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Spatiotemporal Increases in Epidermal Growth Factor Receptors 
following Peripheral Nerve Injury 

J. G. Toma, S. Pareek, P. Barker,a T. C. Mathew, R. A. Murphy, A. Acheson,b and F. D. Miller 

Department of Anatomy and Cell Biology, University of Alberta, Edmonton, Canada T6G 2H7 

Non-neuronal cells of peripheral nerve respond to axonal 
injury with a series of cellular changes that facilitate neuronal 
regeneration. To characterize the potential role of the epi- 
dermal growth factor (EGF) family of proteins in this re- 
sponse, we monitored the expression of EGF receptor mRNA 
and protein in the injured rat sciatic nerve. EGF receptor 
mRNA is synthesized in both primary cultured fibroblasts 
and Schwann cells, and Schwann cells express EGF recep- 
tor-like immunoreactivity. In situ hybridization and immu- 
nocytochemistry revealed that EGF receptor mRNA and pro- 
tein are expressed in Schwann cells and fibroblasts of the 
sciatic nerve in who, and that receptor levels increase fol- 
lowing nerve injury. Thirty-six hours postlesion, EGF recep- 
tors were expressed in gradients along the nerve both prox- 
imal and distal to the lesion, with the highest levels localized 
adjacent to the transection site. By 72 hr, receptor levels 
were maintained in a gradient in the proximal segment, but 
were uniformly increased throughout the portions of the dis- 
tal segment that were analyzed. These changes were similar 
to those observed for low-affinity NGF receptor mRNA and 
protein, with transection causing increased expression in 
both Schwann cells and fibroblasts. Northern blots con- 
firmed that primary cultured fibroblasts express low-affinity 
NGF receptor mRNA. To determine whether spatiotemporal 
gradients were a general characteristic of the nerve injury 
response, we monitored expression of the mRNA encoding 
the major myelin protein PO. Levels of PO mRNA decreased 
initially in cells immediately adjacent to the transection site 
and, by 72 hr, were uniformly decreased throughout the distal 
segment. These data suggest that members of the EGF fam- 
ily of proteins may play a role in the peripheral nerve re- 
sponse to injury, and demonstrate a generalized gradient of 
cellular responses that commence at the transection site 
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and progress distally in the nerve in the absence of intact 
axons. 

Following nerve injury, functional axonal regeneration can oc- 
cur in the PNS (Ramon y Cajal, 1928; Guth, 1956) but not the 
CNS (Ramon y Cajal, 1928; Guth, 1975; Veraa and Grafstein, 
198 1). However, when provided with a PNS environment, CNS 
neurons can elongate lesioned processes (Ramon y Cajal, 1928; 
Richardson et al., 1980; David and Aguayo, 198 1; Benfey and 
Aguayo, 1982). Conversely, grafted segments of CNS nerve pre- 
vent the regeneration of PNS axons (Anderson and Turmaine, 
1986; Anderson et al., 1989). These studies support the concept 
that axonal regeneration does not depend upon the location of 
the cell body, but rather is a function of the environment that 
surrounds the severed axon. 

The cellular environment of the injured distal nerve segment 
is important for successful peripheral nerve regrowth (Politis et 
al., 1982; Scaraville, 1984; Williams et al., 1984). Following 
nerve injury, the distal segment undergoes a process known as 
Wallerian degeneration, which involves axonal fragmentation, 
debris removal, and proliferation of Schwann cells and other 
non-neuronal cells (reviewed in Allt, 1976). Macrophages, which 
invade the injured nerve (Perry et al., 1987), phagocytose and 
degrade axons and myelin membrane, and stimulate the pro- 
liferation of Schwann cells (Beuche and Friede, 1984; Baichwal 
et al., 1988; Stoll et al., 1989). Thus, the environment through 
which axons regenerate in the PNS consists of Schwann cells 
and their associated basal lamina, fibroblasts, and collagen and, 
at early stages, axonal debris, degenerating myelin, and phago- 
cytic cells. 

Non-neuronal cells in peripheral nerves must provide a sup- 
portive, noninhibitory environment for successful axonal re- 
generation to occur. Therefore, they need to facilitate local wound 
healing, and provide trophic support and a permissive substrate 
for injured neurons. Schwann cells fulfill the latter two functions 
by providing a suitable substrate for axonal growth (Schwab and 
Thoenen, 1985; Carbonetto et al., 1987; Savio and Schwab, 
1989) and by synthesizing trophic factors including NGF (Heu- 
mann et al., 1987a) and brain-derived neurotrophic factor 
(BDNF) (Acheson et al., 199 1). Peripheral nerve fibroblasts also 
contribute to the wound healing response (Adelmann-Grill et 
al., 1990; Finesmith et al., 1990), since they too secrete NGF 
and BDNF-like activities into conditioned media (Acheson et 
al., 199 1) and increase expression of NGF mRNA when exposed 
to interleukin- 1, which is produced by macrophages that invade 
the site of injury (Lindholm et al., 1988). 

