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A Comparison of Peripheral and Central Axotomy Effects on
Neurofilament and Tubulin Gene Expression in Rat Dorsal

Root Ganglion Neurons

Johnson Wong and Monica M. Oblinger

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

The expression of major cytoskeletal protein mRNAs was
studied in adult rat dorsal root ganglion (DRG) neurons after
crushing either their central or peripheral branch axons. mRNA
levels in DRG neurons were examined by quantitative in situ
hybridization with radiolabeled cDNA probes specific for the
low-molecular-weight neurofilament protein (NF-L) and
B-tubulin. The large-sized (> 1000 um?) neurons which give
rice to myelinated axons in lumbar ganglia (L4 and L5) were
studied 1 d through 8 weeks after either dorsal root or sciatic
nerve crush. NF-L and S-tubulin mRNA levels in axotomized
DRG neurons were compared to those in contralateral control
DRG neurons, as well as to those in normal (completely un-
treated) DRG cells. In the case of NF-L mRNA, changes were
observed after central as well as peripheral branch axotomy
and the time course and magnitude of changes were similar
after both types of axotomy. NF-L mRNA levels initially de-
creased (first 2 weeks after crush) and then began to return
towards control levels at longer survival times. Similar, but
less pronounced, changes in NF-L mRNA levels also oc-
curred in contralateral DRG neurons (which were uninjured);
the changes in contralateral neurons were not simply a result
of surgical stress since no changes in NF-L mRNA levels
were observed in sham-operated DRG neurons. In the case
of tubulin mRNA, changes were observed after central as
well as peripheral branch axotomy by in situ hybridization,
but the time course and magnitude of changes were different
after each type of axotomy. 8-Tubulin mRNA levels initially
increased (first 2 weeks after axotomy) in DRG neurons after
either type of axotomy; however, the magnitude and duration
of the increase were less after central than after peripheral
branch crush. Also, while tubulin mRNA levels in DRG cells
eventually recovered following peripheral axotomy, the levels
dropped and remained substantially below control values 4-
8 weeks after dorsal root crush. No changes in tubulin mRNA
levels were observed in sham-operated neurons. The results
of these studies indicate that a robust cytoskeletal gene
response occurs in DRG cells after central as well as after
peripheral branch axotomy and demonstrate that the DRG
cell recognizes a signal induced by dorsal root axotomy and
is capable of mounting a specific molecular response.
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It is widely believed that gene expression in a neuron can be
influenced by the disposition of the end of its axon. For cyto-
skeletal genes, compelling support for this idea has come from
axotomy studies. For example, within a week or two of crushing
or transecting a peripheral nerve, the levels of neurofilament
(NF) protein mRNAs in the axotomized neurons decrease (Hoff-
man et al., 1987; Wong and Oblinger, 1987; Goldstein et al.,
1988), while those of tubulin increase (Hoffman and Cleveland,
1988; Koo et al., 1988; Pearson et al., 1988; Miller et al., 1989;
Oblinger et al., 1989). During a similar initial interval after
axonal disconnection, the synthesis and transport of NF and
tubulin proteins change in a manner consistent with the changes
in mRNA levels (Hoffman and Lasek, 1980; McQuarrie, 1983;
Oblinger and Lasek, 1985, 1988; Greenberg and Lasck, 1988;
Oblinger et al., 1989). Conditioning lesion studies have sug-
gested that this altered program of cytoskeletal gene expression
facilitates regeneration by promoting a faster rate of axon elon-
gation (Oblinger and Lasek, 1984; Oblinger et al., 1989). Pre-
sumably, a return to steady-state levels of NF and tubulin gene
expression occurs when the regenerating neuron completes its
active phase of axon elongation and establishes a new axonal
ending in relation to an appropriate target. In support of this
idea, recent studies have shown that cytoskeletal protein syn-
thesis (Greenburg and Lasek, 1988) and NF mRNA levels (Hoff-
man et al., 1987) return to normal at longer intervals after nerve
crush when axonal regeneration has been completed. These find-
ings have led to the hypothesis that cytoskeletal gene expression
is modulated by interactions between neurons and their targets
via materials that are retrogradely transported to the neuronal
cell body from the axon tip (Hoffman et al., 1987; Greenburg
and Lasek, 1988).

