
The Journal of Neuroscience, October 1989, 9(10): 35053512 

Expression of Growth-Associated Protein B-50 (GAP43) in Dorsal 
Root Ganglia and Sciatic Nerve During Regenerative Sprouting 

Catharina E. E. M. Van der Zee, Henk B. Nielander, Jan P. Vos, Sofia Lopes da Silva, Joost Verhaagen, A. 
Beate Oestreicher, Louise H. Schrama, Peter Schotman, and Willem Hendrik Gispen 

Division of Molecular Neurobiology, Rudolf Magnus Institute and Institute of Molecular Biology and Medical Biotechnology, 
Laboratory for Physiological Chemistry, University of Utrecht, Padualaan 8, 3584 CH Utrecht, The Netherlands 

Recently it has been shown that B-50 .is identical to the 
neuron-specific, growth-associated protein GAP43. The 
present study reports on the fate of B-50/GAP43 mRNA and 
B50/GAP43 protein, determined by radioimmunoassay, in a 
rat model of peripheral nerve regeneration (sciatic nerve 
crush) over a period of 37 and 312 d, respectively. Moreover, 
the effects of repeated subcutaneous injection of the neu- 
rotrophic peptide Org.2766 (an ACTH4-9 analog) and of a 
conditioning lesion on B-50/GAP43 protein levels in the re- 
generating nerve and dorsal root ganglia (DRG) were inves- 
tigated. Both treatments enhanced the functional recovery 
as evidenced by a foot-flick withdrawal test. Immunocyto- 
chemical analysis using antineurofilament antibodies re- 
vealed a peptide-induced increase in the number of out- 
growing sprouts in the sciatic nerve. Both the peptide and 
the conditioning lesion amplified the crush lesion-induced 
increase in B-50 protein content in the nerve as determined 
by radioimmunoassay. B-50 protein levels seem to correlate 
proportionally with the number of sprouts. 

In the DRG of the crushed sciatic nerve, the time course 
of B-50 expression was studied. B-50 mRNA was quantified 
from Northern blots. A linear increase up to 10 times the 
basal level of B-50 mRNA was observed 2 d postsurgery, 
followed by a gradual decline to normal levels at day 37. The 
first significant rise in B-50 mRNA level became apparent 
between 6 and 16 hr after placement of the crush lesion. 
The first significant rise in B-50 protein level occurred 40 hr 
after the crush lesion, reaching a plateau of 3 times the basal 
level between day 6 and 20. B-50 protein levels in DRG cell 
bodies remained elevated up to 60 d after crush, a period 
much longer than that observed for B-50 mRNA. Thus, during 
a later phase of peripheral axonal regeneration, the pres- 
ence of B-50 appears to be prolonged, probably by an in- 
crease in half-life and not so much by enhanced transcrip- 
tion. 

Treatment with Org.2766 did not affect the B-50lGAP43 
levels in DRG cell bodies during the first 6 d following crush. 
Conditioning lesion resulted in a DRG B-50/GAP43 protein 
amount at the same level as in rats 14 d after the test lesion. 
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B-50/GAP43 levels in DRG are probably influenced by the 
rapid axonal transport of the protein, as has been reported 
by others. 

The neuron-specific phosphoprotein B-50 (MW 23.5 kDa, IEP 
4.5) belongs to a family of growth-associated proteins (GAPS) 
and is identical to GAP43, GAP48, Fl, and pp46 (Gispen et 
al., 1986; Jacobson et al., 1986; Perrone-Bizzozero et al., 1986; 
Meiri et al., 1986; Pfenninger, 1986; Zwiers et al., 1987; Kams 
et al., 1987; Basi et al., 1987; Rosenthal et al., 1987; Neve et 
al., 1987; Nielander et al., 1987). Recently, it became evident 
that B-50 is also identical to P57, a calmodulin-binding protein 
in the nervous system (Cimler et al., 1987). A role of this protein 
in axonal growth has been suggested because B-50, like pp46 
(Pfenninger, 1986), is a major constituent of the axonal growth 
cone (De Graan et al., 1985; Katz et al., 1985; Meiri et al., 1986; 
Skene et al., 1986; Van Hooff et al., 1988), and it is present in 
outgrowing neurites in fetal and neonatal rat brain and spinal 
cord (Jacobson et al., 1986; Oestreicher and Gispen, 1986; Gor- 
gels et al., 1987) and in outgrowing processes of NGF-differ- 
entiated PC12 cells (Van Hooff et al., 1986; Basi et al., 1987). 
The GAPS, like B-50, have been implicated in axonal repair 
processes as well (Skene and Willard 198 1; Benowitz et al., 198 1; 
Benowitz and Lewis, 1983). The protein is expressed in regen- 
erating axons following mechanical damage of the sciatic nerve 
in the rat (Verhaagen et al., 1986) and is present in the presyn- 
aptic terminal of newly formed neuromuscular junctions (Ver- 
haagen et al., 1988). 

