotomized DRG cells (Fitzgerald et al., 1985).

In the present study, we exploited substance P as a positive
control for our NGF administration paradigm. In axotomized
DRG neurons treated with exogenous NGF by osmotic mini-
pumps for 12 d, we found that NGF replacement prevented the
downregulation in substance P levels seen in saline-treated ax-
otomized DRG neurons. In addition, NGF administration ac-
tually caused an increase in the level of substance P in axoto-
mized neurons over that found in normal, untreated control
neurons. From our present results, we do not know where NGF
is acting to regulate substance P expression. However, recent
findings indicate that substance P levels are regulated at a pre-
translational level by axotomy. That is, axotomy lowers both
the level of the substance P peptide and the levels of the pre-
protachykinin mRNA in DRG cells (Nielsch and Keen, 1988).
Future studies will reveal whether or not NGF administration
is also effective in rescuing the mRNA levels of the substance
P precursor in DRG neurons. Our results support previous find-
ings that NGF is essential for substance P expression in the
DRG. Important to the remainder of the study, they also dem-
onstrate that the NGF administration paradigm used in this
study is quite effective.

Another well-studied class of axotomy-induced responses is
the set of changes in expression of cytoskeletal proteins. Previous
studies have demonstrated major changes in the expression of
NF proteins, tubulin, actin, and their associated mRNA species
in axotomized DRG neurons (Oblinger and Lasek, 1985, 1988;
Hoffman et al., 1987; Wong and Oblinger 1987, 1990a,b; Gold-
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Figure 5. Quantification of NF-L and 8-tubulin mRNA changes in
saline-treated (4) and NGF-treated (B) axotomized neurons by in situ
hybridization. The hatched bars represent data for NF-L mRNA changes,
and the solid bars represent data for g-tubulin mRNA changes. The
average experimental versus control values are plotted as percentages.
To derive these values, mean grain densities (average number of silver
grains per um? of cell area) were determined from 4 experimental ganglia
per treatment condition and from 3 untreated normal control ganglia.
In each case, grain density measurements were made of 25 randomly
selected neurons per ganglion, and only large neurons (>1000 ym?) in
which a clearly defined nucleus and nucleolus were present were used
for grain counting.

stein et al., 1988; Greenberg and Lasek, 1988; Hoffman and
Cleveland, 1988; Oblinger et al., 1989). In the present study,
NGF replacement therapy to axotomized DRG neurons was
done to examine the hypothesis that a reduction in the retro-
grade supply of NGF is involved in the cytoskeletal protein
changes that occur in axotomized DRG neurons. This hypoth-
esis was derived from consideration of a number of previous
observations that suggested that NGF is important in regulating
cytoskeletal protein expression. For example, NGF increases
the expression of NF proteins and their mRNAs (Lee et al.,
1982; Lee, 1985; Lindenbaum et al., 1987) and modulates tu-
bulin mRNA levels (Fernyhough and Ishii, 1987) in cultured
PC12 cells. Alterations in the stability of microtubules (Black
and Greene, 1982; Drubin et al., 1985) and posttranslational
modifications of tubulin (Black and Keyser, 1987) also result
after NGF administration. While it seemed plausible that de-
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creases in the level of retrogradely supplied NGF are involved
in the cytoskeletal response to axotomy, the results of the present
study refuted this hypothesis.

Our pulse-labeling studies showed that both NGF-treated and
saline-treated axotomized DRGs had very similar profiles with
respect to NF and tubulin synthesis. DRGs in both conditions
showed equivalent reductions in NF-L synthesis and similar
increases in tubulin synthesis. At the mRNA level, NGF-treated
and saline-treated axotomized DRG neurons also showed sim-
ilar changes—decreases in NF-L mRNA and increases in §-tu-
bulin mRNA levels. Although our overall conclusion is that
NGF treatment does not prevent the changes in cytoskeletal
gene expression in axotomized DRG neurons, we cannot yet
exclude the possibility that cytoskeletal gene expression was
rescued in small-sized DRG neurons because we examined by
in situ hybridization the mRNA levels of NF and tubulin in
only the large-sized DRG cell population. The small-sized DRG
neurons normally express only low levels of NF mRNAs (Hoff-
man et al., 1987, Wong and Oblinger, 1987) but do contain
significant levels of tubulin mRNA (Hoffman et al., 1987; Wong
and Oblinger, 1990a). We consider it unlikely that we would
not have detected some evidence of rescue of tubulin expression,
if such a change occurred in a significant number of small neu-
rons, by our RNA blot experiments. However, the detailed anal-
yses of small-sized DRG neurons by in situ hybridization remain
to be done to resolve this question.

In contrast to our present findings on large-sized DRG neu-
rons, Verge et al. (1990) recently suggested that NF-M mRNA
levels may be rescued in a small number of large-sized DRG
neurons that were axotomized and treated with NGF. In that
study, a small subpopulation of axotomized DRG neurons that
had both high levels of NF-M mRNA expression and significant
levels of high-affinity NGF receptors showed a tendency for
recovery of NF-M mRNA levels after NGF treatment. The
investigators demonstrated in that study that the factors regu-
lating expression of the genes for the NGF receptor and the NF
proteins seem to be largely independent of one another because
no correlation could be established between the expression NF-M
mRNA and NGF binding in the adult rat DRG. This, coupled
with the very small number of DRG cells apparently rescued
by NGF, suggests that the rescue of these cells may simply have
been a fortuitous event, rather than one that has general bio-
logical significance. The fact that we did not detect a change in
our present study using 3 different methods of assessing NF and
tubulin expression in the DRG supports this contention.

The mechanism of action of NGF in cells is still unclear.
Studies of PCI12 cells have shown that the effects of NGF are
at both transcriptional and posttranscriptional levels and are
produced indirectly via second messengers (Traynoretal., 1982;
Bellini et al., 1988; Cho et al., 1989). The effects of NGF on
cultured cells can be mimicked by phorbol ester derivatives and
calcium ionophores (Doherty et al., 1988), and the ability of



NGF to induce neurites in PC12 cells can be enhanced by di-
butyryl cAMP (Heidemann et al., 1985). Because many second
messengers activate kinases, the effects of NGF may be mediated
by phosphorylation of gene regulatory proteins. Recently, 2 re-
ports have shown that one of the genes rapidly induced by NGF
codes for a transcription initiation factor (Milbrandt, 1987; Cho
et al., 1989). Cytoskeletal proteins and substance P are not in
the family of genes that change their expression rapidly after
NGF treatment. Preprotachykinin mRNA levels in DRG cul-
tures, for example, are not noticeably increased until 24 hr after
NGF stimulation (Lindsay and Harmar, 1989). The mechanism
of regulation of genes that are more slowly responsive to NGF
is completely unknown, and elucidation of this will be an im-
portant goal in future studies.

The search for factors that trigger and maintain various as-
pects of the axotomy response in neurons continues. It is clear
that axon-target interactions must ultimately play a role in
maintaining normal levels of protein expression in neurons.
However, the role of target-derived trophic factors such as NGF
is undoubtedly complex. NGF may play an important role in
the axon regeneration process by being both a haptotactic agent
(Taniuchi et al., 1988) and a chemotactic agent (Ebendal et al,,
1983; Larkfors et al., 1987). However, a reduction in the level
of retrograde supply of NGF is clearly not the only axotomy-
induced signal that DRG neurons recognize. With respect to the
robust response of the cytoskeletal genes in axotomized neurons,
it is now clear that exogenous NGF does not ameliorate the
response. The results of the present study suggest that NGF has
a negligible role in the regulation of cytoskeletal genes in mature
axotomized neurons in vivo.
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