The dorsal root ganglion (DRG) neuron provides a unique
system in which to study the effects of removing the axon ter-
minal on cytoskeletal gene expression because these cells nor-
mally maintain 2 different axons that end in relation to very
different target cells. The stem axon of adult DRG neurons
bifurcates into a central and a peripheral axonal branch. Pe-
ripheral branch DRG axons course through peripheral nerves
and end in a number of specialized configurations that serve as
sensory receptors in various tissues (such as neuromuscular
spindle organs, Golgi tendon organs, free nerve endings in skin,
various encapsulated endings in skin, etc.). Central branch DRG
axons course through the dorsal root and ultimately end as
synaptic terminals on neurons in the CNS. Because of this ar-
rangement, axotomy of the central branch would deprive the
DRG cell of a different set of target-defined interactions than
would peripheral axotomy. Also, while peripheral branch DRG
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axons regenerate efficiently and reestablish normal axon—target
cell interactions after crush axotomy, central branch DRG axons
do not. Central branch axons do sprout and elongate through
the dorsal root after crush axotomy (Oblinger and Lasek, 1984),
but they stop growing when they reach the spinal cord entry
zone and, thus, do not reestablish connections with their original
CNS target neurons (Bignami et al., 1984; Liuzzi and Lasek,
1987). However, it is of interest that regenerating central branch
axons often end as structures resembling presynaptic terminals
on astroglia at the CNS—dorsal root junction (Liuzzi and Lasek,
1987). Since such abnormal axoglial endings are devoid of NFs
and microtubules, it has been suggested that they serve some
of the functions of normal axonal endings (Liuzzi and Lasek,
1987).

Some controversy exists over the question of whether removal
of the central branch axon affects DRG cell metabolism in the
same manner as does peripheral branch axotomy. Studies of
DRG neurons from different species documented major mor-
phological changes in the DRG cell body (chromatolysis) after
peripheral axotomy that were largely absent after central axoto-
my (Carmel and Stein, 1969; Cragg, 1970; Lieberman, 1971).
Biochemical studies have been both negative (Perry and Wilson,
1981; Hall, 1982; Oblinger and Lasek, 1988) and affirmative
(Greenburg and Lasek, 1988) on the question of whether cy-
toskeletal protein synthesis and/or axonal transport is altered
in DRG neurons after dorsal root lesions. At present, no infor-
mation is available about the DRG cell response to central
axotomy at the mRNA level. Do changes in NF and tubulin
mRNA levels occur in DRG cells after central axotomy, and,
if s0, is the time course and magnitude of change different from
the peripheral axotomy response? If a response to central crush
does occur at the mRNA level, does it recover in spite of per-
manent disconnection of central axons with their original tar-
gets? The present study addressed these questions using quan-
titative in situ hybridization of rat DRG neurons with NF and
tubulin cDNA probes.

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.

Unilateral nerve crushes of either the sciatic nerve at 50-55 mm from
the fifth lumbar (L5) DRG (peripheral axotomy site) or the L5 dorsal
root at 5-8 mm from the DRG (central axotomy site) were made as
described previously (Oblinger and Lasek, 1984, 1988). At 1, 5-7, 14,
28, and 56 d after axotomy, rats were overdosed with ether, and the
experimental (axotomized) and contralateral control L5 DRGs were
removed. For each time point and condition in the axotomy experi-
ments, 2-9 rats were prepared and used for in siti hybridization studies.
In addition, L5 DRGs from 4 normal rats were harvested and used as
normal (untreated) controls and 3 additional rats provided 14 d sham-
operated DRGs for the in situ studies. For the sham surgeries, the right
sciatic nerve was surgically exposed (but not crushed), the incision was
sutured, and the rats allowed to survive 14 d after the sham surgery, at
which point the L5 ganglia were harvested.