Previously, it was shown that axonal regeneration in the 
crushed sciatic nerve can be facilitated by either the placement 
of an earlier “conditioning” lesion (McQuarrie and Grafstein, 
1973; McQuarrie et al., 1977; McQuarrie, 1978) or by treatment 
with neurotrophic agents, such as melanocortins (Strand and 
Kung, 1980; Gispen et al., 1987). Posttranslational products of 
pro-opiomelanocortin, such as ACTH and MSH peptides, en- 
hance postlesion repair by increasing the number of outgrowing 
myelinated and unmyelinated newly formed axons (Bijlsma et 
al., 1983; Verhaagen et al., 1987). The mechanism by which 
either melanocortins or conditioning lesion enhance the recov- 
ery of nerve function is still largely unknown. 

The aim of the present study was to determine the time course 
of the expression and fate of B-50/GAP43 following a crush 
lesion of the rat sciatic nerve, in terms of B-50 mRNA and B-50 
protein levels in dorsal root ganglia (DRG) and B-50 protein 
levels in the sciatic nerve. Furthermore, the effect of enhance- 
ment of nerve repair by means of a conditioning lesion or pep- 
tide treatment on B-50 protein levels was studied. 
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Materials and Methods 
Animals and surgical procedure. Female rats of an inbred Wistar strain 
(TNO. Zeist. NL). bodv weiaht 130-200 am. were subiected to a uni- 
lateral crush lesion of the shatic nerve, as described in detail by De 
Koning et al. (1986). The crush lesion, or “test” lesion, was placed 7 
mm distal from the point where the sciatic nerve emerged from under 
the gluteus maximus muscle. The crush lesion was performed under 
Hypnorm anesthesia (Duphar, Weesp, NL, 0.8 ml/kg body weight). The 
distal border of the 2.0-mm wide crush lesion was marked with an 
epineural suture (Ethicon 6.0) in the peroneal branch of the sciatic nerve 
to locate the position of the crush. 

One group of rats was crushed twice, with an interval of 2 weeks 
(McQuarrie, et al., 1978; Dekker, 1987). The “conditioning” lesion was 
placed 10 mm distal to the normal crush site 14 d before the test lesion 
was performed. 

Return of sensorimotor function. The sensitivity to noxious stimula- 
tion was assessed by means of a reflex withdrawal test employing a small 
electric current applied locally to the foot sole (for details, see De Koning 
et al., 1986). In short, the rat was immobilized, and 2 stimulation poles 
were placed at different points on the skin of the foot sole. A rat with- 
draws its paw immediately when the skin of the foot sole closes the 
electrical circuit between the stimulation poles. Starting on postopera- 
tion day 14, the animals were tested daily, and the number with a 
positive foot withdrawal reflex at the 0.1 mA stimulus was scored. Data 
were analyzed using a x2 test. 

Peptide administration. The peptide Org.2766 [ACTH4-9 analog 
H-Met(O,)-Glu-His-Phe-D-Lys-Phe-OH] was a gift from Organon Int. 
BV (Oss, NL). Org.2766 was dissolved in 0.1% (wt/vol) B&A/O.05 N 
HCl and subsequently diluted with 0.9% (wt/vol) NaCl solution to a 
final concentration of 7.5 pg/kg/OS ml solution (with a neutral pH) and 
administered S.C. every 48 hr, with the first injection immediately after 
the crush lesion operation. The control rats received the saline solution 
with the same concentration of BSA. 

Dissection. After decapitation, the crushed nerves were dissected dis- 
tally from the epineural suture on and cut in 5-mm nerve pieces over 
a length of 20 mm, or one IO-mm piece was taken. The nerves of 
noncrushed rats were also dissected and cut in 5-mm or IO-mm pieces. 
DRG (L4LsLb) from the crushed side of the rat and DRG from non- 
crushed rats were also dissected. 

Immunohistochemistry and quant&ation of sprouts. At 2, 3, and 4 
d after sciatic nerve crush, rats were decapitated, and crushed sciatic 
nerves were removed and processed for immunohistochemistry as de- 
scribed by Verhaagen et al. (1987). In short, the nerves were fixed in 
periodate-lysine-paraformaldehyde in 50 mM phosphate buffer (McLean 
and Nakane, 1977) and cryoprotected in graded sucrose solutions up 
to a concentration of 35%. Four-pm thick transverse cryosections at the 
distal border of the crush, marked by the epineural suture, were incu- 
bated with affinity-purified anti-l 50 kD neurofilament protein IgGs for 
24 hr (Verhaagen et al.. 1987. see illustration). The site of antieen- 
antibody binding was visualized with swine antilrabbit IgGs conjugated 
to FITC (1: 100; Dako, Denmark). For each section, sprouts were count- 
ed in 3 color slides representing a total of 0.1 mm2 of the tibia1 nerve 
area. The tibia1 nerve area was circumscribed using a microscope (Olym- 
pus BH-2) with a drawing tube attachment. Subsequently, the area of 
the circumscribed fascicle was measured with a graphics tablet coupled 
to an IBM microcomputer. The total number of sprouts in each section 
was calculated from the 0.1 mm* count and the total tibia1 nerve area. 
The person counting the sprouts was unaware of the treatment the rat 
had received. Data were analyzed for statistical significance with an F- 
test, followed by a supplemental Student’s t test. 