Schwann cells dramatically alter their phenotype in response 
to nerve injury. The low-affinity NGF receptor (LNGF recep- 
tor), which is expressed at low levels in the adult nerve, is 
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strongly induced by axotomy (Taniuchi et al., 1986, 1988; Heu- 
mann et al., 1987a,b; Raivich and Kreutzberg, 1987). In con- 
trast, synthesis of the major myelin protein PO declines after 
nerve injury (Gupta et al., 1988; Trapp et al., 1988; LeBlanc 
and Poduslo, 1990). It has been hypothesized that these changes 
are a consequence of disruption of Schwann cell-axon contact 
(Taniuchi et al., 1988; Brunden et al., 1990; LeBlanc and Po- 
duslo, 1990). 

The epidermal growth factor (EGF) receptor is a transmem- 
brane protein related to the V-erb-B proto-oncogene that con- 
tains a glycosylated ligand-binding domain, a transmembrane 
region, and a cytoplasmic tyrosine kinase domain (Downward 
et al., 1984). Binding to the receptor of either EGF or trans- 
forming growth factor-a (TGF-a), members of the EGF family 
of proteins, leads to receptor dimerization and activation of 
tyrosine kinase activity, resulting ultimately in cell division (re- 
viewed in Carpenter, 1987; Ullrich and Schlessinger, 1990). 
Although the role of the EGF receptor in the PNS is unknown, 
EGF treatment of CNS non-neuronal cells increases DNA syn- 
thesis (Leutz and Schachner, 1981; Huff et al., 1990). 

In this study, we demonstrate that EGF receptors increase in 
both Schwann cells and fibroblasts of rat sciatic nerve following 
injury. In situ hybridization and immunocytochemistry dem- 
onstrate that, immediately following axotomy, EGF receptor 
mRNA and protein increase in longitudinal gradients in both 
the proximal and distal nerve segments, with the highest levels 
occurring at the site of injury. By 72 hr postaxotomy, EGF 
receptors are uniformly increased throughout the length of the 
distal segment. This pattern of increased EGF receptor produc- 
tion is very similar to that observed for LNGF receptors, sug- 
gesting that spatial/temporal gradients, which are coincident 
with Wallerian degeneration, may be a generalized response to 
peripheral nerve injury. Further support for this idea arises from 
our studies demonstrating that Schwann cell expression of the 
mRNA encoding the major myelin protein PO also decreases in 
a gradient fashion. Taken together, these data implicate mem- 
bers of the EGF family in the nerve injury response, and suggest 
that injury-induced changes in non-neuronal cells of peripheral 
nerves occur as a function of distance from the lesion site, per- 
haps due to the absence of intact axons. 

Materials and Methods 
Animals and surgical procedures. Female Sprague-Dawley rats (150- 
200 gm) were anesthetized with sodium pentobarbital(35 mg/kg), and 
the sciatic nerve was unilaterally transected at mid-thigh level. At var- 
ious times following axotomy, animals were again anesthetized and 
transcardially perfused with 4% paraformaldehyde. The intact (control) 
and transected sciatic nerves were removed, fixed overnight in 4% para- 
formaldehyde in phosphate buffer at pH 7.4, and cryoprotected in graded 
sucrose solutions. Longitudinal cryostat sections (10 pm) were mounted 
on chrom-alum subbed slides, taking care to include the cap of the 
transected segment and at least 1 cm of the nerve. Alternatively, some 
nerves were processed as cross sections. At least four different animals 
were analyzed for each time point. 

Tissue culture. Schwann cell cultures were established as described 
(Brockes et al., 1979; Barker et al., 1991), and maintained on poly-L- 
lysine-coated tissue culture flasks in Dulbecco’s modified Eagle’s me- 
dium (DMEM) containing 10% fetal calf serum, 10 &ml crude glial 
growth factor (Gospodarowicz, 1975), and 5 &ml forskolin. Primary 
dermal fibroblasts were established as previously described (Acheson et 
al., 199 1) and maintained in DMEM containing 10% fetal calf serum. 
Experiments involving primary cells were performed on cells between 
passages 5 and 10. An immortal line of sciatic nerve fibroblasts grew 
from a mixed population of Schwann cells and fibroblasts cultured from 
the sciatic nerve of rat pups 60-72 hr old. These cells were maintained 

in HEPES-buffered DMEM supplemented with 10% fetal calf serum 
and gentamycin. The sciatic nerve fibroblast lines retained their fibro- 
blast-like morphology and expressed very low levels of SlOO protein, 
confirming that they were not Schwann cells. 

