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SUMMARY

To compare the long-term recovery of gene
expression in dorsal root ganglion (DRG)
neurons under conditions of regeneration vs.
non-regeneration, Northern blotting and in situ
hybridization were used to assess steady-state
neurofilament (NF) and beta tubulin mRNA
levels 12 weeks following axonal injury. Adult
male rats sustained either a crush lesion of the
mid-sciatic nerve (regeneration occurs), or a cut
lesion of the sciatic nerve combined with ligation
of the proximal nerve stump and removal of a
large segment of the distal nerve (regeneration
does not occur). In the latter case, neuroma
formation physically prevented axonal regenera-
tion. Results of Northern blotting of total RNA
obtained from the DRG indicated that NF-L
and NF-M mRNA levels had largely returned to
control levels at 12 weeks following crush
axotomy but were still substantially depressed
following cut/ligation injury of the sciatic nerve
at that time. In situ hybridization studies
indicated that both crush and cut/ligation
axotomy resulted in significantly lower NF-L
mRNA levels in large-sized (>1000 tm) DRG
neurons at 12 weeks post-axotomy. Dis-
crepancies in the conclusions from Northern
blotting and in situ hybridization experiments
were also noted in the case of tubulin mRNA
changes at long intervals after axotomy. In situ
hybridization data derived from the large-sized
DRG neurons using a coding region 13-tubulin
eDNA (which recognizes both II and 13m
mRNAs) showed complete recovery of 13-tubulin

Reprint address:
Dr. Monica M. Oblinger
Department of Cell Biology and Anatomy
Chicago Medical School
3333 Green Bay Road
North Chicago, IL 60064, USA

mRNA levels in surviving large-sized DRG
neurons after crush axotomy, but significantly
elevated tubulin mRNA levels in surviving large
DRG cells at 12 weeks after cut/iigation
axotomy. In contrast, Northern blotting results
indicated that 13n-tubulin mRNA levels in the
crush axotomy condition remained elevated
relative to control while they were substantially
lower than control in cut/ligation axotomy
samples. Results from analysis of 13iii-tubulin
mRNA changes were not conclusive. The lack of
complete correspondence in the results from the
two different methods of analysis of mRNA
changes (blotting vs. in situ) is likely to be due to
selective loss of large-sized DRG neurons in the
long-standing cut/ligation injury condition. This
would influence results from blotting data,
where RNA is derived from the DRG as a whole,
more so than in situ hybridization experiments
which specifically focus on the surviving large-
sized neurons. Overall, data from these
experiments indicate that altered patterns of
gene expression remain in the DRG for long
intervals after axonal injury, whether or not
axonal regeneration has been successful.
However, recovery of "normal" patterns of
cytoskeletal gene expression in the DRG is
considerably more complete after crush injury
than after cut/ligation injury.
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INTRODUCTION

Different types of axotomy have clearly different
long-term functional consequences. If the rat sciatic
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nerve is crushed, sprouting fibers from the proximal
parent axon enter the distal nerve stump and
elongate towards their normal target areas,
ultimately reestablishing functional innervation. In
contrast, if the nerve is transected (cut) and the
proximal nerve is ligated, neuroma formation ensues
and long-term functional deficits result/25/. In that
case, the proximal axons develop swollen endings
filled with membranous organelles and neuro-
filaments (NFs) /4,19/. In the case of peripheral
sensory neurons in the DRG, consequences of long-
term regenerative failure that have been well
documented include cell death and atrophy of
proximal axons. Estimates for cell death in the DRG
atter many weeks or months of regenerative failure
range from 10-30%/1,10,23,26/. Axonal atrophy of
DRG axons is reportedly more pronounced after cut
lesions compared with crush lesions/1,10/. Axonal
diameter is directly related to neurofilament (NF)
number, and NF gene expression is a known
regulator of axonal caliber /12,13,17/. Thus,
different long-term changes in NF gene expression
in DRG neurons after cut vs. crush injury may be
involved in the different extent of axonal atrophy
that occurs in these two lesion conditions.
A recent study compared the differential

response of DRG neurons to axotomies that result
in regeneration (crush lesion of sciatic nerve) with
those that cause regenerative failure (cut lesion of
sciatic with ligation of proximal nerve and resection
of the distal nerve stump) at the "peak response"
time, 2 weeks post-injury/15/. In that study, it was
found that cut/ligation injuries had a more
pronounced effect on [31I and 13rn tubulin mRNA
level upregulations than did crush axotomy /15/.
Previous studies had also shown a more substantial
reduction in the NF/tubulin protein ratio present in
slow axonal transport in proximal DRG axons after
transection of the sciatic nerve compared to crush
lesion of the nerve /21/. However, the long-term
effects of different types of axonal injury on
cytoskeletal gene expression in the DRG had not
been previously examined. The goal of the present
study was to determine whether the extent of
recovery of normal steady-state levels of 13-tubulin
and NF mRNAs in DRG neurons differs at long
intervals after axotomy that is followed by
regeneration vs. regenerative failure.