B-50 radioimmunoassay. In order to measure the amount of B-50 
protein in a radioimmunoassay (RIA), the 5- or IO-mm nerve pieces 
and the DRG (L,L,L,) were homogenized in 1.0% (wt/vol) sodium 
dodecyl sulfate (SDS) (90 @mg tissue wet weight), heated for 5 min at 
100°C. The RIA was performed essentially as described by Oestreicher 
et al. (1986). A B-50 tracer was prepared with high specific activity (lO- 
30 pCi/pg protein) by phosphorylation for 30 min at 30°C of l-2 pg 
purified B-50 protein (Oestreicher et al., 1983) with carrier-free yJ*P- 
ATP (500 &i, S.A. 3000 Ci/mmol purchased from Amersham) cata- 
lyzed by 0.48 pg purified protein kinase C (Aloyo et al., 1983) in the 
presence of 16 fig phosphatidylserine, 2% glycerol, 10 mM MgCl,, 0.15 
mM CaCl,, 10 mM Tris-HCl at pH 7.4 in a final volume of 80 ~1. The 
reaction was terminated by addition of 40 ~1 denaturing solution con- 
taining SDS (Oestreicher et al., 1986). The tracer was purified by SDS 

gel electrophoresis on a 0.5 mm 11% (wt/vol) polyacrylamide gel and 
monitored by Cerenkov counting. After staining of the gel for proteins 
with fast green, the highly labeled B-50 band was excised. The radio- 
labeled B-50 was extracted from the gel by means of an ISCO Electro- 
phoretic Concentrator (ISCO Inc., Lincoln, Nebraska). The acidic ex- 
cised gel piece was neutralized by rinsing with electrophoresis buffer 
EBIM [comprising EB, 0.77 M glycine and 0.1 M Tris, and a protease 
inhibitor mix (IM)]. This IM consisted of 5 mM phenylmethylsulfo- 
nylchloride, 0.15 M NaN,, 50 mM NaF, lrn~ EGTA, and 1000 KIE 
Trasylol (Bayer, Leverkussen, BDR) at pH 7.4 in a volume of 20 ml. 
One ml IM was routinelv added to 50 ml EB. constitutina EBIM. There- 
after, the labeled B-50 gel piece was homogenized in 1 “ml EBIM. The 
homogenate was placed in a sterile sample cup of the concentration cell 
filled with sterile EBIM and transferred to the small CUD at the anode 
for 2 hr, using 3 W. The purified tracer was analyzed by SDS-PAGE, 
aliquoted and stored at -20°C. 

The RIA was performed in 400 ~1 detergent containing medium A 
[200 mM NaCl, 10 mM EDTA, 10 mM NaH,PO,, 0.5% (tivol) Nonidet- 
P40, 0.1% (wt/vol) SDS at pH 7.21 using affinity-purified anti-B-50 
immunoglobulins (antisera 8420 and 86 13) and purified B-50 as a stan- 
dard. The detection range was 0.1-10 ng B-50. As a control, different 
amounts of homogenates from rat liver and lung were assayed as well. 
No B-50 immunoreactivity was detected. Moreover, using the anti-B- 
50 immunoglobulins on Western blots from nervous tissue, heart, lung, 
liver, and kidney, B-50 was detected only in nervous tissue. 

Homogenate total protein concentrations were measured using the 
method of Lowry et al. (195 1). 

Data were analyzed for statistical significance with an F-test, followed 
by a supplemental Student’s t test. 

Northern blot analysis of B-50 mRNA. Total RNA was isolated es- 
sentially according to the method of Chirgwin et al. (1979) as modified 
by Nielander et al. (1987). DRG (L4LsL6) were immediately frozen in 
liquid N, and subsequently homogenized in 1.0 ml of a solution con- 
taining 6 M guanidinium isothiocyanate (GITC), 0.5% (wt/vol) sodium 
N-laurylsarcosinate, 0.1% (wt/vol) antifoam (Sigma), 0.5% (wt/vol) 
P-mercaptoethanol, and 0.05 M sodium citrate, pH 7.0, at room tem- 
perature in a glass tube with a tightly fitting Teflon pestle (Potter-El- 
vehjem) with 10 strokes up and down. The homogenate was layered on 
a cushion of 1.0 ml of 5.7 M cesium chloride and 0.1 M EDTA, pH 7.0 
(Glisin et al., 1974). RNA was pelleted by centrifugation at 436,000 
g,,, for 3 hr at 20°C using a fixed angle rotor in a Beckman TL-100 
centrifuge. The RNA pellet was redissolved in 25 mM EDTA, pH 7.0, 
and precipitated by ethanol. 