Hybridization probes. Antisense RNA probes specific to EGF receptor 
were generated from a fragment containing nucleotides 2058-2754 of 
the human cDNA (Ullrich et al., 1984) subcloned into pGEM 32. This 
subclone was linearized with BamHI, and transcribed with SP6 RNA 
polymerase to generate an antisense RNA probe homologous to nucle- 
otides 2613-2754. which corresoonds to amino acids 871-918 of the 
intracellular tyrosine kinase domain. Under our hybridization condi- 
tions, this probe is specific for EGF receptor mRNA. Alternatively, 
antisense RNA probes were generated from a subcloned cDNA fragment 
containing the tyrosine kinase domain of the rat EGF receptor (Lai and 
Lemke, 199 1) (kindly donated by Dr. Cary Lai, Salk Institute). Antisense 
RNA probes specific to LNGF receptor were generated from a 3 10 
nucleotide EcoRI/BamHI fragment containing nucleotides 400-7 10 of 
the rat cDNA (Radeke et al., 1987) (kindly donated by Dr. Moses Chao, 
Cornell University Medical School), as previously described (Miller et 
al., 1991). Antisense RNA probes specific to mRNAs encoding so- 
matostatin (Goodman et al., 1983) and tyrosine hydroxylase (Lewis et 
al., 1983) were generated as previously described (Naus et al., 1988; 
Miller et al.. 1991). Antisense RNA nrobes for PO mRNA (Lemke and 
Axel, 1985) were’generated from asubclone kindly provided by Dr. 
Greg Lemke (Salk Institute). 

Antibodies. Polyclonal anti-EGF receptor IgG was kindly provided 
by Dr. Ann Hubbard (Johns Hopkins University) and used at a con- 
centration of 1 &ml for immunostaining. This antiserum specifically 
recognized both the mature and truncated forms of EGF receptor on 
immunoblots of extracts of A43 1 cells and rat liver (A. Hubbard, per- 
sonal communication). 192 IgG is a mouse monoclonal antibody first 
described by Chandler et al. (1984). The binding site of 192 IgG is 
present within the extracellular domain of the NGF receptor. 192 IgG- 
producing hybridomas were used to produce ascites fluid in mice, and 
IgG was isolated using the Pierce Immunopure method according to 
the manufacturer’s instructions. This antibody was used for immuno- 
staining at a final concentration of 3 &ml. Purified rabbit anti-cow 
S 100 IgG was obtained from Dakopatts (Glostrup, Denmark) and used 
at a concentration of 10.8 &ml for immunostaining. 

RNA isolations and Northern blots. RNA isolations were performed 
on cultured cells using the guanidine hydrochloride method. PolyA+- 
enriched RNA was selected by passage over oligo(dT) cellulose (Col- 
laborative Research). RNA was separated by electrophoresis, transferred 
to nitrocellulose or Nytran (Schleicher and Schuell), and hybridized to 
3zP-labeled antisense RNA probes as previously described (Miller et al., 
1991). 

Immunocytochemistry. Slide-mounted nerve sections were fixed by a 
brief 5 min exposure to 4% paraformaldehyde in phosphate buffer, pH 
7.4. The sections were permeabilized with HEPES-buffered saline (HBS; 
10 mM HEPES, pH 7.4, 150 mM NaCl) containing 0.1% Triton X-100 
for 5 min. The Triton was removed with two HBS washes. Nonspecific 
binding was blocked by a 30 min incubation in HBS containing 2% 
fetal calf serum and 2% rat serum (HBS/FCS/RS). Sections were in- 
cubated with appropriate concentrations ofthe primary antibody diluted 
in HBS/FCS/RS overnight at 4°C. Following two washes with HBS, 
sections were incubated with a biotinylated secondary antibody (donkey 
anti-rabbit IgG or rat anti-mouse IgG, Jackson Immunoresearch) di- 
luted to a final concentration of 1 ue/rnl in either HBS/RS containina 
2% donkey serum or simply HBS/RS, as appropriate. Finally, the set- 
tions were incubated with Texas red-streptavidin (Amersham; 4 &ml 
in HBS) for 1 ,hr at room temperature, washed three times (at least 5 
min each wash) with HBS, and mounted in Mowiol (Osbom and Weber, 
1982). For cultured cells, the same immunostaining procedure was used, 
except that cells were fixed for 20 min in 4% paraformaldehyde prior 
to permeabilization. 

