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Neurofilament Protein Synthesis in DRG Neurons Decreases More 
After Peripheral Axotomy than After Central Axotomy 

Sharon G. Greenberg” and Raymond J. Lasek 

Bio-archtectonics Center, Case Western Reserve University Medical School, Cleveland, Ohio 44106 

Cytoskeletal protein synthesis was studied in DRG neurons 
after transecting either their peripheral or their central branch 
axons. Specifically, the axons were transected 5-10 mm 
from the lumbar-5 ganglion on one side of the animal; the 
DRGs from the transected side and contralateral control side 
were labeled with radiolabeled amino acids in vitro; radiola- 
beled proteins were separated by 2-dimensional(2D) PAGE; 
and the amounts of radiolabel in certain proteins of the ex- 
perimental and control ganglia were quantified and com- 
pared. We focused on the neurofilament proteins because 
they are neuron-specific. If either the peripheral or central 
axons were cut, the amounts of radiolabeled neurofilament 
protein synthesized by the DRG neurons decreased between 
1 and 10 d after transection. Neurofilament protein labeling 
decreased more after transection of the peripheral axons 
than after transection of the central axons. In contrast to 
axonal transections, sham operations or heat shock did not 
decrease the radiolabeling of the neurofilament proteins, 
and these procedures also affected the labeling of actin, 
tubulin, and the heat-shock proteins differently from tran- 
section. These results and others indicate that axonal tran- 
section leads to specific changes in the synthesis of cyto- 
skeletal proteins of DRG neurons, and that these changes 
differ from those produced by stress to the animal or ganglia. 
Studies of the changes in neurofilament protein synthesis 
from 1 to 40 d after axonal transection indicate that the 
amounts of radiolabeled neurofilament protein synthesis were 
decreased during axonal elongation, but that they returned 
toward control levels when the axons reached cells that 
stopped elongation. These observations support the pro- 
posal that neurofilament protein synthesis is critically reg- 
ulated by retrogradely transported materials from the axon 
terminals (Hoffman et al. 1985, 1987) and they indicate that 
the amounts of these factors transported in the peripheral 
axons are normally greater than those in the central axons. 

Transection of a mature, nonelongating axon leads to alterations 
of the steady state of cytoskeletal protein synthesis in the neuron 
(Heacock and Agranoff, 1976; Giulian et al., 1980; Hall, 1982; 
Neumann et al., 1983; Quesada et al., 1986; Hoffman et al., 
1987). After the axon is cut, it achieves a new steady state, and 
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while it is actively elongating, tubulin and actin synthesis are 
generally increased, whereas neurofilament protein synthesis is 
decreased. When the elongating axon contacts a matching target 
cell and stops elongating, the amount of neurofilament mRNA 
and axonally transported neurofilament protein return to the 
normal level of the intact neuron (Hoffman et al., 1985, 1987). 
These observations and others indicate that neurofilament pro- 
tein synthesis is critically controlled by factors that are retro- 
gradely transported from the axon tip and that the amount of 
these factors that reach the cell body depends on the state of 
the axon tip-specifically, whether the axon has been stopped 
from elongating by contacting a target cell. 

DRG cells have a single axon that bifurcates into two branch- 
es-the central branch projects through the dorsal root and ter- 
minates on neurons in the spinal cord and brain, and the pe- 
ripheral branch projects through the peripheral nerves and 
terminates on sensory receptors in the skin or muscle. Because 
of this arrangement, either the central or peripheral axon can 
be selectively cut and the effects of removing different parts of 
the axonal arbor can be studied. The DRG cells respond dif- 
ferently to transection of their peripheral and central axons (re- 
viewed in Cragg, 1970; Lieberman, 1971). Transection of the 
peripheral branch stimulates dramatic cytological changes 
(chromatolysis) in the DRG cell body, whereas transection of 
the central branch produces little or no effect. Biochemical anal- 
yses show that the synthesis of certain proteins changes in re- 
sponse to transection of the peripheral axon, but not to tran- 
section of the central axon (Perry and Wilson, 198 1; Hall, 1982; 
Perry et al., 1983). Analyses of cytoskeletal protein transport 
from the cell body show that the neurofilament : tubulin ratio 
in slow transport decreased after transection of the peripheral 
branch, and that it was unchanged after transection of the central 
branch (Oblinger and Lasek, 1985, 1988). 