MATERIALS AND METHODS

Animals and surgical procedures

Adult male Sprague-Dawley rats (250-350
grams) were anesthetized by intraperitoneal
injection of a mixture of sodium pentobarbital (27
mg/kg) and chloral hydrate (128 mg/kg) for surgical
procedures. Experimental animals received one of
two types of sciatic nerve injury: (1) nerve crush
(regeneration occurs), or (2) nerve transection
followed by ligation of the proximal stump and
removal of a segment of the distal nerve stump (no
regeneration occurs). In both cases, the right sciatic
nerve was injured at mid-thigh level (50-55 mm
from the 5th lumbar DRG) using aseptic surgical
techniques. For the crush axotomy condition, three
successive 30-second crushes were applied to the
sciatic nerve using #5 Dumont forceps. For the
cut/ligation surgery, the sciatic nerve was transected
with a small pair of scissors and a 1-1.5 cm piece of
the distal sciatic nerve was excised. The proximal
stump of sciatic nerve was then tightly ligated with
#6 silk suture. At 84 days (12 weeks) post-axotomy
the animals were decapitated while under ether
anesthesia and L4 and L5 DRG from both sides of
the animal were collected; the uninjured contra-
lateral DRG served as controls for the axotomy-side
ganglia. For the sham-operated condition, the
sciatic nerve was exposed but not injured; only the
contralateral L4 and L5 DRG from these animals
were used. At sacrifice, the axotomy-side sciatic
nerves of all experimental animals were visually
examined. The presence of a neuroma and the
absence of continuity between the proximal and
distal stump portions of the sciatic nerve was
confirmed in all of the animals in the cut/ligation
axotomy condition. Conversely, physical continuity
of the sciatic nerve and the absence of any neuroma
formation was confirmed in all of the animals in the
crush axotomy condition.

cDNA probes

The probes used for in situ hybridization were a
cDNA for [3-tubulin (clone RBT1,/3/) and a cDNA
for NF-L/18/. Additional clones used for Northern
blot analysis included cDNAs for NF-M /16/as well
as cDNAs specific for the 3’ untranslated region
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(UT) of class [3u-tubulin (RBT1, 3’UT/3/) and rat
class 13i-tubulin (KS-5, 3’UT). For hybridization
specific to [3rn-tubulin mRNA, we generated an Apa
I fragment of the entire KS-5 clone (from Dr. Tony
Frankfurter) that recognized the mRNA sequence
for the terminal lysine and 750 bp of 3’UT
sequence (see /14/). For all hybridizations, the
cDNA inserts were first isolated from the various
plasmids using appropriate restriction enzymes and
purified from agarose gels using Gene Clean (Bio
101). For Northern blot hybridizations, cDNA
inserts were labeled with 32p-dCTP using the
Prime-It kit (Stratagene, CA); unincorporated
nucleotides were removed using NucTrap Push
Columns (Stratagene, CA). For in situ
hybridization, cDNA inserts were labeled with 35S-
dCTP by nick-translation and unincorporated
nucleotides were removed by centrifugation in
Centricon 10 concentrator units (Amicon Corp.).

In situ hybridization

The L4 and L5 DRG were fixed in 4%
paraformaldehyde in phosphate buffer overnight,
and then embedded in paraffin. Sections of 10 gm
thickness were cut and mounted on gelatin chrome-
alum subbed slides. After deparaffinization, the
sections were hybridized with 35S-labeled cDNA
probes for 13-tubulin and NF-L at 37C overnight
exactly as described previously /14/. The sections
were then washed in degraded concentrations of
SSC containing 0.1% SDS and 0.1% 2-
mercaptoethanol, air-dried, dipped in Kodak NTB2
emulsion and incubated in the dark at 4C for 10
days to generate autoradiograms. After develop-
ment, sections were stained with cresyl violet and
coverslipped. Quantification of the in situ
hybridization material was done as described
previously/28/. Briefly, the density of silver grains
overlying large-sized (> 1000 gm)-) DRG cells was
determined in each of the experimental and control
conditions using the Southern Micro Instruments
Leading Edge image analysis system. Neurons were
randomly selected for grain counting and only
neurons with a nucleolus were analyzed. Eight
different DRG from each of the experimental
conditions (crush axotomy or cut/ligation axotomy)
and the same number of matched contralateral
control DRG in each condition were analyzed. Four
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DRG from the sham-operated condition were used
in hybridizations with the NF-L probe. From each
DRG, 4-5 sections were prepared for autoradio-
graphy for each of the cDNA probes, and from each
of these sections 20-30 large neurons were
randomly selected for grain counting. Mean grain
densities for the neurons in each experimental and
control group were calculated and group differences
were compared using Student’s t-test.