In situ hybridization. Ganglia were fixed by immersion in 4% para-
formaldehyde for 1-3 hr, rinsed for 2 hr in PBS, dehydrated in graded
ethanols, and embedded in paraffin. The ganglia were sectioned at 10
pm, mounted on chrome-alum gelatin-coated slides stored at —20°C
until used for hybridization. I'n situ hybridization of the sections with
35§-labeled cDINA probes was done as described previously (Wong and
Oblinger, 1987). The probes included a cDNA specific for NF-L mRNA
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Figurel. Autoradiogram of an RNA blot illustrating the hybridization
of NF-L and tubulin ¢cDNA probes to specific mRNA species in the
DRG. The NF-L probe (4) recognized a 4.0 and a 2.5 mRNA species,
and the tubulin probe (B) recognized a 1.8 kb mRNA species. In these
blots, 10 pg/lane of total RNA isolated from normal DRGs was run on
a 1% agarose gel, transferred to Nytran membranes, and hybridized with
32P-labeled cDNA probes. The autoradiograph was exposed for 2 d with
an intensifying screen at —70°C. The positions of the ribosomal markers
are indicated on the right side of the figure.

(Lewis and Cowan, 1985) and a cDNA for a §-tubulin mRNA (RBT.1;
Bond et al., 1984). After hybridization, the sections were washed to a
final stringency of 0.5 x standard saline citrate (SSC) at 24°C, dehydrated
through an increasing series of ethanols/300 mm ammonium acetate,
pH 5.3, dried, dipped into 37°C Kodak NTB2 emulsion (diluted 1:1
with 600 mm ammonium acetate), and stored at 4°C in the dark for 2-
7 d. After development, the sections were lightly stained with cresyl
violet, coverslipped with Permount, and examined under the light mi-
croscope.

The autoradiograms were quantitatively evaluated by determining
the density of silver grains over DRG neurons in which a clearly defined
nucleus and nucleolus were present using a computer-based image anal-
ysis system as described previously (Wong and Oblinger, 1987). Mea-
surements 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. Only
large-sized DRG neurons, defined as those cells having a cross-sectional
area of >1000 um? were examined. From each ganglion, grain counts
from 25—40 neurons were obtained and mean grain density values were
determined by averaging. Data for each of the experimental conditions
were expressed as mean ratios of the grain density values of experimental
versus control neurons. Both contralateral controls and normal untreat-
ed controls were used to evaluate the experimental effect at each post-
axotomy time point.

RNA blots. Total RNA was isolated from normal DRGs as described
(Chomcyznski and Sacchi, 1987). RNA (10 ug/gel lane) was separated
by electrophoresis on 1% agarose gels in the presence of formaldehyde
(Ausubel et al., 1987) and blotted onto Nytran membranes (Schleicher
and Schuell). The blots were hybridized with **P-labeled cDNA probes
to NF-L and $-tubulin as described (Ausubel et al., 1987) and washed
to a final stringency of 0.5 x SSC with 0.1% SDS at 25°C. Autoradio-
graphs were made by exposing Kodak XARS5 film to the blots for 1-2
d. The autoradiographs were used to confirm that each of the cDNA
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Figure 2. Autoradiograms of DRG cells hybridized in situ with a S-labeled cDNA probe to NF-L. 4, Contralateral control DRG cells at 14 d;
B, axotomized DRG ceils 14 d after central branch crush; C, contralateral control neurons at 56 d; D, axotomized DRG cells 56 d after central

branch crush.

probes hybridized to specific and unique mRNA species in the DRG.
The NF-L probe recognized a 4.0 and a 2.5 mRNA species and the
tubulin probe recognized a 1.8 kb mRNA species in the DRG (Fig. 1).

Results

Effects of central versus peripheral axotomy on NF-L mRNA
levels in DRG cells
In situ hybridizations of histological sections of DRG neurons
with a *S-labeled cDNA probe were done to compare the effect
of dorsal root crush with that of sciatic nerve crush on NF-L
mRNA levels 1-56 d after axotomy. Visual comparisons of
autoradiograms revealed that central and peripheral axotomy
produced similar patterns of change in NF-L mRNA levels.
These changes included a progressive reduction in the labeling
of axotomized neurons during the first 2 weeks after axotomy
followed by recovery towards normal levels of labeling at longer
times after the crush (examples at 2 and 8 weeks after dorsal
root crush are shown in Fig, 2). Qualitatively, the autoradio-
grams obtained after sciatic nerve crush (examples not shown)
were indistinguishable from those obtained after dorsal root
crush.