Controls and immunostaining. We initially found a high degree of 
nonspecific binding, especially in longitudinal sections of the distal stump 
of cut nerve. To minimize nonspecific binding, it was necessary to (1) 
include 2% rat serum in all of the antibody solutions, (2) use secondary 
antibodies that had been preabsorbed to minimize cross-reactivity with 
rat serum proteins, and (3) use nonspecific IgG as a control for all 
immunostaining experiments. As a control for 192 IgG staining, we 
used IgG from a nonspecific mineral oil plasmacytoma (MOPC,,, ob- 
tained from Organon Teknika) at 3 &ml. As controls for EGF receptor 
and SlOO staining, we used preimmune rabbit IgG (10 &ml). Addi- 
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Figure 2. Northern blot analysis for LNGF receptor (A) and EGF receptor (B) mRNAs in Scbwann cells and fibroblasts. A, Total RNA isolated 
from Schwann cells (SC), dermal fibroblasts (RDF), and sciatic nerve fibroblasts (SJW) was hybridized to a probe specific for LNGF receptor 
mRNA. The relative intensities of the autoradiographs do not accurately reflect the relative levels of LNGF receptor mRNA in these different cell 
types, since all of the lanes come from different Northern blots that have been exposed for different lengths of time. The migration of the 2% and 
18s ribosomal RNAs is indicated by the bars to the right of the panel. B, Equal amounts of poly A+ RNA isolated from Schwann cells (SC’) and 
dermal fibroblasts (RDF) were hybridized to a probe specific for the tyrosine kinase domain of the rat EGF receptor. Lack of hybridization to a 
similar amount of total RNA (Tot. RNA) indicates the specificity of the signal. The migration of the 285 ribosomal RNA is indicated by the bar 
to the right of the panel. 

tional controls, including elimination of primary or secondary antibody, 
yielded little detectable staining. Nonetheless, a small amount of non- 
specific immunostaining was detected routinely at the cap region of the 
cut sciatic nerve and associated with the collagenous portion of the 
nerve sheath located outside of the perineurium. 

In situ hybridization. In situ hybridization was performed with an- 
tisense probes as previously described (Miller et al., 1989a). After hy- 
bridization, slides were air dried and apposed to Kodak XRP film for 
l-5 d to obtain x-ray images. The slides were subsequently dipped in 
Kodak NTB-2 emulsion and exposed for 2-7 d prior to development. 
Hybridization with sense probes, as well as heterologous probes specific 
for mRNAs not present in the sciatic nerve (tyrosine hydroxylase and 
somatostatin), was performed to ensure specificity of hybridization. 
Alternate tissue sections were stained with hematoxylin and eosin to 
facilitate the identification of specific cell types. 

Analysis and quantitation. To minimize variability, we mounted and 
processed control and lesioned nerves on the same slides (Miller et al., 
1989a,b) and photographed and printed sections using identical expo- 
sure times. 

Results 
Increased expression of EGF receptors in the transected 
sciatic nerve 
To determine whether EGF receptor mRNA is expressed in the 
sciatic nerve, we performed in situ hybridization on longitudinal 
sections of control, uninjured nerve. EGF receptor mRNA is 
expressed at detectable levels in cells throughout the endoneu- 
t-mm, presumably Schwann cells, and in cells of the epineurium, 
presumably fibroblasts (Fig. lc). To confirm these results, we 

isolated polyA+ RNA from Schwann cells cultured from the 
sciatic nerve and from primary fibroblasts cultured from the 
dermis. Northern blot analyses demonstrated that EGF receptor 
mRNA is expressed in both cell types, at approximately equal 
levels (Fig. 2B). Transcripts of approximately 9.5, 6.5, and 5.0 
kilobases were detected (Fig. 2B). Immunostaining with an EGF 
receptor-specific polyclonal antibody confirmed the presence of 
EGF receptor protein on cultured Schwann cells, although the 
cells did not all stain homogeneously (Fig. 3a,b). Levels of EGF 
receptor were also much lower than on A431 cells (Fig. 3c,d), 
which express approximately 3 x 1 O6 EGF binding sites per cell 
(Haigler et al., 1978). 

To determine whether EGF receptor mRNA levels were al- 
tered by nerve injury, we performed in situ hybridization on 
longitudinal sections of sciatic nerve transected for 3, 36, or 72 
hr. Three hours postaxotomy, sections of cut nerve appeared 
similar to intact controls. By 36 hr posttransection, however, 
EGF receptor mRNA was increased in cells located adjacent to 
the cut site, and, to a lesser degree, throughout the epineutium 
of the distal segment (data not shown). Levels of EGF receptor 
mRNA continued to increase until, by 72 hr posttransection, 
the distal nerve segment uniformly expressed elevated levels of 
EGF receptor mRNA. Increased hybridization was evident both 
in Schwann cells in the endoneurium, and in cells located in the 
epineurium (Fig. 1 b). A similar increase in EGF receptor mRNA 
was observed in the proximal stump, with levels highest near 