To further explore the mechanisms that regulate the amount 
of cytoskeletal protein synthesis in neurons, we have analyzed 
the incorporation of amino acids into cytoskeletal proteins of 
the DRG neurons after transection of their peripheral and cen- 
tral branch axons. The neurofilament proteins are of particular 
interest because these proteins are specific for the nerve cells of 
the DRG (Shaw et al., 198 1). Furthermore, all of the neurofila- 
ments are transported into the axons (Lasek et al., 1983). Thus, 
the mechanisms that regulate the amount of neurofilament pro- 
tein synthesis directly affect the properties of the axon. 

Materials and Methods 
Animal operutions.Sprague-Dawley male rats (200-300 gm) were anes- 
thetized with Chlorouent (3 ml/kg). To cut the DeriDheral axon of the 
L5 DRG, the L5 spinal ne&e was &posed after remobing the transverse 
process of the L6 vertebra, and then crushed with #5 Dumont forceps 
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Figure 1. Time course of alterations in the incorporation of radioac- 
tivity into total DRG proteins. At the indicated time intervals after 
peripheral or central crushes, DRGs were labeled in vitro with Y!l- 
methionine for 1 hr and then homogenized. The total radioactive in- 
corporation into DRG proteins represents the amount of TCA-insoluble 
dpmlrg protein. Experimental samples were evaluated as a percentage 
of their contralateral control. Numbers indicate total animals analyzed 
at each time point. 

at a distance of 5-10 mm from the ganglion, where the L5 and L4 spinal 
nerves join. To cut the central axon, the L5 dorsal root was exposed by 
a laminectomy at the level of L4, the dura mater was cut, and the root 
crushed with #5 Dumont forceps at a distance of 5-10 mm from the 
ganglion. Previous studies have indicated that this method completely 
transects all axons in the nerve (Wujek and Lasek, 1983). After the 
nerves were crushed, the operated area was flushed with saline (0.9 M 

sodium chloride) and damaged muscle was removed. The overlying 
muscle was sutured and the skin incision closed with wound clips. Sham 
operations consisted of similar surgical procedures, except that the pe- 
ripheral or central process was not crushed. 

The distance between the site of the dorsal root crush and the spinal 
cord was 2.0-3.3 cm (n = 16 animals). Peripheral axons innervate 
sensory targets in the lower leg (approximately 8.5-l 1 cm from the 
crush site), as well as in the foot (12-15 cm from the crush site). On 
the basis of these distances, as well as on known regeneration rates and 
the delay of axonal outgrowth (Wujek and Lasek, 1983), we estimated 
that the central axons would reach the spinal cord entry zone 1 O-l 5 d 
following transection, whereas peripheral axons would begin to contact 
their sensory targets 21-35 d following transection. In addition, we used 
the pinch test to determine when peripheral reflexes reappeared, and 
our results were consistent with the values determined from regeneration 
rates of peripheral axons. The pinch test demonstrated that sensory 

innervation of the foot was present in some animals at 40 d, but not 
20 d, following transection of peripheral axons. 

Preparation of labeled DRG proteins. Proteins in the L5 DRG were 
labeled in vitro. Animals were anesthetized and, after exposing the L5 
DRG, they were decapitated. The right and left (operated and contra- 
lateral control) L5 DRG were removed, washed in 0.9% NaCI, and the 
remaining connective sheath and attached nerves removed. Samples 
were incubated in minimal essential medium (MEM; Gibco) without 
methionine for 15 min at 37°C 5% carbon dioxide. The media was 
replaced with prewarmed MEM containing 1 mCi/ml of Y&methionine 
and incubated for 1 hr. Samples were washed with cold MEM, homog- 
enized in 50 mM sodium phosphate buffer, pH 8.0, containing 1% SDS, 
and clarified by centrifugation at 1000 rpm (Sorvall). The supematant 
was used for further analysis. 