Analysis of B-50 mRNA expression was carried out by size fraction- 
ation of 3.0 rg glyoxylated (McMaster and Carmichael, 1977) total RNA 
on 1 .O% (wt/vol) agarose gels formed in 10 mM sodium phosphate, pH 
7.0, followed by capillary blotting to nylon transfer membranes (Hybond 
N, Amersham, UK, Maniatis et al., 1982). Filter hybridizations were 
performed in the presence of formamide (50%, vol/vol) and polyeth- 
ylene glycol(1 O%, vol/vol) (Amasino, 1986), essentially as described by 
DeLeon et al. (1983). RNA probe synthesis was carried out by in vitro 
transcription on Hind III linearized plasmid with a B-50 cDNA se- 
quence as insert (Nielander et al., 1987) with T, RNA polymerase (Pro- 
mega Biotec) and (u-~~P-CTP (Amersham, UK, 800 Ci/mmol) to give a 
specific activity of about lo9 dum/wg. Hybridization temnerature was 
55°C the final-wash was carried out& 011 x SSC, 0.1% (tivol) SDS 
(SSC: 0.15 M sodium chloride. 0.015 M sodium citrate) at 65°C. After 
washing, the filters were exposed to preflashed Fuji-RX film with in- 
tensifying screens at -80°C. 

QuantiJication of B-50 mRNA. Similar amounts of total RNA (A,,,/ 
A,,, > 2.0), as measured by A,,, -A,,, from the ganglia of rats at different 
time periods following the crush lesion, were applied to one gel (0, 1, 
2, 4, 6, 14, 20, and 37 d) and a subsequent gel (0, 0.5, 4, 8, 16, 24, and 
32 hr). In this way, Northern blotting and probing of one series of time 
points were performed under the same conditions. Two overlapping 
time points were chosen to fit both series into one time curve. After 
probing with the B-50 cRNA, the filters were stripped (the effectiveness 
was checked by autoradiography) and reprobed with a rat glycera!de- 
hyde-3-phosphate dehydrogenase (GAPDH) cDNA probe as a control. 
Random-primed labeling (Boehringer, Mannheim) with cuJZP-dCTP, a 
hybridization temperature of 42°C and a final wash at 50°C were ap- 
plied. For quantification of hybridization intensities, autoradiographs 
were examined by computer-assisted densitometry and image analysis 
(TIM program, TEA, DIFA BV). In a control experiment, a concentra- 
tion range of 0.1-2.0 ng of purified B-50 cRNA, quantified similarly, 
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Figure 1. Effect of Org.2766 on the number of sprouts in the tibia1 
nerve at the distal border of the crush site. Following crush lesion, newly 
outgrowing sprouts were identified by antineurofilament 150 kDa an- 
tibodies, and the numbers of sprouts were counted in 0.1 mm2 cross- 
sections. Rats were injected with saline (0) or Org.2766 (7.5 &kg s.c.1 
48 hr) (0), starting immediately following the crush lesion. A significant 
increase in the number of regenerating nerve fibers following treatment 
with Org.2766 was observed compared to saline treatment (‘p < 0.1, 
*p < 0.05, Student’s t test). 

resulted in a linear relationship between integrated total density of the 
hybridization bands above background and the amount of cRNA ap- 
plied to the gel. 

The B-50 mRNA values were corrected for GAPDH mRNA amounts 
in the same lanes and expressed relative to the values in DRG of non- 
crushed rats (100%). Each time point was determined as the mean of 
two independent values obtained from the ganglia of 2 rats. The cor- 
rection for the same amount of GAPDH mRNA did not change the 
time curves of B-50 mRNA levels substantially. 

Results 
Recovery of sensorimotor function following sciatic nerve crush 
Recovery of sensorimotor function following the crush lesion, 
tested in the foot reflex withdrawal test, starts after day 1.5 (Table 
1). Treatment with Org.2766 (7.5 &kg s.c./48 hr), an ACTH4-9 
analog, showed an accelerated recovery of function (Table 1A). 
At day 17 postsurgery, only 1 of 10 saline-treated rats displayed 
reflex withdrawal of the paw to the noxious foot sole stimulation, 
whereas in the peptide-treated group, 8 of 10 rats responded to 
the 0.1 mA current stimulus (x2 test, p < 0.005). 

A conditioning crush lesion, placed distally 2 weeks before 
the test lesion, accelerated the recovery of function as well (Table 
1B). At postlesion day 17, 2 of 10 rats bearing the test lesion 
only showed a positive foot withdrawal reflex, whereas 8 of 9 
rats receiving a conditioning lesion as well responded to the 
noxious stimulation (x2 test, p < 0.01). 