Northern blotting

Eight animals were used to prepare RNA for
Northern blotting studies. The experimental and
contralateral control side L4 and L5 DRG were
removed from the animals 12 weeks atter either
sciatic nerve crush or sciatic nerve cut/ligation
surgery and rapidly frozen. For each RNA
preparation, four ganglia were pooled (e.g.
axotomy-side L4 and L5 DRG from two separate
rats were pooled and used to prepare one RNA
sample). Two independent sets of RNA samples for
each of the experimental and control conditions
were made. Total RNA was isolated as described
/5/and equal amounts (10 gg) ofRNA from each of
the different conditions were mn on agarose gels
and blotted to Nytran membranes as described
previously/14/. The blots were hybridized with 32p_
labeled cDNA probes, washed at high stringency,
and exposed to Kodak X-OMAT film in cassettes
with a single Cronex intensifying screen at -80C
for 1-5 days. Blots were stripped and then
rehybridized with each of the four cDNA probes;
each of the blots was hybridized using a different
sequential order of the cDNAs. The film
autoradiograms were scanned on a laser
densitometer (LKB Instruments). In all cases, the
autoradiograms selected for densitometry from
various exposures of the blots were within the linear
"gray" range that was established in initial
experiments.

RESULTS

NF mRNA changes at 12 weeks post-axotomy

Northern blotting of total RNA was used to
evaluate the extent of recovery of NF-L and NF-M
mRNA levels in the DRG 12 weeks following
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axotomies that were either followed by axonal
regeneration (crush injury condition) or that
resulted in neuroma formation and long-term failure
of axonal regeneration (cut/ligation condition).
Figure shows autoradiograms of Northern blots
probed with labeled NF-L and NF-M cDNAs.
Qualitative evaluation of these blots suggested that
NF-L and NF-M mRNA levels in the DRG

NF-L

A B C D

NF-M

A B C D

Fig. 1: Autoradiograms of a Northern blot showing
changes in the levels of the two different NF-L
mRNAs (2.5 kb and 4 kb) and the NF-M mRNA in
the DRG at 12 weeks after either cut/ligation or
crush axotomy. Equal amounts of total RNA (10
gg) from (A) cut/ligation axotomized DRG; (B)
contralateral control DRG; (C) crush-axotomized
DRG, and (D) contralateral control DRG were
loaded onto gel lanes. Blot was sequentially probed
with the indicated cDNAs.

recovered to nearly control levels in the crush
axotomy condition, but showed somewhat less
recovery in the cut/ligation axotomy condition DRG
(Figure 1). The two blots made with independent
RNA samples from different animals were highly
similar. Densitometric evaluation of film auto-
radiograms from the two blots also indicated that
the steady-state levels of NF-L mRNA in the crush
auxotomy condition were returning to the levels
present in contralateral control DRG but that the
NF-L mRNA levels in the cut/ligated DRG were
lower compared to controls (Figure 2). Of interest
was the finding that the two different sized NF-L
mRNA species (2.5 and 4 kb) exhibited somewhat
different degrees of recovery. For example, the
levels of the 4 kb NF-L mRNA species in the
axotomy-side DRG were 108% of contralateral
control-side levels at 12 weeks after crush axotomy,
but only 53% of control side DRG levels in the
cut/ligation axotomy condition (Figure 2). In
contrast, the 2.5 kb NF-L mRNA species was
present at 70% of control levels in the crush
axotomized DRG but at only 56% of control levels
in the long-term cut/ligated DRG (Figure 2). The
steady-state NF-M mRNA levels 12 weeks after
axotomy were 84% of contralateral control levels in
the crush-axotomized DRG and 60% of control in
the cut/ligation axotomy condition (Figure 2).