Determination of TCA-insoluble radioactivity in DRG proteins. Tri- 
chloroacetic acid (TCA)-insoluble radioactivity was determined by ali- 
quoting samples onto 3 mm Whatman filter paper and precipitating the 
protein in cold 10% TCA for 30 min, followed by two 15 min washes 
in 5% TCA and 3 ethanol washes. The amount of TCA-insoluble ra- 
dioactivity on the dried filters was determined after adding Formula 
963 (New England Nuclear). TCA-insoluble radioactivity was corrected 
for radioactive decay. Protein levels were determined using the flu- 
orescamine assay (Bohlem et al., 1973). Samples were in the linear range 
for this assay (5-100 fig). TCA and protein assays were performed in 
duplicate. 

Two-dimensional gel electrophoresis. Two-dimensional gel electro- 
phoresis was performed as described by G’Farrell(l975). Prior to iso- 
electric focusing, (IEF), samples were mixed with lysis buffer (9 M urea, 
8% Triton X- 100, 5% beta-mercaptoethanol, and 2% ampholines con- 
sisting of 1.6% at pH 5-7 and 0.4% at pH 3-10; LKB Instruments). 
After IEF for 6000 V-hr, the IEF gels were placed on a 7.5% SD!!& 
acrylamide gel with a 4OYo stacking gel. Second-dimension gel electro- 
phoresis was performed at 8 W/gel. The electrophoresis buffer consisted 
of 0.05 M Tris-HCl, 0.38 M glycine, 0.1% SDS, pH 8.3. Gels were stained 
with 1% Sorva blue. After destaining, the gels were subjected to fluo- 
roaraphv bv dehydration with dimethvl sulfoxide (DMSO) and im- 
pr&rated with 2,5-diphenyl sulfoxide @PO) (Bonner and Laskey, 1974; 
Laskey and Mills, 1975). The gels were vacuum-dried onto dialysis 
membrane and fluorographs were made using XAR-5 film (Kodak) at 
-70°C. 

Quantitation of labeled proteins. The identity of the labeled cyto- 
skeletal proteins in fluorographs was determined by comigration with 
unlabeled actin or tubulin, or by reaction with neurofilament-specific 
antibodies (Greenberg, 1986). Fluorograph duplicates were used to lo- 
cate labeled proteins. Protein spots were cut from the gel and solubilized 
by incubation in 0.75 ml of 30% hydrogen peroxide at 60°C for 48-72 
h. The radioactivity was determined by liquid-scintillation counting in 
Formula 963. The average background from 4 spots on the gel was 
subtracted and degradations per minute were corrected for isotope de- 
cay. 

With the exception of the 200 kDa neurofilament protein, the cyto- 
skeletal proteins in control samples generally contained sufficient ra- 
dioactivity to be detected by this procedure. To accurately assess alter- 
ations in the radioactive incorporation in cytoskeletal proteins in the 
experimental situations, labeled proteins that were not at least two times 
above background levels in control conditions were not used for anal- 
ysis. The amount of radioactivity present in the 70 kDa heat-shock 
protein (HSP 70) was not generally above background levels in control 
situations. When levels of radioactivity were not consistently above 
background levels in control or experimental conditions, paired com- 
parisons of HSP 70 indicated that the levels of radioactivity approached 
nondetectable levels. 

Results 
Incorporation of radioactivity into total DRG proteins 
The effects of transection of the peripheral and central DRG 
axons on the incorporation of radioactivity into total DRG 
proteins (TCA-insoluble dpm/pg protein) are illustrated in Fig- 
ure 1. Transection of either the central or peripheral axons pro- 
duced similar overall changes in the radiolabeling of total DRG 
proteins. Notably, the levels of radiolabeled protein increased 
1 d after transection and then decreased between 1 and 10 d to 
less than the values of the contralateral control ganglia. After 
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Table 1. Effect of crushes, sham operations, or heat shock on the levels of radioactive incorporation into specific proteins (paired comparisons) 