Figure I. Expression of EGF receptor (a-d) and LNGF receptor (e-h) mRNAs in the sciatic nerve 72 hr postaxotomy, as detected by in situ 
hybridization followed by emulsion autoradiography. Longitudinal sections of the proximal (a) and distal (b) segments of transected sciatic nerve 
were hybridized to probes specific for EGF receptor mRNA, processed for emulsion autoradiography, and visualized using dark-field illumination. 
Alternate sections of the proximal (e) and distal cf) segments were hybridized to probes specific for LNGF receptor mRNA. In c and d, the increase 
in EGF receptor mRNA in the transected proximal segment (d) relative to the control nerve (c) is shown at higher magnification. Similarly, in g 
and h the increased LNGF receptor mRNA in the transected distal segment (h) relative to the control nerve (g) is shown at higher magnification. 
In a, b, e, andJ; the transected tip is located at the top of the photograph. Scale bar: 500 pm for a, b, e, and J 250 pm for c, d, g, and h. 
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Figure 3. Immunocytochemical detection of EGF receptors in rat Schwann cells (b) and A43 1 human epidermoid carcinoma cells (4. a represents 
Schwann cells stained with a nonimmune rabbit IgG, and photographed and printed under identical conditions to b. c represents A43 1 cells stained 
with nonimmune rabbit IgG, and photographed and printed under identical conditions to d. Note that the Schwann cells for this experiment were 
cultured at low density. Scale bar, 100 pm. 

the transection site and decreasing along a gradient to reach 
control levels within approximately 3-4 mm from the cut side 
(Fig. la,c,d). Hybridization of adjacent sections with sense probes 
or heterologous probes resulted only in a low background signal. 

To confirm that increased levels of EGF receptor mRNA 
coincided with a similar increase in EGF receptor protein, we 
performed immunocytochemistry on adjacent, transected nerve 
sections (Fig. 4). At all time points, the results were identical. 
Three hours postaxotomy, EGF receptor-like immtmoreactivity 
was similar in sections of control and transected nerve. By 36 
hr, staining was slightly increased close to the transection site, 
and in the distal nerve segment (data not shown). By 72 hr 
posttransection, immunostaining was uniformly increased 
throughout the distal nerve segment, in the body of the nerve, 
and in the connective tissue (Fig. 44. Similar increases were 
evident in the proximal nerve stump close to the transection 
site, but decreased to control levels approximately 3-4 mm from 
the tip (Fig. 4a-c). 

To determine whether the increase in EGF receptor immu- 
noreactivity was specific, we stained adjacent longitudinal sec- 

tions with an antibody to the SlOOp protein (Fig. 4g,h), or to 
nonspecific control antibodies (Figs. 4f; 5e). In control nerve, 
S 1 OO-like immunoreactivity was located throughout the body 
of the nerve, consistent with previous observations (Kligman 
and Hilt, 1988). Seventy-two hours following transection, stain- 
ing was similar to controls (Fig. 4g,h). Staining of adjacent sec- 
tions with a polyclonal nonimmune rabbit IgG, or with IgG 
isolated from a nonspecific plasmacytoma cell line, gave only 
low levels of background immunofluorescence (Figs. 4f; Se). 

Expression of LNGF receptors in Schwann cell and 
jibroblasts of the injured nerve 

Levels of LNGF receptor increase following peripheral nerve 
injury, as demonstrated by Northern blot analysis (Heumann 
et al., 1987b) and immunocytochemistry (Taniuchi et al., 1986). 
To compare the time course and pattern of changes for EGF 
receptor to those for LNGF receptor, we performed in situ hy- 
bridization on adjacent longitudinal nerve sections. This anal- 
ysis confirmed that LNGF receptor mRNA was expressed at 
low, but detectable, levels in Schwann cells throughout the body 



*e 4. Figur Immunocytochemical detection of EGF receptor (a-e) and SlOO@ protein (g, h) in the control and transected sciatic nerve 72 hr -_ _. -̂-- . . . 
postaxotomy. ‘l‘he gradient of lX# receptor immunoreactivtty m me proximal sciatic nerve is demonstrated in a-c, where a is the proximal tip 
of transected nerve, b is 2-3 mm from the tip, and c is 4-5 mm from the tip. All photographs are taken from the same section. EGF receptor 
immunoreactivity is also increased in the distal segment (d) relative to the control, uncut nerve (e). In a-c and e, all photographs originate from 
the same slide, and were exposed and printed under identical conditions. Alternate sections of the proximal, transected segment (g) and the control, 
uncut nerve (h) were also stained with an antibody specific to the SlOOb protein, which does not change as a function of axotomy.fis a longitudinal 
section of the proximal stump stained with nonimmune rabbit IgG. In a and e-h, the transected tip is oriented at the top of the photograph. Scale 
bar, 500 Wm. 
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Figure 5. Immunocytochemical detection of LNGF receptor in the control and transected sciatic nerve 72 hr postaxotomy. The gradient of 192 
IgG immunoreactivity in the proximal segment is demonstrated in a and b, where a is the proximal tip and b is 2-3 mm from the tip. 192 IgG 
immunoreactivity is also increased in the distal segment (c) relative to the control, uncut nerve (4. The staining of the epineurium following 
transection is particularly obvious in cross sections of the distal sciatic nerve u), here at 36 hr postaxotomy. e is a longitudinal section of the 
proximal segment 72 hr postaxotomy stained with IgG isolated from the murine plasmacytoma MOPC,,. All photographs in u-e were exposed 
and printed under identical conditions, whilefwas not. Scale bar, 500 pm. 