In situ hybridization was used to examine long-
term changes in NF-L mRNA levels specifically in
the large-sized DRG neurons (> 1000 lam
diameter) after axotomy. Figure 3 illustrates
representative examples of large neurons in both of
the axotomy conditions compared with uninjured
contralateral control neurons. It should be noted
that the in situ hybridization method does not
distinguish between the two different sized NF-L
mRNA species, and thus the grains in the
autoradiograms reflect steady-state levels of both
NF-L mRNA species. Results of quantitative
evaluation of the in situ hybridization material by
grain counting are shown in Figure 4. This analysis
revealed that NF-L mRNA levels had returned to
82% of control levels in the large-sized DRG
neurons 12 weeks after crush axotomy. In the large
DRG cells in the non-regenerating condition
(cut/ligation) the steady-state NF-L mRNA levels
were 69% of those in contralateral control DRG
neurons. Statistical comparisons of grain densities
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Densitometric analysis of NF-L and NF-M mRNA
levels in axotomized DRG neurons at 12 weeks
post-axotomy. Autoradiograms of Northern blots
were scanned and mean density values (n 2) in
axotomized DRG samples are expressed as a ratio
of contralateral control side values for each of the
two axotomy conditions.

over the DRG neurons revealed that both axotomy
groups differed significantly from their contralateral
control groups (p <0.01), but did not differ signifi-
cantly from each other (Figure 4). Also, there were
no significant differences between the contralateral
control neurons in the two treatment conditions
(Figure 4) and no differences between either of the
contralateral control groups and sham-operated
control DRG neurons (data not shown).

Tubulin mRNA changes at 12 weeks post-axotomy

Northern blotting of total RNA obtained from
the DRG 12 weeks after sciatic crush or cut/ligation
axotomies was used to examine long-term changes
in steady-state levels of the 13ii and 13m-tubulin
rnRNAs (Figure 5). Autoradiograms revealed an
apparent decrease in 13ii mRNA levels in the
cut/ligation DRG relative to control and a slight
increase in the J3ii-tubulin mRNA levels in the crush-
axotomized DRG relative to control. Densitometry
of the autoradiograms revealed that the cut/ligation
axotomy DRG samples contained an average of
only 52% of the 13n-tubulin mRNA levels present in
contralateral control DRG (Figure 6). The crush
axotomy condition DRG samples contained 34%
more 13r-tubulin mRNA than did the contralateral
control DRG (Figure 6). The two separate blots
used in this analysis showed virtually identical
patterns of change in 13ii-tubulin mRNA levels.

The 13m-tubulin mRNA changes that were
observed using Northern blotting were more.
variable than the 13a-tubulin or NF mRNA patterns.
One of the blots showed an apparent increase in 13m.
tubulin mRNA levels in the cut/ligation axotomy
sample but not in the crush axotomy DRG relative
to controls (Figure 5). The second blot showed an
apparent decrease in I3m-mRNA levels in the
cut/ligation axotomy sample relative to controls
(data not shown). Thus, the averaged densitometric
values indicated no change in I3m-mRNA levels in
the cut/ligation axotomy condition relative to
control (average ratio of 1.07). The crush axotomy
DRG I3m-mRNA levels were also similar to control
levels at 12 weeks post-axotomy (average ratio of
1.08, Figure 6). The lack of consistency in the 13m-
tubulin mRNA expression pattern in cut/ligation
axotomy DRG samples between the two
independent Northern blots (each made using 4
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Fig. 3: Autoradiograms of DRG neurons after in situ hybridization with a 35S-labeled NF-L cDNA probe. (A) uninjured
contralateral DRG neurons from the cut/ligation axotomy condition; (B) Axotomized neurons from the cut/ligation
condition at 12 weeks after the lesion; (C)uninjured contralateral DRG neurons from the crush axotomy condition; (D)
crush axotomized DRG neurons 12 weeks after lesion.
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Fig. 4: NF-L mRNA levels in axotomized and control side DRG neurons at 12 weeks post-axotomy as assessed by in situ

hybridization. Average grain densities and standard errors of the large-sized (> 1000 lam2) DRG neurons in the axotomy
side and contralateral control side are plotted; asterisks indicate significant differences (p < 0.01) between axotomy and
contralateral control groups.
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Autoradiograms of Northern blots showing changes
in 13rl and 13i-tubulin mRNA levels in the DRG 12
weeks after either cut/ligation or crush axotomy.
Equal amounts of total RNA (10 tg) were loaded
and probed with the indicated cDNAs.
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Fig. 6: Densitometric analysis of 13n and 13ii mRNA levels
in axotomized DRG neurons at 12 weeks post-
injury.. Autoradiograms of Northern blots were
scanned and mean densi.ty values (n 2) in
axotomized DRG samples are expressed as a ratio
of contralateral control side values for each of the
two axotomy conditions.

pooled DRG from different animals for a given
RNA sample) was curious since virtually identical
patterns of change were observed using these same
blots in hybridizations with NF-L, NF-M and 13n-
tubulin probes. Reprobings of the blots with 13in
probe showed virtually identical patterns as the
initial hybridizations. Thus, the results from
experiments were not conclusive.