A. 5 Days after crush 

Contralateral control (O/o) (SEMP 
Peripheral Control 
n=& n=6 

B. 5 Days after sham operations C. Heat-treated (42°C for 15 min) 
Contralateral control 

Contralateral control (O/o) (SEMP (%) (SEM) 
Peripheral Control 
?I=5 n=4 n=5 

NF68 22(5) p < 0.005 50 (10) p < 0.01 NF68 125(8) p < 0.025 115(15) NF6@ 79(24) 
NF145 18 (5) p < 0.005 38(9) p < 0.025 NF145 126 (20) 120 (19) NFl45’ 70(19) 
Actin 146 (11) p < 0.005 121 (8) p < 0.025 Actin 104 (12) 100 (7) Actin 73 (6) p < 0.025 
Tubulin 152 (14) p < 0.025 111 (4) Tubulin 108 (4) 98 (5) Tubulin 72(9) p < 0.025 
HSP 70 Od 0 HSP 70 0 0 HSP 70 3600(990) p < 0.005 
1 (70 kDa) 91 (14) 104 (10) 1 (70 kDa) 93 (5) 139 (21) 1 (70 kDaY 88 (10) 
2 (43 kDa) 150 (23) 125 (1Oy 2 (43 kDa) 91 (23) 108 (7) 2 (43 kDaY 110 (32) 
Total radio- 94 (12)g 112(19)8 Total radio- 91 (12) 87 (12) Total radio- 71 (19) 

active in- active in- active in- 
corporatioi@ corporation corporation 

a Statistical analysis for paired comparisons were made using the Student’s paired t test. Significant differences of p < 0.05 are indicated. 
h Total radioactive incorporation is the total TCA-insoluble dpm/pg of total protein. 
c n = Number of animals used in the analysis, unless otherwise indicated. 
d 0 indicates that the amount of radioactivity present in these proteins was not sufficiently greater than background levels to be analyzed by paired comparisons. 
en=4. 
‘n= 5. 
gn= 10. 

10 d, the levels of radiolabeling increased. Many different factors 
can contribute to the overall incorporation of radioactivity into 
DRG proteins. For example, these changes may be due to changes 
in the general synthetic activity of DRG cells, the synthesis of 
specific proteins, and the uptake of radioactive amino acids. To 
selectively study changes in the synthesis of specific proteins, 
we analyzed the relative levels of radioactive labeling of indi- 
vidual proteins following crushes of the peripheral or central 
process of the DRG. 

Effects on the radiolabeling of individual proteins 
Figure 2A illustrates fluorographs of newly synthesized DRG 
proteins 5 d after transection of either peripheral or central 
axons. The fluorographs suggest that, after peripheral axotomy, 
the relative amount of radiolabeled neurofilament protein de- 
creased, and quantitative analyses confirmed that NF68 and 
NF145 decreased to 22 and 18% of the contralateral control 
values (Table 1A). By contrast with the decrease in neurofila- 
ment protein labeling after peripheral transection, the amount 
of radiolabeled actin and tubulin increased to 146 and 152% of 
the contralateral control values, respectively. None of the other 
heavily labeled proteins, such as proteins 1 and 2, showed sta- 
tistically significant changes in response to peripheral axotomy. 

At 5 d after central axotomy, NF68 and NF145 decreased to 
50 and 38% of the contralateral control values, radiolabeled 
actin increased to 12 1% of the contralateral control values, and 
the amount of radiolabeled tubulin was unchanged from control 
values. These findings indicate that, while transection of central 
axons affects synthesis of neurofilament proteins and actin, the 
magnitude of these changes is less than that observed after tran- 
section of peripheral axons. 

To determine whether the surgical procedures affected the 
radiolabeling of cytoskeletal proteins, the radiolabeling of DRG 
proteins was evaluated in sham-operated animals in which the 
nerves were exposed but the axons were not transected. Fluo- 

rographs in Figure 2B suggest that any changes after sham op- 
eration were much less than those after axonal transection, and 
quantitative analysis (Table 1 B) indicated that the radiolabeling 
of actin and tubulin were unaffected by the sham operations. 
The radiolabeling of NF68 and NF145 was increased to between 
115 and 126% of the contralateral control values, and the dif- 
ference between radiolabeling of NF68 in the peripheral, sham- 
operated and contralateral control ganglia was statistically sig- 
nificant (p < 0.025) by Student’s t test. These findings indicate 
that the surgical procedure had relatively little effect on radiol- 
abeling of the cytoskeletal proteins. Moreover, the effect of the 
sham operation on neurofilament labeling was opposite to that 
of axonal transection. 