Number of sprouts in the tibia1 nerve following nerve crush 
The outgrowth of regenerating nerve fibers was studied at 2, 3, 
and 4 d after a crush lesion in saline- or Org.2766 (7.5 &kg 
s.c./48 hr)-treated rats. At the distal border of the lesion, the 
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Figure 2. Increase of B-50 protein levels in the sciatic nerve at day 6 
following crush lesion. Effect of Org.2766 treatment (A) or conditioning 
lesion (B). The B-50 protein amount in control noncrushed rat sciatic 
nerve is in the range of 10.6 to 12.4 ng/mg protein (n = 10). A, The 
increase in B-50 protein level in rats injected with Org.2766 (7.5 &kg 
s.c.148 hr) (0) starting immediately after the crush lesion, was signifi- 
cantly different from the increase in rats injected with saline (El). Analysis 
of variance, F(l, 8) = 5.14, p < 0.05. B, The increased B-50 protein 
level in rats receiving a conditioning lesion 2 weeks before the test lesion 
(0) was significantly different from the increased B-50 level in rats 
receiving the test lesion only (9 (Student’s t test, p < 0.05). 

small regenerating sprouts, identified by antineurofilament 150 
kD antibodies, were counted in 0.1 mm* cross-sections of the 
tibia1 nerve, and the total number per cross-section was calcu- 
lated. As shown in Figure 1, Org.2766 treatment increased the 
number of sprouts at the first time point of analysis (2 d after 
crush). At postoperative days 3 and 4, peptide-treated rats showed 
a significant increase in the number of outgrowing sprouts as 
compared to saline-treated rats. 

B-50 protein content in sciatic nerve distal from the crush site 
At day 6 following a crush lesion, newly formed sprouts will 
have progressed into the distal nerve stump up to a distance of 
approximately 15 mm distal from the crush site [calculated from 

Table 1. Sensorimotor function following a crush lesion of the sciatic 
nerve 

Dav 

A B 

Condition- 
Saline Org.2766 Control ing lesion 
h = 10) Cn = 10) Cn = 10) (n = 91 

13 0 0 0 0 
15 0 4 0 4 
17 1 8** 2 8* 

Depicted is the number of rats showing a positive foot withdrawal reflex. 
A, Rats were treated with saline or Org.2766 (7.5 &kg s.c./48 hr) starting 
immediately after the crush lesion. 
B, Rats received a conditioning lesion 2 weeks before the test lesion or received 
the test lesion only (x2 test, * p < 0.01, ** p < 0.005). 
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Figure 3. Expression of B-50 mRNA and B-50 protein in DRG following crush lesion of the sciatic nerve. The amount of B-50 mRNA and 
B-50 protein in DRG was expressed as percentage of noncrushed rats (100%). At 0,0.5,4,8, 16,24, and 32 hr and at 2,4, 6, 14, 20, and 37 d after 
crush, the B-50 mRNA was determined by means of a semiquantitative Northern blot analysis of total DRG RNA, obtained from the pooled 
ganglia (L4LsL6) of 2 rats in duplicate. Inset, Lanes from the crucial time points 0, 2, 4, 6, and 37 d and 0, 0.5, 4, 8, and 16 hr. The positions of 
the 28 and 18 S rRNA of B-50 mRNA (1.5 kb) and GAPDH mRNA (1.3 kb) are indicated (inset). The increase in B-50 mRNA was significant 
at time points between 16 hr and 20 d (Student’s t test, p < 0.05). At 0, 24, and 40 hr and at 2, 3,4, 6, 14, 20, 37, 61, 104, and 3 12 d after crush, 
the B-50 protein amount was measured by means of RIA. Control level (= 100%) is 15 ng/mg protein. The increase in B-50 protein was significant 
at time points between 40 hr and 6 1 d (Student’s t test, p < 0.05). 

data of Verhaagen et al. (1987) obtained under identical con- 
ditions]. At day 6 after a crush lesion, the distal portion of the 
nerve was dissected either over a length of 20 mm and cut into 
5-mm segments (Fig. 2A) or dissected over 10 mm (Fig. 2B). 
B-50 levels were determined using RIA. As shown in Figure 
2A, Org.2766 treatment increased the B-50 level in nerve seg- 
ments I, II, and III as compared to saline treatment. Analysis 
of variance revealed that this increase in peptide-treated rats 
was significant in all 3 segments distal to the crush site (Fig. 2A) 
(F( 1,8) = 5.14, p < 0.05). In saline-treated rats, the B-50 protein 
content was significantly increased in nerve segments I and II 
as compared to noncrushed controls (basal levels of B-50 in 
nerves of control noncrushed rats were between 10.6 and 12.4 
ng/mg protein). 

A conditioning lesion 2 weeks before the test lesion resulted, 
at postoperation day 6, in an increase in B-50 protein content 
in the first lo-mm segment distal to the crush site as compared 
with rats that had received the test lesion only (Fig. 2B, Student’s 
t test, p < 0.05). In the test lesion group, the B-50 protein level 
was significantly higher when compared to the basal B-50 level 
in nerves of control noncrushed rats. 

Time course of B-50 mRNA and B-50 protein content in DRG 

The time course of the change in B-50 mRNA and B-50 protein 
in the ipsilateral DRG (L4LsL6) in response to a crush lesion of 
the right sciatic nerve was determined over a period of 37 and 
3 12 d, respectively. B-50 mRNA levels were quantified from 2 
series of Northern blots of total RNA from the ganglia of 2 rats 
(in duplicate), as described in Materials and Methods. The inset 
of Figure 3 shows the crucial time points from the 2 series. B-50 

and GAPDH probes showed specific hybridization with one 
band at positions 1.5 and 1.3 kb, respectively, and little or no 
hybridization with the rRNAs. 