ht situ hybridization was used to examine the
long-term changes in 13-tubulin expression
specifically in the large-sized (> 1000 lam) DRG
neurons. The cDNA probe(RBT1) used for m situ
hybridization is a coding region probe that
potentially recognizes all 13-tubulin mRNA species.
However, on Northern blots washed to the high
stringency conditions used in our in situ
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Autoradiograms of DRG neurons after in situ hybridization with a 35S-labeled 13-tubulin cDNA probe (A) uninjured
contralateral DRG neurons from the cut/ligation axotomy condition; (B) axotomized DRG neurons from the cut/ligation
axotomy condition 12 weeks after the lesion; (C) uninjured contralateral DRG neurons from the crush axotomy
condition; (D) DRG neurons from the crush axotomy condition at 12 weeks after lesion.

hybridization protocol, only a 1.8-2 kb band is seen
(data not shown) Previous studies have shown that
the 3n and 3m-tubulin mRNA species in the DRG
are both within this size range while the 3 and 13v-
tubulin mRNAs are larger /14/, Thus, we assume
that the in situ signal reflects mainly the
contribution from both the 3n and 3nFtubulin
mRNAs. Figure 7 shows representative autoradio-
grams of experimental and control neurons in the
two different axotomy conditions. Grain counting
analysis of this material showed that the average
grain density of the large DRG neurons 12 weeks
after cut/ligation axotomy was 156% of that in
contralateral control neurons (Figure 8). Statistical
evaluation indicated that this difference was
significant (p <0.01). On the other hand, overall 3
tubulin mRNA levels were essentially the same in
the large DRG neurons at 12 weeks after crush
axotomy condition as they were in contralateral
control neurons (mean grain density ratio in
axotomy: control neurons of 1.08, Figure 8).

Fig. 8:
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Quantification of 3-tubulin mRNA levels in
axotomized and contralateral control DRG neurons
at 12 weeks post-injury by in situ hybridization.
Average grain densities and standard errors of the
large-sized (> 1000 gm2) DRG neurons in the
axotomy side and contralateral control side are
plotted. Asterisk indicates a significant difference
(p<0.01) between axotomy and control; star
indicates a significant difference (p <0.01) between
the two axotomy groups.
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DISCUSSION

This study examined the extent to which
recovery of normal patterns of gene expression
occurred in DRG cells after axotomizing injuries
that resulted in either axonal regeneration or long-
term regenerative failure due to neuroma formation.
The comparisons made were of steady-state NF and
tubulin mRNA levels in the DRG at 12 weeks
following a crash lesion of the sciatic nerve
(regeneration occurs) with those in DRG neurons at
the same interval aider a cut/ligation injury of the
sciatic nerve with removal of a segment of the distal
nerve stump (no regeneration occurs). Comparisons
of cytoskeletal gene expression in the DRG after
these two types of lesion conditions had recently
been made at earlier times atter axotomy when most
cytoskeletal changes are maximal/15/. In that study,
the responses of DRG cells to cut/ligation axotomy
were found to be more pronounced than the
responses to crush axotomy. Comparisons of long-
term changes in gene expression in the DRG system
atter various axotomies had not been made previous
to this study. At the 12 week post-injury time
examined in this study, it is likely that regeneration
of DRG axons after crush lesion was completed
since the fastest growing fibers are known to
elongate in the sciatic nerve at 4 mm/day/20,29/.
However, many axons do grow somewhat more
slowly than this/20/, but even that axon population
can be assumed to have traversed the distal nerve
and reached appropriate targets by 12 weeks post-
crush. The present study indicates that the recovery
of"normal" patterns of cytoskeletal gene expression
in the DRG is considerably more complete after
crush injury than atter cut/ligation injury. However,
even at long intervals atter nerve crash, aspects of
the cytoskeletal expression pattern in the DRG (NF
mRNA levels in large-sized neurons) remained
subnormal. This suggests either that these
components never recover fully following axonal
injury, or that the maturation of regenerated axons
in the crush injury condition was still not complete
12 weeks alter the injury.