Autoradiograms were quantitatively evaluated using a com-
puter-based image analysis system to assess the magnitude of

changes in NF-L mRNA levels that occurred after central and
peripheral branch axotomy. The mean grain densities of large-
sized (>1000 pm?) DRG neurons were determined at different
times after dorsal root or sciatic nerve crush. Two different types
of controls, contralateral ganglia at each time point and normal
(untreated) ganglia, were examined and the data expressed as
ratios (experimental : contralateral control and experimental :
normal control; Fig. 3). This analysis confirmed that the changes
in NF-L mRNA levels resulting after central axotomy (Fig. 34)
were quite similar to those that occurred after peripheral axoto-
my (Fig. 3B). After either type of axotomy, NF-L. mRNA levels
in large neurons decreased during the first 2 weeks and then
increased towards control levels during weeks 4-8 after nerve
crush.

An interesting finding was that the relative magnitude of re-
duction in NF-L mRNA levels in axotomized DRG neurons
was more pronounced when experimental neurons were com-
pared to normal, untreated controls rather than to contralateral
control neurons (Fig. 3). For example, the NF-L mRNA level
in axotomized neurons 14 d after peripheral crush was about
35% of that in normal DRG cells but only 63% that in paired
contralateral control DRG neurons (Fig. 3B). This difference
was due to a reduction in the labeling of the contralateral control



2218 Wong and Oblinger - Cytoskeletal Gene Expression in DRG

A. Central axotomy

1.2
1.0
N —L./\‘

Relative NF-L mRBRNA levels

0.6 1

0.4 1

0-2 T 1 1 ¥ 4 1 L) ]
0 7 14 21 28 35 42 49 56

Time after axotomy (days)

B. Peripheral axotomy

®

S

H 1.2 -

<  1.0-

Z

(oS

£ 0.8-

-

R X

Z

o 04-

2

et

% 0-2 T | 1 T ] ] 1 1
o« 0 7 14 21 28 35 42 49 56

Time after axotomy (days)

Figure 3. Quantitation of changes in the level of NF-L mRNA in large
DRG neurons as a function of time after (4) central branch axotomy
(dorsal root crush) and (B) peripheral branch axotomy (sciatic nerve
crush). Mean grain densities (number of silver grains/um? of cell area)
of axotomized and control DRG neurons were determined and ex-
pressed as ratios of experimental to control values. Data obtained using
2 different types of controls, contralateral DRGs (open squares) and
normal DRGs (closed squares), are presented. Each ratio plotted incor-
porates mean data from 2-9 ganglia (from each of which 25-40 large
cells were counted) per condition.

neurons relative to normal neurons and was observed in both
the peripheral crush and dorsal root crush experiments. To de-
termine whether the changes in contralateral DRG neurons were
due to some nonspecific effect of surgery, 3 sham-operated an-
imals prepared at the 14 d time point were examined. The ratio
of grain densities from the NF-L in situ experiments in the sham-
operated, large-sized DRG neurons to the normal controls was
0.9, indicating that sham surgery had no effect on NF-L mRNA
levels. This suggested that the contralateral changes in the crush
axotomy experiments were not simply a consequence of surgical
stress.

Effects of central versus peripheral axotomy on B-tubulin
mRNA levels in DRG cells

In situ hybridization of DRG neurons was used to examine
B-tubulin mRNA levels 1-56 d after central and peripheral ax-
otomy. Qualitative evaluation of autoradiograms of DRG neu-
rons hybridized with the tubulin cDNA probe revealed in-
creases in the labeling of large-sized DRG cells in the initial
weeks after axotomy and decreases towards or below control
levels at later times. The increase in tubulin mRNA levels at
early times after axotomy was observed after both central branch
crush (Fig. 4) and peripheral branch crush (not shown). At longer
intervals after axotomy, an interesting difference between the 2
axotomy conditions was apparent in the autoradiographs of
DRG cells. The labeling of centrally axotomized DRG neurons
was reduced well below control levels at 8 weeks after nerve
crush (Fig. 4). However, at this time after peripheral axotomy,
the labeling of large DRG neurons had returned to control levels
(example not shown).