The B-50 protein levels were determined by RIA. The amount 
of B-50 mRNA and B-50 protein in DRG was expressed as 
percentage of the value in noncrushed rats (approximately 15 
ng B-SO/mg protein = lOO%, Fig. 3). 

An initial rise in B-50 mRNA was detected 16 hr after the 
lesion. B-50 mRNA content showed a linear and IO-fold in- 
crease till 48 hr after crush. Subsequently, the level decreased 
gradually until it returned to control value at postoperation day 
37 (Fig. 3). The first significant increase in B-50 protein was 
apparent 40 hr after the crush lesion. The highest levels were 
observed between days 6 and 14. Levels of B-50 protein re- 
mained significantly higher in DRG of crushed rats compared 
to noncrushed, age-matched controls up to 6 1 d. At 3.5 or 10 
months after the crush, no difference in DRG B-50 levels be- 
tween crushed and age-matched controls was found (Fig. 3). 

Efect of Org.2766 treatment or conditioning lesion on B-50 
protein in DRG 

The amount of B-50 protein in DRG was significantly increased 
at days 2, 4, and 6 after crush in both saline- and Org.2766- 
treated animals compared to noncrushed controls. There was 
no significant difference between saline- and peptide-treated rats 
(Fig. 4A). As can be seen in Figure 4B, B-50 levels in DRG of 
the conditioning lesion group were significantly different from 
the noncrushed controls (100%) at all time points (days O-6; p 
-C 0.05). The starting value at day 0 in the conditioning lesion 
group was already elevated (as day 0 after the test lesion is in 
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Figure 4. Effect of Org.2766 treatment (A) or conditioning lesion (B) on B-50 protein in DRG following crush lesion of the sciatic nerve. The B- 
50 protein content in DRG was expressed as percentage of noncrushed rats (100% = 15 ng/mg protein). A, Rats were injected with either saline 
(0) or Org.2766 (7.5 pg/kg s.c./48 hr) (0), starting immediately after the crush lesion. Values of both groups were significantly different from control 
level at day 2 (p < 0.05) and at days 4 and 6 @ < 0.01). No significant difference between the two treatments was found. B, Rats received a 
conditioning lesion 2 weeks before the test lesion (0) or received the test lesion only (W). Values of the conditioning lesion group were significantly 
different from the 100% level at all time points (p < 0.05). Values of the group with the test lesion only were significantly different from control 
level at days 2. 4, and 6 (p < 0.05). At day 0 and day 2, a significant difference was observed between those two groups (p < 0.05). The significance 
of difference was determined with the Student’s t test.. - 

fact day 14 of the prior conditioning lesion; see also Fig. 3) 
compared to the control level. Again, values of the group with 
the test lesion only were significantly different from control level 
at day 2, 4, and 6 (p < 0.05). At day 0 and day 2, a significant 
difference was observed between conditioning and test lesion 
groups (p < 0.05). In a control experiment in noncrushed rats, 
no effect of saline or Org.2766 (7.5 pug/kg s.c./48 hr) injections 
on the B-50 levels in DRG were observed (data not shown). 

Discussion 

The sciatic nerve crush model as described by De Koning et al. 
(1986) and used in the present study is suitable to monitor 
axonal regeneration in the rat peripheral nervous system. First 
signs of recovery of sensorimotor function of the hindpaw bear- 
ing the crush lesion as measured with the foot reflex withdrawal 
test usually can be observed around day 15 or 16, whereas full 
recovery according to this test criterion is observed at approx- 
imately 21 d(VanderZeeet al., 1988). Treatment with Org.2766 
during the regeneration period resulted in a significant accel- 
erated recovery of sensorimotor function from day 17 on (Table 
1A). These findings confirm previous work demonstrating a ben- 
eficial effect of melanocortins on nerve regeneration (Strand and 
Kung, 1980; Bijlsma et al., 198 1; De Koning et al., 1986; Dekker 
et al., 1987; Gispen et al., 1987; Verhaagen et al., 1987; Van 
der Zee et al., 1988). Melanocortins enhance nerve repair by 
increasing the number of outgrowing myelinated and unmye- 
linated sprouts (Bijlsma et al., 1983; Verhaagen et al., 1987). 
At the distal border of the crush lesion, the number of sprouts 
in Org.2766-treated rats was significantly increased from day 2 
on, when the first sprouts appeared (Fig. 1). The difference be- 
tween saline and Org.2766 treatment remained constant from 
the earliest measurement, indicating a fixed number of extra 
sprouts in the Org.2766-treated group (Fig. 1). This is in agree- 
ment with Verhaagen et al. (1987), who suggested that the num- 
ber of sprouts rather than their growth rate is enhanced by 
peptide treatment. 