Results of Northern blotting experiments in the
present study showed that NF-L and NF-M mRNA
levels in the DRG were approaching control levels
at 12 weeks aider crush axotomy, but were still
substantially reduced at this time atter cut/ligation
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injury. The results of in situ hybridization
experiments to specifically examine NF-L mRNA
levels in the large-sized DRG neurons showed a
significant reduction in both lesion conditions with
no significant difference between the two lesion
conditions. This modest discrepancy between the
Northern blotting experiments which examined
mRNA changes in the DRG as a whole and in situ

hybridization experiments which focused only on
the large cells and not the medium or small-sized
DRG neurons might be due to a differential cell loss
in the DRG after the two types of lesions.
Theoretically, loss of many large-sized DRG
neurons (which contain the majority of the NF
mRNA in the DRG) in the cut/ligation, non-
regenerating, condition would affect Northern
blotting results more than in sire hybridization
results. This is because in situ hybridization studies
examined NF mRNA expression only in large cells
that had survived the injury while the Northern
blotting experiments utilized total RNA extracted
from whole DRGs which, in the cut/ligation
condition, may have proportionately less "signal"
than normal contributed by large cells (due to cell
loss).

At the outset of this study, a number of earlier
observations fueled our hypothesis that the recovery
of gene expression in DRG cells at long intervals
atter axotomy would differ depending on whether
or not regeneration occurred. For example, crush
lesions of peripheral nerves are followed by axonal
regeneration without significant neuronal cell loss
while cut injury results in significant neuronal loss
/2,27/. In the DRG system, estimates of 10-30%
neuronal cell death atter sciatic transection (cut)
have been reported/1,10,23,26/. In addition, axonal
atrophy of DRG axons is reportedly more
pronounced atter cut lesions compared with crash
lesions/1,10/. Interestingly, sensory neurons appear
to be more vulnerable than motor neurons to long-
standing cut axotomies. For example, axonal
atrophy and reduction in NF numbers /7/, and
decreases in conduction velocity /11/ are more
prominent in sensory nerve fibers than in motor
fibers of the sciatic nerve after transection when
regeneration is prevented. Cytoskeletal gene
expression, and NF gene products in particular, are
known to regulate axon caliber /12,13,17/. The
long-term changes in cytoskeletal gene expression
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in DRG neurons after cut vs. crush injury are likely
to be directly involved in generating the axon
caliber changes that have been observed in DRG
axons at long times aider different types of axonal
injury.

The long-term effects of axonal injuries which
are followed by axonal regeneration vs. non-
regeneration on tubulin gene expression in the DRG
were also examined in this study. For the tubulin
mRNA changes, apparent discrepancies in the
results ofNorthern blotting and in situ hybridization
experiments were foundo In situ hybridization data
derived from the large-sized DRG neurons using a
coding region 13-tubulin cDNA which recognizes
both 13r and 13m mRNAs indicated that tubulin
mRNA levels had returned to control levels in
surviving large-sized DRG neurons after crush
axotomy but were significantly higher than control
in surviving large DRG cells 12 weeks aider
cut/ligation axotomy. In contrast, Northern blotting
results indicated that 13i-tubulin mRNA levels in the
DRG as a whole were substantially lower than
control in cut/ligation axotomized samples while 13n-
tubulin mRNA levels were quite variable. Northern
blotting also indicated that 13r mRNA levels in the
crush axotomy condition remained elevated relative
to control. Several factors may account for the
differences observed using the two methods to
examine cytoskeletal mRNA levels. Again, the
argument that long-standing cut/ligation injury leads
to preferential cell death of the largest-sized DRG
neurons compared with the smaller-sized cells could
be raised. Substantial levels of tubulin mRNA are
expressed in the large DRG neurons and preferential
loss of these cells could alter the overall DRG
expression pattern that is observed when total
DRG-derived RNA is examined by Northern
blotting. Such an event would be unlikely to affect
the in situ analysis where only large cells are
examined. Careful examination of published data
from a study that examined long-term cell loss in
the DRG when sciatic nerve transections were done
in young rats reveals a more substantial loss of the
largest-sized DRG cells compared with smaller
neurons (see Figure 3 in/24/). However, in another
study, no evidence for a selective loss of large
neurons in the L5 DRG was found when adult
neurons were axotomized by cut/ligation, although
a significant loss of large cells was observed when

such lesions were made in neonatal rats /10/.
Further study of the issue of cell survival in the
DRG atter different types of injuries is needed to
validate the selective cell loss argument.

Another possibility for the discrepancies in the
Northern blotting and in situ hybridization results in
the present study is that the molecular response
profile of the small-sized DRG cells differs from
that of larger cells at long times aider axotomy. In
fact, different responses of small vs. large DRG
cells to axotomy have already been reported at
shorter intervals after axotomy (2 weeks) in the
case of peripherin gene expression in the DRG/22/.
Since we did not examine tubulin mRNA expression
in the small cells by quantitative grain counting of
the in situ hybridization material in the present
study, this possibility for the tubulin mRNA level
changes remains to be examined in the future.