Quantitative analysis largely confirmed the qualitative ob-
servations concerning changes in 8-tubulin mRNA levels. The
ratios of grain densities (experimental to control values) in large-
sized DRG neurons indicated increases at 14 d after dorsal root
crush (Fig. 54) and at 7 and 14 d after sciatic nerve crush (Fig.
5B). The labeling of experimental neurons was nearly twice that
of contralateral controls 14 d after peripheral axotomy (Fig. 5B);
the increase observed at that time point after central axotomy
was slightly less than this (Fig. 54). At long postcrush intervals
(8 weeks), the tubulin mRINA level had returned to normal in
peripherally axotomized DRG cells (Fig. 5B) but had dropped
to about half the control level in centrally axotomized neurons
(Fig. 5A).

The pattern of changes in tubulin mRNA levels after central
axotomy were very similar when experimental neurons were
compared to either contralateral controls or normal controls
(Fig. 5). These patterns were also similar in the peripheral crush
condition (Fig. 5B). To assess sham surgery effects in the ex-
periments, large-sized DRG neurons from3 sham-operated an-
imals were quantitatively evaluated using in situ hybridization
with the tubulin cDNA probe. The ratio of grain densities in
the 14 d sham-operated DRG neurons to normal control neu-
rons was 0.9, indicating that there was no sham effect on tubulin
mRNA levels in large-sized DRG neurons.

Discussion

The present study demonstrates that DRG neurons respond to
disconnection of their central axons. The most robust compo-
nent of this response is a decrease in the levels of NF-L mRNA
and an increase in 8-tubulin mRNA levels during the initial
weeks after axotomy. To our knowledge, this is the first infor-
mation available about changes in mRNA levels in mammalian
DRG cells in response to dorsal root axotomy. A recent study
that compared the synthesis of NF and tubulin in DRG after
central and peripheral axotomy reported significant changes in
NF but not tubulin synthesis beginning 5 d after dorsal root
crush (Greenburg and Lasek, 1988). Our present findings extend
those observations about the cytoskeletal response in centrally
axotomized DRG cells to the mRNA level. Thus, while con-
siderable controversy has existed in the past over the question
of whether DRG neurons undergo any response to central branch
axotomy (reviewed in Cragg, 1970; Lieberman, 1971), it is now
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Figure 4. Autoradiograms of DRG cells hybridized in situ with a 3S-labeled cDNA probe to 8-tubulin 4, Contralateral control DRG cells at 14 d;
B, axotomized DRG cells 14 d after central branch crush; C, contralateral control neurons at 56 d; D, axotomized DRG cells 56 d after central

branch crush.

quite clear that DRG cells are capable of mounting a specific
molecular response to central axotomy.

The present study also documents differences between the
response of DRG cells to central and peripheral axotomy. These
include a smaller magnitude and shorter duration of change in
NF and tubulin mRNA levels after central crush than after
peripheral crush. Central branch axotomy has also been reported
to affect cytoskeletal protein synthesis in DRG cells less dra-
matically than peripheral branch axotomy (Greenberg and La-
sek, 1988). A further difference between the 2 axotomy condi-
tions emerges at longer intervals after crush when axonal
regeneration is complete in the peripheral crush condition but
is not complete (in the sense of axons reaching their original
targets) after central axotomy. Specifically, tubulin mRNA levels
fall well below control levels in DRG neurons by 8 weeks after
dorsal root crush but return to control levels by 8 weeks after
sciatic nerve crush. A long-term down-regulation of tubulin
mRNA levels has not been reported in any previous study of
axotomized mammalian neurons.

It is commonly assumed that the time course and magnitude
of change in the expression of cytoskeletal genes must somehow
be related to the progress of axonal regeneration and the success
or failure of axonal reconnection with target cells. The results
of the present study provide some support for this idea. For

example, the levels of 3-tubulin mRNA are increased during a
period of time when DRG axons are actively elongating in re-
sponse to either central or peripheral axotomy. This increased
level of expression could potentially facilitate the regenerative
process by up-regulating the overall supply of microtubules or
by changing the composition of microtubules by selectively in-
creasing the expression of certain tubulin isotypes. When suc-
cessful regeneration and reconnection of the axons with normal
targets occurs (after peripheral branch crush), tubulin expression
returns to normal. In contrast, failure to reconnect with normal
targets (in the case of crushed dorsal root axons which do not
grow beyond the CNS entry zone) results in a long-term reduc-
tion in the level of tubulin gene expression in the DRG neurons.
Thus, the disposition of the end of the axon and target inter-
action may be important factors in determining the level of
tubulin gene expression in these neurons.