A comparable enhancement ofrecovery of sensorimotor func- 
tion after crush, ascertained with the foot reflex withdrawal test, 

was observed in rats receiving a conditioning lesion 2 weeks 
before the test lesion (Table 1B). These results are in agreement 
with those of McQuarrie et al. (1977), McQuarrie (1979) and 
Carlsen (1983). According to these authors, conditioning le- 
sioning resulted in a reduced delay before outgrowth of newly 
formed sprouts. They also reported an accelerated outgrowth 
rate, measuring the front of the fastest growing sensory axons, 
determined from the response of the rat to pinching the skin 
with a forceps. Morphological evidence for enhanced growth 
following conditioning lesion is provided by McQuarrie (1985). 
At 9 hr after a sciatic nerve crush, there is a 24% increase in 
cytoskeleton containing sprouts at 200-500 pm proximal to the 
crush when the tibia1 nerve had been transected 14 d previously. 

Several years ago, metabolic labeling studies demonstrated 
that the expression of some proteins, later defined as GAPS, is 
greatly enhanced during axonal regeneration (Skene and Wil- 
lard, 198 1; Benowitz and Lewis, 1983). More recently, molec- 
ular cloning of one of these proteins, designated as GAP43 (Basi 
et al., 1987; Karns et al., 1987; Neve et al., 1987), Fl (Rosenthal 
et al., 1987), B-50 (Nielander et al., 1987), and P57 (Cimler et 
al., 1987), makes it possible to study the expression of this 
protein at the mRNA level, in combination with measurements 
of the actual protein level. 

Previous studies measuring RIA levels of B-50 around the 
crush site 6 d after the lesion showed marked increase in B-50 
protein levels at the site and distally of the crush (Verhaagen et 
al., 1986). We estimated from immunofluorescence studies 
(Verhaagen et al., 1987) that at this time point, newly formed 
sprouts will have reached a length of approximately 15 mm 
distally. In the present study, RIA was used to measure B-50 
levels distal to the crush site at day 6 after the lesion (Fig. 2). 
In segment IV, where at this time point no newly formed sprouts 
will have arrived, contained similar amounts of B-50 protein 
as the values measured in noncrushed control rats. This may 
correspond to the immunoreactivity detected in previous im- 
munofluorescence studies. A relatively slow breakdown of B-50 
was observed after transection of the sciatic nerve in the de- 
generating neuromuscular junction (Verhaagen et al., 1988) and 
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after a unilateral mesencephalic lesion (Oestreicher et al., 1988). 
The increase in the amount of B-SO in the first 2 distal nerve 
segments (a distance of 10 mm) correlates well with the number 
of newly formed sprouts in these segments (Figs. 1, 2A; Ver- 
haagen et al., 1987). The increased B-50 level in rat peripheral 
nerve 6 d after a crush lesion is consistent with the results of 
metabolic labeling studies of GAP43/GAP48 (Skene and Wil- 
lard, 198 1; Benowitz and Lewis, 1983; Kalil and Skene, 1986) 
and with data obtained by RIA from Verhaagen et al. (1986). 
Similarly, Tetzlaff et al. (1989), studying axonal transport and 
localization of B-50/GAP43-like immunoreactivity in the re- 
generating sciatic nerve, observed that the greatest increase of 
B-50 resided in the newly regenerated portion of the nerve. 

Treatment with Org.2766 (Fig. 2A) or a conditioning lesion 
(Fig. 2B) further enhanced the increase in the amount of B-50 
protein. Moreover, Org.2766-treated rats showed a significant 
increase in the B-50 protein amount in segment III, whereas in 
saline-treated animals, the B-50 content was not different from 
that of noncrushed rats. These data support those presented in 
Figure 1, indicating that after Org.2766 treatment, more sprouts 
have grown further into the nerve. Bisby and Zwiers (1989) did 
not find a further increase in GAP/B-50 from a conditioning 
lesion. However, they studied metabolic labeling of the protein, 
whereas we determined the levels by RIA. We deduce from 
these data that the B-50 protein content is correlated propor- 
tionally with the number of sprouts. Therefore, the enlarged 
increase in B-50 content as a result of a conditioning lesion or 
treatment with Org.2766 is most likely a reflection of the in- 
crease in the number of sprouts. 