of the nerve (Fig. lg). Thirty-six hours posttransection, LNGF 
receptor mRNA was elevated in gradients in both the proximal 
and distal segments ofthe nerve, with the highest receptor mRNA 
levels adjacent to the lesion site, and lower levels distally (data 
not shown). Seventy-two hours postaxotomy, LNGF receptor 
mRNA was expressed in a gradient in the proximal segment 
(Fig. le) but was uniformly elevated throughout the distal seg- 
ment (Fig. If-h). 

In addition to LNGF receptor mRNA being increased in 
Schwann cells, as previously reported (Taniuchi et al., 1986), 
high levels of signal were also detected in the epineurium, pre- 
sumably within fibroblasts (Fig. If). To confirm this novel lo- 
calization for LNGF receptor mRNA, we cultured fibroblasts 
from the dermis or from the sciatic nerve. Northern blots dem- 

onstrated that both of these types of fibroblasts express LNGF 
receptor mRNA (Fig. 24, which ribonuclease protection assays 
show is identical to LNGF receptor mRNA expressed in Schwann 
cells (data not shown; Barker, 199 1). However, levels of LNGF 
receptor mRNA were much lower in cultured fibroblasts than 
in cultured Schwann cells (data not shown; Barker, 199 1). 

To confirm that the increase in LNGF receptor mRNA in the 
epineurium is associated with a corresponding increase in levels 
of the protein, we stained adjacent longitudinal nerve sections 
with the monoclonal antibody 192 IgG. By 72 hr posttransec- 
tion, staining for LNGF receptor was elevated in both the en- 
doneurium and the epineurium of the distal nerve segment (Fig. 
SC,& Staining was similarly increased in the proximal stump 
near the site of injury, and decreased to control levels 2 mm 
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Figure 6. Expression of Po mRNA in 
the control and transected sciatic nerve 
at 3, 36, and 72 hr postaxotomy, as 
detected by in situ hybridization. Lon- 
gitudinal sections of control (a, b) and 
transected (c-h) sciatic nerve were hy- 
bridized to a probe specific for PO 
mRNA, and apposed to x-ray film. Sec- 
tions of both the proximal (P) (c, e, g) 
and distal (0) (d, J; h) segments are 
shown at 3 hr (c, d), 36 hr (e, j), and 
72 hr (g, h) postaxotomy. Arrows in- 
dicate the transection site. which is at 
the bottom of the sections shown in a, 
c, e, and g and the top of those shown 
in b, d, f; and h. Scale bar, 5 mm. h 

from the cut site (Fig. 5a,b). Staining of nerve cross sections 
confirmed that LNGF receptor-like immunoreactivity was in- 
creased in both the body of the nerve and the epineurium (Fig. 
V-J. 

Spatiotemporal gradients in expression of Po mRNA 
following nerve injury 
To determine whether the observed gradients in expression of 
EGF and LNGF receptors were a general characteristic of the 
nerve injury response, we examined changes in expression of 
the mRNA encoding the peripheral myelin protein PO, which 
has been shown to decrease in Schwann cells 2 d postaxotomy 
(Gupta et al., 1988; Trapp et al., 1988). Longitudinal sections 
of sciatic nerve transected for 3, 36, and 72 hr were hybridized 
to a probe specific for PO mRNA. In control animals, PO mRNA 
was expressed at approximately the same level in Schwann cells 
throughout the length of the sciatic nerve (Figs. 6a,b; 7e). Levels 
of Po mRNA decreased, however, in Schwann cells located close 
to the transection site as early as 3 hr postaxotomy (Figs. 6c,d; 
7~). By 36 hr posttransection, Schwann cells close to the tran- 
section site expressed little detectable PO mRNA, with increased 
levels of expression evident approximately 3-4 mm down the 
nerve (Figs. 6e,f; 7&e). By 72 hr posttransection, PO mRNA 
expression was uniformly reduced in Schwann cells throughout 
the distal segment, whereas the decrease in the proximal segment 
was limited to the region immediately adjacent to the transec- 
tion site (Fig. 6g,h). Thus, at early time points following tran- 
section (3-72 hr), Schwann cells of the injured nerve respond 
in spatiotemporal gradients that commence at the transection 
site. 