Identification of the actual factors and the molecular details
of regulation of cytoskeletal genes is an important avenue of
active research at present. For tubulin genes, it has long been
known that the level of tubulin monomer in cells is an important
factor that can regulate gene expression (Ben-ze'ev et al., 1979;
Cleveland et al., 1981; Lau et al., 1986). As the concentration
of monomer in cells decreases, tubulin synthesis as well as mRNA
levels increase and vice versa. It is not known whether axotomy
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Figure 5. Quantitation of changes in the level of 8-tubulin mRNA in
large DRG neurons as a function of time after (4) central branch axoto-
my (dorsal root crush) and (B) peripheral branch axotomy (sciatic nerve
crush). Mean grain densities (number of silver grains/um? of cell area)
of axotomized and control DRG neurons were determined and ex-
pressed as ratios of experimental to control values. Data obtained using
2 different types of controls, contralateral DRGs (open circles) and nor-
mal DRGs (closed circles), are presented. Each ratio plotted incorporates
mean data from 2-7 ganglia (from each of which 25-40 large cells were
counted) per condition.

affects the polymer/monomer ratio for tubulin in neurons. How-
ever, because of the long time course of changes in tubulin
mRNA levels and the differences between the long-term effects
of central and peripheral axotomy, it is likely that other factors
are also involved in the regulation of tubulin gene expression
in DRG neurons. Recent studies have shown that not all tubulin
genes are influenced to the same extent by axotomy (Hoffman
and Cleveland, 1988). The expression of the class II §-tubulin
gene is greatly increased after axotomy, while the class I and IV
B-tubulin genes are much less influenced; class III 8-tubulin

genes have not yet been evaluated in axotomized neurons. The
tubulin cDNA probe used in the present study recognizes pre-
dominantly the 1.8 kb mRNA product of a class II 8-tubulin
gene, which is normally expressed at higher levels in the im-
mature brain than in the adult (Bond et al., 19§4).

Dorsal root axons do not “successfully regenerate” in the
sense of reestablishing functional connections with appropriate
target cells. If the simplistic model whereby neuronal cytoskeletal
gene expression is regulated by the successful reconnection of
axons with target cells were correct, one would predict that
cytoskeletal gene expression should not return to normal after
dorsal root crush. While this appears to be true for tubulin
mRNA levels, it is apparently not true for NF gene expression.
Changes in NF mRNA levels had a similar magnitude and time
course after both peripheral and central axotomy, and the mRNA
levels returned to contralateral control levels after both types
of axotomy. While these results could suggest that appropriate
target interactions (or target-derived factors) are not as impor-
tant for the recovery of normal expression of NF genes as they
are for the tubulin genes, other possibilities must also be con-
sidered. In this regard, it is important to recall that, although
central branch DRG axons do not reconnect to their original
targets, regenerating dorsal root axons make synaptic-like end-
ings on astrocytes at the CNS entry zone, and it has been pro-
posed that such terminations on astrocytes halt further axon
regeneration by providing a functional “‘stop’ signal to the neu-
ron (Lasek and Liuzzi, 1987). In the case of NF genes, it is
possible that such signals may act to return the levels of expres-
sion towards normal in spite of the lack of reconnection to
appropriate target cells.