The finding from in situ hybridization
experiments that the surviving large-sized DRG
cells after cut/ligation injury exhibit increased levels
of 13-tubulin mRNA 12 weeks aer injury is of
interest. It is possible that these large neurons are
continuing to mount a regenerative effort even at
these long intervals after growth has been blocked
by neuroma formation. Lower than normal NF
mRNA levels and higher tubulin mRNA levels in the
surviving cut/ligated large DRG neurons may reflect
the continued presence of signals that perpetuate a
"growth state" in these cells for long intervals aer
injury. In contrast, the recovery of tubulin mRNA
levels in the large cells at 12 weeks aer crush
injury (in situ hybridization data) indicates that such
signals have subsided, presumably because
regeneration was completed and the neurons had
returned to a non-growing state. Is there evidence
that DRG neurons are still trying to regrow axons
even in long-standing neuromas aer cut/ligation
injury? In fact, studies have shown that massive
sprouting efforts from preterminal axons entrapped
in neuromas occurs 2-3 months into the post-
operative period /9/. The significance of this late
sprouting phenomenon to the clinical dilemma of
pain associated with long-standing neuromas /25/ is
still unclear. However, the occurrence of such late
sprouting events is consistent with the findings of
long-term changes in cytoskeletal gene expression
in the DRG aider cut/ligation injury of the sciatic
nerve in the present study.
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Future studies directed at elucidating the
factors/signals responsible for the long-term
changes in gene expression in the DRG following
various types of injury are needed. Clearly, the role
of neurotrophic factors (or lack thereof) will be of
interest since such molecules are known to mediate
a variety of cellular responses when complexed with
their receptors. Examinations of the distribution of
neurotrophic factor receptors in the DRG have
shown that large vs. small DRG cells have a
different complement of receptors/6,8/. This in turn
may affect the expression of neurotransmitters and
perhaps cytoskeletal genes in these neurons under
normal conditions as well as atter injury. For
example, small neurons in the DRG which express
substance P and have high affinity NGF receptors
may respond differently to long-term removal of
normal levels ofNGF after axotomies than do large-
sized DRG cells to withdrawal of their specific
trophic factor(s). Future studies that attempt to
modulate gene expression in different classes of
DRG cells with therapeutic doses of specific
neurotrophic factors will be of great interest. Such
approaches may also serve to modi the cell
survival profiles atler traumatizing injuries and thus
will be useful in elucidating the role of various
classes of DRG cells to the long-term recovery
patterns of gene expression after crush vs.
cut/ligation injuries.

ACKNOWLEDGEMENTS

This work was supported by NIH grant NS-
21571 to MMO. The authors would like to thank
Drs. Steve Farmer, Anthony Frankfurter, Nick
Cowan and Jean-Pierre Julien for generously
providing us with the various tubulin and
neurofilament cDNA probes used in this study.

REFERENCES

1. Arvidsson J, Ygge J, Grant G. Cell loss in lumbar
dorsal root ganglia and transganglionic degeneration
after sciatic nerve resection in the rat. Brain Res 1986;
373: 15-21.

2. Barron KD. Comparative observations on the cytologic
reactions of central and peripheral nerve cells to
axotomy. In: Kao CC, Bunge RP, Reier PJ, eds, Spinal
Cord Reconstruction. New York: Raven Press, 1983;
7-40.

VOLUME 5, NO. 2, 1994

3. Bond JF, Robinson GS, Farmer SR. Differential
expression of two neural cell-specific J-tubulin
mRNAs during rat brain development. Mol Cell Biol
1984; 4: 1313-1319.

4. Carlton SM, Dougherty PM, Pover CM, Coggeshall
RE. Neuroma formation and numbers of axons in a rat
model of experimental peripheral neuropathy.
Neurosci Lett 1991; 131: 88-92.

5. Chomcyznski P, Sacchi N. Single-step method of RIgA
isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 1987; 162: 156-
159.

6. DiStefano PS, Friedman B, Radziejewski C, Alexander
C, Boland P, Schick CM, Lindsay RM, Wiegand SJ.
The neurotrophins BDNF, NT3, and NGF display
distinct patterns of retrograde axonal transport in
peripheral and central neurons. Neuron 1992; 8: 983-
993.

7. Dyck PJ, Lais A, Karne J, Sparks M, Dyck PJB.
Peripheral axotomy induces neurofilament decrease,
atrophy, demyelination and degeneration of root and
fasciculus gracilis fibers. Brain Res 1985; 340: 19-36.