Discussion 
The present experiments indicate that (1) EGF receptors are 
expressed in Schwann cells, (2) surgical transection of rat sciatic 

nerve upregulates EGF receptors in both Schwann cells and 
nerve fibroblasts, and (3) this increase occurs in a graded fashion 
with elevated levels occurring first at the transection site, and 
spreading distally at later time points. The temporal and spatial 
regulation of the EGF receptor as a function of nerve injury is 
strikingly similar to that seen for LNGF receptors, which in- 
crease not only in Schwann cells, as previously reported (Tani- 
uchi et al., 1986), but also in cells of the connective tissue, 
presumably fibroblasts. Furthermore, the mRNA encoding the 
major myelin protein PO decreases in a gradient progressing 
from the injured tip throughout the distal segment, supporting 
the generality of the observed spatiotemporal gradients. These 
data therefore suggest an important role for members of the 
EGF family in the nerve injury response, and demonstrate a 
generalized gradient of cellular responses in the injured nerve. 

Within the intact sciatic nerve, EGF receptor mRNA and 
protein were detected in cells of the epineurial and perineurial 
sheaths as well as within the body of the nerve, suggesting that 
both fibroblasts and Schwann cells express this receptor. This 
conclusion is supported by our data demonstrating that both 
cell types express EGF receptor mRNA transcripts of a size 
similar to that previously reported in rat cell lines and tissues 
(Earp et al., 1986), and that Schwann cells express EGF receptor- 
like immunoreactivity. Following nerve transection, EGF re- 
ceptors first increased in longitudinal gradients in both the prox- 
imal and distal segments, while by 72 hr they were elevated 
throughout the entire portion of the distal segment that we ex- 
amined. At both of these time points, EGF receptor mRNA and 
protein were increased in cells of the connective tissue matrix 
as well as in Schwann cells. 

The factors responsible for increased EGF receptor expression 
are unknown. The number and/or affinity of EGF receptors on 
fibroblasts can be modulated by platelet-derived growth factor 
(Bowen-Pope et al., 1983; Collins et al., 1983) and TGF-6 (As- 
soian et al., 1984; Massague, 1985), both of which are produced 
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Figure 7. Expression of PO mRNA in 
the control and transected sciatic nerve 
at 3 and 36 hr postaxotomy, as detected 
by in situ hybridization followed by 
emulsion autoradiography. Longitudi- 
nal sections of the proximal segments 
3 hr (a) and 36 hr (b) following tran- 
section, and the distal segment at 36 hr 
postaxotomy (c) were hybridized to a 
probe specific for PO mRNA, processed 
for emulsion autoradiography, and vi- 
sualized using dark-field illumination. 
The decrease in PO mRNA exnression 
in the proximal stump 36 hr postaxoto- 
my (d) relative to the control nerve (e) 
is shown at higher magnification. In all 
panels, the transected tip of the nerve 
is located at the left of the photograph. 
Scale bar: 500 pm for a-c; 250 pm for 
d and e. 

by macrophages at wound sites. TGF-LU, which binds to the EGF 
receptor, is also a product of wound macrophages (Rappolee et 
al., 1988) and increases EGF receptor protein and mRNA levels 
either alone or synergistically with TGF-/3 or triiodothyronine 
(Earp et al., 1986; Kudlow et al., 1986; Fernandez-Pol et al., 
1987, 1989). These increased EGF receptor mRNA levels are 
due both to increased transcription and to enhanced mRNA 
stability (Kesavan et al., 1990). Interestingly, TGF-LU has also 
been shown to increase levels of its own mRNA, suggesting that 
a TGF-a-regulated autocrine loop may exist (Bjorge et al., 1989). 

Upregulation of EGF receptors on non-neuronal cells of the 
nerve following injury may be the determining factor in an 
increase in the capacity of these cells to respond to extracellular 

ligands of the EGF family. These ligands may be produced by 
cells within the injured nerve, or may derive from invading cells 
involved in the wound healing process. It is not known whether 
EGF or TGF-CY is produced in the nerve, but schwannoma- 
derived growth factor, a newly described member of the EGF 
family, is synthesized in sciatic nerve (Kimura et al., 1990). 
Furthermore, wound macrophages produce TGF-a and hepa- 
rin-binding EGF, another new member of the EGF family (Hi- 
gashiyama et al., 1991) while wound fluids contain both EGF 
and TGF-CY (Rappolee et al., 1988). The latter two factors are 
known to be mitogenic for fibroblasts (Lembach, 1976), and can 
act in a noninflammatory manner to direct the wound healing 
process in viva (Buckley et al., 1985; Schreiber et al., 1986). In 
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addition, EGF potentiates the activity of TGF-@ (Spom et al., 
1983) a potent mitogen for purified rat Schwann cells (Ridley 
et al., 1989). Thus, the observed increases in EGF receptor, 
coupled to the synthesis of any of these members of the EGF 
family, may play a role both in the wound healing response, 
and in providing a permissive environment for axonal growth. 