The nature of signals/factors generated by or at the end of the
axon that can influence gene expression in the neuron cell body
is only a matter of speculation at present. Clearly, these signals
could be derived from exogeneous sources (target) that are taken
up at the axon terminal or from materials within the neuron
that are modified at the axon terminal and returned to the cell
body by retrograde transport. In light of our findings of NF
mRNA changes in DRG, the latter is particularly intriguing.
NF proteins are transported by slow axonal transport to the
axon terminal, where they are degraded by calcium-activated
proteases (Lasek et al., 1983). It is possible that NF degradation
products generated at a “functional axon ending” and trans-
ported retrogradely back to the cell body are important in reg-
ulating NF gene expression. In the case of regenerating dorsal
root axons, axoglial endings are “functional” in the limited sense
that they apparently can degrade NFs because electron micro-
scopic studies have shown that these aberrant axon endings are
devoid of cytoskeletal elements (Liuzzi, and Lasek, 1987). Thus,
these endings may function to enable NF mRNA expression to
return to control levels after dorsal root crush. Clearly, a different
mechanism of regulation is extant for tubulin expression, which
does not recover after central axotomy.

A final issue which requires consideration is the observation
that molecular changes occur in contralateral DRG neurons. In
the present study we observed a robust down-regulation of NF
mRNA levels in uninjured neurons located in the contralateral
DRG. This was seen in both central and peripheral axotomy
conditions with /n situ hybridization and has not been previ-
ously reported. It is of interest that reductions in fiber diameter
in the contralateral sciatic nerve after unilateral nerve crush
were carefully documented much earlier this century (Green-
man, 1913; Tamaki, 1936). In our current understanding, axon



caliber is regulated largely by NF number, and a reduction in
NF number can be the direct result of down-regulation of NF
gene expression (Lasek et al., 1983; Hoffman et al., 1987). Thus,
our present results demonstrate the underlying molecular basis
for reported changes in axonal caliber of axotomized (Green-
man, 1913; Hoffman et al.,, 1987), as well as contralateral
(Greenman, 1913), DRG cell axons.

A number of other changes in contralateral neurons after
peripheral nerve injury have been reported (Watson, 1968; Lie-
berman, 1971; Pearson and Powell, 1986; Pearson et al., 1988).
More recently, increased levels of tubulin mRNA have been
reported in contralateral (as well as axotomized) hypoglossal
and facial nuclear groups after nerve transection (Pearson et al.,
1988). Interestingly, our in situ hybridization data did not reveal
an increase in tubulin mRNA levels in large-sized DRG neurons
contralateral to the axotomy. Why and how do molecular changes
occur in neurons that are contralateral to axotomized cells?
While we do not have an answer to this question, it is clearly
an important issue since, in many axotomy studies, axotomized
neurons are compared with corresponding contralateral neurons
of the experimental animal. A still reasonable hypothesis for
contralateral changes after axotomy is a “work hypertrophy”
effect originally proposed by Watson (1968). In such a model,
increased work of the contralateral limb to compensate for the
denervated limb might result in terminatl or preterminal sprout-
ing of sensory fibers to innervate a larger target. For motor fibers,
sprouting of uninjured motor fibers on the contralateral side of
the animal after axotomy has been well documented (Ring et
al., 1983; Rotshenker and Tal, 1985). Similar studies for sen-
sory fibers have not been reported, probably due to technical
difficulties in conducting such studies. However, if sprouting
does occur in sensory fibers on the contralateral side, the mo-
lecular changes observed in these noninjured neurons may sim-
ply be a reflection of such limited axonal growth.

In summary, this study has revealed a number of molecular
changes that occur in DRG neurons in response to axotomy.
The sensitivity of the i/n situ hybridization method has enabled
us to provide definitive evidence that large DRG neurons re-
spond to axotomy of their central branch axons as well as of
their peripheral axons. We have demonstrated that NF mRNA
levels decrease and that 8-tubulin mRNA levels increase in the
initial weeks after central or peripheral branch axotomy. The
differences in the direction of change and in the recovery of NF
and tubulin mRNA levels after axotomy suggest that major
differences exist in the regulation of these 2 types of cytoskeletal
genes. The aberrant synapse-like endings known to be made by
regenerating dorsal root axons on astroglia (Liuzzi and Lasek,
1987) appear to generate sufficient signals to enable NF gene
expression to recover in DRG cells after central axotomy; this
does not appear to be true for tubulin gene expression. Inter-
actions between neurons and their targets clearly have important
roles in cytoskeletal gene expression, and it will be of great
importance to begin defining the molecular signals/factors gen-
erated by such interactions that can influence the production
and properties of the neuronal cytoskeleton.
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