Generalized stress response of DRG cells 
To further examine the response of DRG cells to stress, the 
ganglia were subjected to heat shock. In general, heat shock 
results in a specific increase in the synthesis of heat-shock pro- 
teins, and a decrease in the synthesis of many other cellular 
proteins (reviewed in Schlesinger et al., 1982). Figure 2C shows 
that, after heat-treating ganglia at 42°C for 15 min, the amount 
ofthe radiolabeled 70 kDa protein (HSP 70) increased to 3600% 
of the contralateral control values (Table 1C). By contrast with 
the heavy labeling of HSP 70 after heat treatment, neither the 
axon transection nor the sham operation increased the radiola- 
beling of HSP 70 (Table lA, B). The effects of heat shock on 
cytoskeletal protein labeling were also different from those of 
the sham operation and axotomy (Table IA-C). After heat shock 
the radiolabeling of actin and tubulin decreased, and the amount 
of radiolabeled neurofilament protein was not significantly dif- 
ferent from the levels of the control preparations. This indicates 
that the effects of axonal transection on the synthesis of cyto- 
skeletal proteins and HSP 70 differ from those of both sham 
operations and heat shock. On this basis, we propose that the 
response of the DRG cell to axotomy is specific and that it 
differs from the response to stress. 
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Figure 2. Effect of sham operations or heat shock on the levels of 
radiolabeled DRG proteins. Five days after peripheral or central crush 
(A), sham operations (B), or after a 15 min heat treatment at 42°C (c) 
DRGs were labeled in vitro with 35S-methionine for 1 hr and analyzed 
by 2D gel electrophoresis and fluorography. Contralateral samples were 
analyzed simultaneously with experimental samples. These fluorographs 
represent samples in which equal amounts of total radioactivity were 
analyzed. The cytoskeletal proteins actin (A), tubulin (T), and the 68 
and 145 kDa neurofilament proteins (NF68, NF145), as well as a 70 
kDa protein (I), and a 43 kDa protein (2), are indicated. A large decrease 
in NF68 and NF145 is clearly observable following a peripheral crush 
C-0. 

Time course of cytoskeletal protein synthesis changes 
To examine the relationship of changes in cytoskeletal protein 
synthesis during the elongation and termination phase of central 
and peripheral axon regeneration, we quantified the amount of 
radiolabeled amino acid that was incorporated into cytoskeletal 
proteins of DRG cells when the peripheral axons reinnervated 
their sensory targets in the leg or foot (2 1-35 d after transection) 
and when the central axons formed axoglial terminals on astro- 
cytes at the dorsal root of the spinal cord (10-15 d after tran- 
section). (For further details, see Materials and Methods.) Figure 
3 shows fluorographs of radiolabeling patterns from DRG cells 
l-40 d after transection of either the peripheral or central axons. 
Quantitation of the radiolabeled proteins shows that the amount 
of incorporation into NF68 and NF145 decreased markedly 
between 1 and 5 d after the central or peripheral axons were 
transected, and continued to decrease between 5 and 10 d (Fig. 
4). Neurofilament protein labeling in the DRG neurons returned 
to control levels sooner (between 10 and 20 d) after the tran- 
section of the central axons than after the transection of the 
peripheral axons (at 40 d, the amount of radiolabeled neurofila- 
ment protein had not reached control levels). 

Figure 5 shows the effects of axon transection on actin and 
tubulin synthesis following the transection of either peripheral 
or central axons. When the peripheral axons were cut, the 
amounts of radiolabeled actin and tubulin in the experimental 
DRG were greater than those of the contralateral control ganglia 
between 1 and 5 d after transection; then, between 5 and 10 d, 
the amounts of radiolabeled actin decreased and approached 
those of the contralateral control ganglia. After central transec- 
tion, actin radiolabeling increased between 1 and 10 d, but 
tubulin was essentially unaffected. These observations indicate 
that the effects of transection on actin and tubulin are opposite 
to those on the neurofilament proteins. As with the effects on 
neurofilament protein synthesis, peripheral transection had more 
of an effect on actin and tubulin synthesis than did central tran- 
section. 