The spatial and temporal changes in expression of EGF re- 
ceptor following nerve transection were similar to those ob- 
served for LNGF receptor. Following nerve transection, LNGF 
receptor mRNA (Heumann et al., 1987b) and protein (Taniuchi 
et al., 1986) increase dramatically in the distal segment of the 
injured nerve, and decrease as a function of axonal regeneration. 
Immunocytochemistry at the electron microscopic level indi- 
cated that this increase was localized to Schwann cells (Taniuchi 
et al., 1988). Our data confirm these studies and demonstrate 
that, at 36 hr postaxotomy, the increase in LNGF receptor oc- 
curs in longitudinal gradients in both the proximal and distal 
segments, while at 72 hr this molecule is uniformly increased 
in the distal segment. This localization is consistent with the 
hypothesis that LNGF receptor expression in Schwann cells is 
regulated largely as a function of Schwann cell-axon contact 
(Taniuchi et al., 1988). 

Our results suggest that LNGF receptor increases not only in 
Schwann cells, but also in fibroblasts of the epineurial sheath 
following injury. In support of this novel localization, we dem- 
onstrate here that primary cultured fibroblasts express LNGF 
receptor mRNA. These results, which differ from those reported 
by Taniuchi et al. (1988) potentially as a consequence of the 
differences in localization techniques, have a number of impli- 
cations. First, they suggest that the truncated form of the LNGF 
receptor, which is derived via posttranslational processing of 
the intact receptor (Barker et al., 1991), and which elevates in 
blood following sciatic nerve injury (DiStefano and Johnson, 
1988) may be generated not only by Schwann cells, but also by 
fibroblasts. Fibroblasts transfected with the LNGF receptor 
cDNA produce both membrane-bound and truncated forms of 
the receptor (Barker et al., 1991). Since fibroblasts are widely 
distributed, it is also possible that injury of tissues other than 
nerve may contribute to increased circulating levels of truncated 
LNGF receptor. Second, LNGF receptors synthesized by fibro- 
blasts of the epineurium are unlikely to play a role in “deliv- 
ering” NGF to growing axons, as has been proposed for Schwann 
cells (Johnson et al., 1988) potentially indicating a paracrine 
role for NGF in the injured nerve (Raivich et al., 199 1). 

Of particular interest is the fact that the changes in EGF 
receptors and NGF receptors occurred in gradients at all time 
points in the proximal segment, and at earlier time points in 
the distal segment. Our results describing the early changes in 
Schwann cell expression of the peripheral myelin protein PO 
support the concept that these spatiotemporal gradients are re- 
flective of a more generalized nerve injury response. PO mRNA 
and protein have previously been shown to decrease in the distal 
segment of an injured nerve at time points of 2 d and later 
(Trapp et al., 1988). Our data extend these findings by dem- 
onstrating that, as early as 3 hr posttransection, PO mRNA 
decreased in Schwann cells immediately adjacent to the tran- 
section site, and the decrease then progressed distally in a man- 
ner directly analogous to the increases in the two receptors we 
examined. All of these decreases are correlated spatially and 
temporally with axonal degeneration, and subsequent loss of 
axon-Schwann cell contact during Wallerian degeneration (Pel- 
legrino et al., 1986). 

Thus, the nerve injury response, which includes an upregu- 
lation of EGF receptors, involves temporal and spatial signals 
reflected in the cellular changes that we report here. These results 
suggest one of two possibilities. It is possible that the disruption 
of intact cytoarchitecture (i.e., appropriate Schwann cell-axon 
contact) is sufficient to induce the changes that occur following 
nerve injury. Alternatively, these gradients may be due to the 
fact that macrophages invade only where the cytoarchitecture 
is disturbed, and thereby, in a paracrine fashion, initiate the 
observed sequence of events (Perry et al., 1987). In that regard, 
both Wallerian degeneration (Xin et al., 1990) and injury-in- 
duced increases in NGF receptors (Brown et al., 1991) are re- 
duced in macrophage-deficient mice. 

We have thus described two potentially important signaling 
pathways in the injured peripheral nerve. The first involves 
autocrine/paracrine mechanisms whereby members of the EGF 
family bind to fibroblasts and Schwann cells that have upregulat- 
ed EGF receptors, possibly as a consequence of autoregulation 
by members of the EGF family. The second group of proposed 
signaling pathways involve cell contact-mediated events, where- 
by loss of Schwann cell-axon contact regulates Schwann cell 
gene expression, and potentially allows these cells to reenter the 
cell cycle and/or respond to some of the EGF ligands. 
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