The effects of peptide treatment or conditioning lesioning on 
B-50 protein levels were also studied in DRG (L4L5L6) contain- 
ing the cell bodies of the sensory neurites in the rat sciatic nerve 
(Fig. 4). Interestingly, treatment with the peptide did not result 
in a further increase in DRG B-50 content, whereas in animals 
so treated, more B-50 was observed in the regenerating nerve. 
The absence ofeffect on B-50 levels in DRG could be interpreted 
such that apparently the peptide preferentially stimulates out- 
growth of motor axons derived from cell bodies in the spinal 
cord. However, there is ample evidence indicating that peptide 
treatment affects both motor and sensory neuronal regeneration 
and neurite outgrowth (De Koning et al., 1986; Gerritsen van 
der Hoop et al., 1988). Apparently, the DRG cell bodies contain 
sufficient B-50 to support the peptide-stimulated increase in 
number of outgrowing sprouts. The extra sprouts and elevated 
B-50 protein levels in the nerve, as a result of the Org.2766 
treatment, imply an enlarged axonal transport of the B-50 pro- 
tein. In contrast, the conditioning lesion resulted in an increase 
in B-50 levels in both DRG cell bodies and sciatic nerve shortly 
after the test lesion (Figs. 2B, 4B). However, the situation in 
the DRG cell bodies at day 0 following the test lesion is com- 
parable to day 14 following a single crush lesion (see Fig. 3), 
when an enhanced B-50 level is observed. Placement of the test 
lesion did not further elevate this level. It may be that the high 
levels of B-50 in the DRG at the time of placement of the test 
lesion, as reported here, are part of the molecular basis under- 
lying the known shortening of delay in sprouting following the 
second test crush (McQuarrie et al., 1977; McQuarrie, 1978). 
Dekker (1987) concluded that there is a common step in the 
mechanism of action of the conditioning lesion effect and that 
of peptide treatment on rat sciatic nerve regeneration. Appar- 
ently, that step is not the amount of B-50 present in the DRG 
cell body during regeneration. 

In the present study of the crush lesion in rat sciatic nerve, 
we also monitored B-50 expression at the level of mRNA in 
the neuronal cell bodies in the DRG (Fig. 3). The specific hy- 
bridization signal of a B-50 cRNA probe with one mRNA band 
(1.5 kb) was quantified by image analysis and compared with 
the specific GAPDH cDNA-hybridization signal (1.3 kb) (Fig. 
3, inset). Between 8 and 16 hr after placement of the crush lesion, 
a rise in B-50 mRNA level became already apparent. A linear 
increase up to 10 times the basal level of B-50 mRNA up to 
2 d postsurgery was observed. This was followed by an initial 
rapid, later slower decrease (Fig. 3). Return to the level of non- 
crushed rats was not apparent until day 37. A rise in mRNA of 
one order of magnitude in DRG following crush was reported 
previously, for one time point, i.e., 14 d postsurgery (Basi et al., 
1987). Under our conditions, such a dramatic change was al- 
ready apparent at day 2 after crush. The level of B-50 mRNA 
at day 14 is only about 3 times elevated (Fig. 3). Such variations, 
however, might be explained by differences in experimental 
procedures, such as the position and the nature of the crush 
lesion and the strain and the age of the rats. 

The expression of GAP43 and B-50 mRNA and protein in 
rat CNS is highest during synaptogenesis in the first week after 
birth (Jacobson et al., 1986; Basi et al., 1987; Karns et al., 1987; 
Nielander et al., 1987; Zwiers et al., 1987). It has been postulated 
from the existence of one single GAP43 gene and concomitant 
changes in the levels of the protein and the mRNA in the de- 
veloping CNS that the main regulation of the expression of 
GAP43 is at the transcriptional level (Basi et al., 1987). 

In the DRG of the regenerating sciatic nerve, the kinetics of 
B-50 mRNA expression are similar to those described for GAP43 
during CNS development (Basi et al., 1987). Protein levels, 
however, followed the increase of mRNA with some delay. The 
first significant rise was measured 40 hr after crush, and a max- 
imum level was attained between 6 and 20 d. However, the 
relative increase in B-50 protein level is lower (3 times) than 
that observed in B-50 mRNA, and the time curve is more smooth. 
Differences in levels may be accounted for by the fact that mRNA 
remains in the cell bodies, whereas the B-50 protein is rapidly 
transported into the axons (Skene and Willard, 198 1; Kalil and 
Skene, 1986; Bisby and Zwiers, 1989). 

The slower initial kinetics of the protein levels might relate 
to the time needed for translation of the mRNA into protein 
and for processing and transport of the protein (Watson et al., 
1987). Furthermore, sustained elevation of B-50 protein level 
was observed in DRG cell bodies till about 61 d after crush. 
This is much longer than the elevation of B-50 mRNA in these 
DRG. These data suggest that the expression of B-50 in DRGs 
after a crush lesion of the sciatic nerve is regulated not only by 
mRNA transcription but also by factors that influence the pro- 
tein half-life. 

In this paper we have presented evidence that in the crush 
model of the rat sciatic nerve, the regenerative response is cor- 
related, in the cell bodies of DRG, with enhanced expression 
of B-50 mRNA and B-50 protein and, in the extending nerve, 
with enhanced B-50 levels, reflecting the outgrowing number of 
sprouts. The enhanced expression of the growth-associated pro- 
tein B-50 seems rather specific for this class of proteins (Skene 
and Willard, 198 1). In previous studies (Edwards et al., 1985) 
using SDS-PAGE, no significant increases in protein bands were 
detected in distal nerve segments at 4 d after the crush lesion. 
In this study, expression of the mRNA of GAPDH, one of the 
glycolytic enzymes, did not change significantly. Furthermore, 
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a first indication was obtained that the enhancement of nerve 
regeneration and sprouting following a conditioning lesion or 
Org.2766 treatment might involve B-50 expression as well. The 
latter statement, however, awaits support from studies on mRNA 
levels at the level of the cell bodies. 
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