Discussion 

Cutting either the central or peripheral axon afects 
cytoskeletal protein synthesis in DRG neurons 
DRG neurons respond differently to axotomy of their central 
axons than to axotomy of their peripheral axons. For example, 
if the peripheral axon of the DRG neuron is cut, the cell body 
undergoes the typical changes associated with chromatolysis, 
but if the central axon is cut, the changes in the cell body are 
much less pronounced, and in some cases no changes have been 
observed (reviewed in Cragg, 1970; Lieberman, 197 1). Fur- 
thermore, biochemical studies show that the synthesis of a num- 
ber of proteins is significantly changed following peripheral (Per- 
ry and Wilson, 1981; Hall, 1982) but not central (Hall, 1982; 
Perry et al., 1983), axotomy. Axonal transport studies of cy- 
toskeletal proteins in the DRG cells also demonstrate that the 
ratio of tubulin “to” neurofilament protein exported into the 
axon increases after transection of the peripheral axons, but not 
after transection of the central axons (Oblinger and Lasek, 
1985, 1988). 

In keeping with these observations, we found that neurofila- 
ment protein synthesis in the DRG neurons changed more after 
transection of their peripheral axons than after transection of 
their central axons. Nonetheless, transection of the central axons 
leads to a substantial reduction of neurofilament protein syn- 
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Figure 3. Fluorographs illustrating the time course of protein synthesis changes. At the indicated time intervals after peripheral or central crushes, 
DRGs were labeled in vitro with 35S-methionine for 1 hr and analyzed by 2D gel electrophoresis. The fluorographs represent samples in which 
equal amounts of total radioactivity were analyzed. The cytoskeletal proteins actin (A), tubulin (T), and the 68 and 145 kDa neurofilament proteins 
(nji58, nf145) are indicated. The neurofilament proteins are clearly decreased 3-20 d following a peripheral crush, and 3-10 d following a central 
crush. 

thesis. At 10 d after central transection, when the effects of 
transection were greatest, the amount of radiolabeled NF68 pro- 
tein was reduced to 37% of that in the contralateral controls. 
Thus, cutting either the central or peripheral axon can affect 
cytoskeletal protein synthesis in the cell body of DRG neurons. 
Moreover, the changes produced by transecting the peripheral 
axon are in the same direction as those produced by transecting 
the central axon, but are quantitatively greater for the peripheral 
axon than for the central axon. 

Neurojlament synthesis, neurojilament number, axon 
diameter, and rapidly conducting neural circuits 
Neurofilaments function chiefly as architectural elements that 
operate by displacing volume within the neuron and thereby 
increasing the volume of the neuron (Lasek et al., 1983, 1985; 
Lasek, 1988; Price et al., 1988). Specifically, neurofilament pro- 
teins are assembled into neurofilaments in the nerve cell body, 
and are then transported into the axon, where they contribute 
to the radial dimensions of the axon. DRG cells that synthesize 
large amounts of neurofilament proteins have large numbers of 
neurofilaments in their cell bodies and axons, and the diameters 
of their cell bodies and axons are larger than those of DRG cells 
that synthesize little, if any, neurofilament protein (Hoffman et 
al., 1987). The diameter ofan axon directly affects its conduction 
velocity, and DRG cells with large amounts of neurofilaments 
and large-diameter axons have rapidly conducting axons (Lasek, 
1988). In general, rapidly conducting axons are components of 
neural circuits that control locomotion and other somato-mus- 
cular movements. Because of the relationships between neu- 

rofilament synthesis and axon diameter, and between axon di- 
ameter and the speed of conduction, understanding the cellular 
mechanisms that regulate neurofilament synthesis contributes 
to the understanding of the mechanisms that produce rapidly 
conducting neural circuits (Lasek, 1988). 