8. Ernfors P, Rosario CM, Merlio J-P, Grant G,
Aldskogius H, Persson H. Expression of mRNAs for
neurotrophin receptors in the dorsal root ganglion and
spinal cord during development and following
peripheral or central axotomy. Mol Brain Res 1993;
17: 217-226.

9. Fried RL, Devor M. End-structure of afferent axons
injured in the peripheral and central nervous system.
Somatosensory and Motor Res 1988; 6: 79-99

10. Himes BT, Tessler A. Death of some dorsal root
ganglion neurons and plasticity of others following
sciatic nerve section in adult and neonatal rats. J Comp
Neurol 1989; 284:215-230.

11. Hoffer JA, Stein RB, Gordon T. Differential atrophy of
sensory and motor fibers following section of cat
peripheral nerves. Brain Res 1979; 178: 347-361.

12. Hoffman PN, Cleveland DW, Griffen JW, Landes PW,
Cowan NJ, Price DL. Neurofilament gene expression:
A major determinant of axon caliber. Proc Natl Acad
Sci USA 1987; 84: 3472-3476.

13o Hoffman PN, Koo EH, Muma NA, Griffin JW, Price
DL. Role of neurofilaments in the control of axonal
caliber in myelinated nerve fibers. In: Lasek RJ, Black
MM, eds, Intrinsic Determinants of Neuronal Form
and Function. New York: Alan R. Liss, Inc., 1988;
389-402.

14. Jiang YQ, Oblinger MM. Differential regulation of 131II
and other tubulin genes during peripheral and central
nervous system development. J Cell Sci 1992; 103:
643-651.

15. Jiang YQ, Pickett J, Oblinger MM. Comparison of
changes in [3-tubulin and NF gene expression in rat
DRG neurons under regeneration-permissive and
regeneration-prohibitive conditions. Brain Res 1994;
637:233-241.



114 Y.Q. JIANG ET AL.

16. Julien JH-P, Meyer D, Flavell D, Hurst J, Grosveld F.
Cloning and developmental expression of the murine
intermediate filament gene family. Mol Brain Res
1986; 1: 243-250.

17. Lasek RJ, Oblinger MM, Drake PF. The molecular
biology of neuronal geometry: The expression of
neurofilament genes influences axonal diameter. Cold
Spring Harbor Symp Quant Biol 1983; 48:731-744.

18. Lewis SA, Cowan NJ. Genetics, evolution and
expression of the 68,000 MW neurofilament protein:
Isolation of a cloned cDNA probe. J Cell Biol 1985;
100: 843-850.

19. Liuzzi FJ, Lasek ILl. Astrocytes block axonal
regeneration in mammals by activating the
physiological stop pathway. Science 1987; 237: 642-
645.

20. Oblinger MM, Lasek ILl. A conditioning lesion of the
peripheral axons of dorsal root ganglion cells
accelerates regeneration of only their peripheral axons.
J Neurosci 1984; 4: 1736-1744.

21. Oblinger MM, Lasek RJ. Axotomy-induced alterations
in the synthesis and transport of neurofilaments and
microtubules in dorsal root ganglion cells. J Neurosci
1988; 8: 1747-1758.

22. Oblinger MM, Wong J, Parysek LM. Axotomy-
induced changes in the expression of a .type III

neuronal intermediate filament gene. J Neurosci 1989;
9: 3766-3775.

23. Risling M, Aldskogius H, Hildebrand C, Remahl S.
Effects of sciatic nerve resection on L7 spinal root and
dorsal root ganglia in adult cats. Exp Neurol 1983; 82:
568-580.

24. Schmalbruch H. Loss of sensory neurons after sciatic
nerve section in the rat. Anat Rec 1987; 219: 323-329.

25. Sunderland S. Nerves and Nerve Injuries. London:
Churchill and Livingston, 1978.

26. Tessler A, Himes BT, Krieger NR, Murray M,
Goldberger M. Sciatic nerve transection produces
death of dorsal root ganglion cells and re,ersible loss
of substance P in spinal cord. Brain Res 1985; 332:
209-218.

27. Torvik A. Central chromatolysis and the axon
reaction: a reappraisal. Neuropath and Appl Neurobiol
1976; 2: 423-432.

28. Wong J, Oblinger MM. Changes in neurofilament
gene expression occur after axotomy of dorsal root
ganglion neurons: An in situ hybridization study. Met
Brain Dis 1987; 2: 291-303.

29. Wujek JR, Lasek ILl. Correlation of axonal
regeneration and slow component b in two branches of
a single axon. J Neurosci 1983; 3: 243-251.

JOIJRNAL OF NEUIG’YL TILCNSPLANTATION & PI.ASTICITY