Events at the axon tip afect neurojilament protein synthesis in 
the nerve cell body 
How is neurofilament synthesis regulated? Studies of early neu- 
ral development show that neurofilament proteins first appear 
in the embryonic neuroblasts. Furthermore, the expression of 
the neurofilament genes may be one of the earliest hallmarks of 
nerve cell differentiation (Sechrist, 1969; Tapscott et al., 198 1). 
Initially, the neurofilaments are expressed at a relatively low or 
basal level in the young embryonic neuron. Later, when the 
axon makes synaptic contacts with target neurons, neurofila- 
ment protein synthesis increases markedly. For example, in the 
rat optic system, neurofilaments increase in number at postnatal 
day 10 (Pachter and Liem, 1984), and this coincides with the 
period (postnatal days 10-12) when most retinotectal and reti- 
nogeniculate synapses are formed (Karlsson, 1967; Lund and 
Lund, 1972). Furthermore, Pannesse (1963) found that if the 
size of the peripheral fields innervated by DRG cells increased, 
then the DRG cells would have more neurofilaments in their 
cell bodies. Presumably, when these axons branched more and 
innervated more peripheral target cells, neurofilament protein 
synthesis was increased. These observations suggest that neu- 
rofilament protein synthesis is affected by interactions between 
the tip of the axon and its target cells. 
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Figure 4. Time course of changes in the radiolabeling of neurofilament 
proteins. At the indicated time intervals after peripheral or central crush- 
es, DRGs were labeled in vitro with %methionine for 1 hr and the 
relative levels of the neurofilament proteins were determined by quan- 
tification of labeled proteins isolated after 2D gel electrophoresis. Ex- 
perimental samples were evaluated as a percentage of contralateral con- 
trol, and significant differences were determined by Student’s paired t 
test. SEMs are also indicated. Stars indicate significant differences (p < 
0.05). Numbers indicate total animals analyzed at each time point. 

This hypothesis is supported by the studies of Hoffman and 
his colleagues (1985, 1987), who have analyzed the effects of 
separating the neuron from its target cells on neurofilament 
number and neurofilament mRNA levels. In their studies of 
mature neurons that have high levels of neurofilament synthesis, 
they found that if the axon was cut, the amount of neurofilament 
mRNA decreased in the nerve cell body (Hoffman et al., 1987) 
and the amount of neurofilament protein and the number of 
neurofilaments transported into the axon decreased (Hoffman 
and Lasek, 1980; Hoffman et al., 1985). Furthermore, when 
these axons regenerated and restored contact with their periph- 
eral target cells, the amount of neurofilament mRNA and the 
number of neurofilaments transported into the axons increased 
and returned to the pretransection steady-state levels (Hoffman 
et al., 1985, 1987). However, if the cut axons were prevented 
from regenerating, so that the axons could not restore contact 
with their target cells, the number of neurofilaments transported 
into the axons and, presumably, the amounts of neurofilament 
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Figure 5. Time course of changes in the levels of radiolabeled actin 
and tubulin. At the indicated time intervals after peripheral or central 
crushes, DRGs were labeled in vitro with YS-methionine for 1 hr and 
the relative levels of actin and tubulin were determined after quantifi- 
cation of labeled proteins isolated by 2D gel electrophoresis. Experi- 
mental samples were evaluated as a percentage of their contralateral 
control, and significant differences were determined by Student’s paired 
t test. SEMs are also indicated. Stars indicate significant differences (p i 
0.05). Numbers indicate total animals used at each time point. 

protein synthesis did not return to the pretransection steady- 
state level, but rather remained at the low levels that were pro- 
duced by cutting the axons (Hoffman et al., 1985). On the basis 
of these observations, Hoffman et al. (1987) have proposed that 
interactions between the axon tip and target cells affect the re- 
trograde transport of regulatory factors from the axon tip to the 
cell body, and that these factors regulate neurofilament protein 
synthesis at the level of neurofilament mRNA synthesis or pro- 
cessing. 

Neurojlament protein synthesis in DRG cells is afected by 
interactions between the axon tip and cells that stop axonal 
elongation 
Our results support this model for the regulation of neurofila- 
ment protein synthesis. Specifically, we found that neurofila- 
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ment protein synthesis decreased dramatically when either the 
central or peripheral axon of the DRG cell is cut. Furthermore, 
we found that neurofilament protein synthesis increased when 
the cut axons regenerated and then made contact with cells that 
stopped them from elongating. The peripheral axons begin to 
reconnect with their target cells between 2 1 and 35 d after tran- 
section. [These axons regenerate at 4 mm/d (Wujek and Lasek, 
1983), and the distance from the transection site to the periph- 
eral target cells is 8.5-15 cm.] Analyses with the pinch test 
confirmed that sensory innervation of the foot was present in 
some animals at 40 d, but not at 20 d, after cutting the peripheral 
axons (unpublished observations). During the period when the 
peripheral axons reconnected with their target cells (20 and 40 
d after transection), we found that neurofilament protein syn- 
thesis increased markedly. 

Neurofilament protein synthesis also increased in the DRG 
cells when the cut central axons regenerated through the dorsal 
root to the spinal cord. In our experiments, the distance between 
the spinal cord and the site where the dorsal root was crushed 
was 2.0-3.3 cm. At this distance, and with a regeneration rate 
of 2 mm/d (Wujek and Lasek, 1983), the central axons reached 
the spinal cord entry zone at 10-l 5 d following transection. 
When the axons reach the spinal cord, many of them stop elon- 
gating and form stationary contacts on astrocytes at the dorsal 
root entry zone (Liuzzi and Lasek, 1987). Our results indicate 
that neurofilament protein synthesis increases markedly during 
the period between 10 and 20 d, when the axons contact the 
astrocytes and stop elongating. Apparently, neurofilament pro- 
tein synthesis in the DRG neurons increases when their central 
axons form axoglial junctions on astrocytes. 

This observation suggests that contact between the DRG ax- 
ons and their normal synaptic targets is not required to elevate 
the amount of neurofilament protein synthesis in these neurons. 
Instead, astrocytes that can stop the axon from elongating may 
be sufficient to stimulate the mechanisms that increase neuro- 
filament protein synthesis. Ultrastructural analyses of the axo- 
glial terminals that the central axons form on astrocytes show 
that these terminals are similar to presynaptic terminals on 
neurons (Liuzzi and Lasek, 1987). Notably, these terminals do 
not contain an excess of cytoskeletal elements or membranous 
organelles. On the basis of these and other observations, Liuzzi 
and Lasek (1987) have proposed that astrocytes in the spinal 
cord of adult rats can stop axonal elongation by activating the 
“physiological stop pathway”; this pathway normally operates 
at the axon tip when that tip makes synaptic contact with a 
target neuron. Apparently, the astrocytes activate proteolytic 
mechanisms that remove excess axonally transported elements 
that are continually carried to the axon tip by fast and slow 
transport. The activation of these mechanisms locally at the 
axon tip may provide a cue that affects the level of neurofilament 
protein synthesis in the cell body. For example, changes in the 
rate of removal of anterogradely transported elements from the 
axon tip may change the amount or character of retrogradely 
transported elements that are returned from the axon tip to the 
cell body (Lasek and Katz, 1987). 

Conclusions 
Neurofilament protein synthesis in DRG cells and other large 
neurons is stimulated by retrogradely transported factors from 
axon tips that have made stationary axon terminals on cells that 
stop the axon from elongating. In DRG neurons, these factors 
are transported to the cell body from the tips of both the pe- 

ripheral and central axons, and, at steady state, the amounts of 
these retrograde factors are apparently greater for the peripheral 
than for the central axon. This difference may be due largely to 
intrinsic differences in the amounts of material transported in 
the peripheral and central axons. For example, the amount of 
membranous elements (fast component) that are anterogradely 
transported from DRG cell bodies to their peripheral axon tips 
is larger than that transported to their central axon tips (Lasek, 
1968; Ochs, 1972). At the axon tips, these anterograde mem- 
branous elements are converted into retrograde membranous 
elements, which are then returned to the cell body by retrograde 
transport (Lasek and Katz, 1987). Presumably, the amount of 
retrograde membranous elements returned from the axon tip is 
proportional to the amount of anterograde membranous ele- 
ments supplied to the axon tip. These observations suggest that 
more retrograde membranous elements return to the DRG cell 
body from its peripheral axon tips than from its central axon 
tips. Through this pathway of anterograde transport, antero- 
grade-to-retrograde conversion at the axon tip, and retrograde 
transport, the amount of anterograde elements that are supplied 
to the axons of DRG cells may determine the amount of certain 
regulatory factors that return from the axon tip to influence 
neurofilament protein synthesis in the nerve cell body. 
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