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Spatiotemporal Patterns of Expression of NGF and the Low-Affinity 
NGF Receptor in Rat Embryos Suggest Functional Roles in Tissue 
Morphogenesis and Myogenesis 
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We show here that NGF and its low-affinity receptor (~75~~~) 
are expressed during rat embryogenesis at sites that are 
known to have important roles in tissue morphogenesis and 
myogenesis. The developing skin of the maxilla, the man- 
dible, and the limb showed very similar patterns of NGF and 
p75-R expression. However, NGF and ~75~~~~ expression 
in the developing limb initiated at the limb bud stage and 
was concentrated at proximal and distal developmental sites 
that have been reported to be involved in limb morphogen- 
esis. Expression at the proximal/distal ends of the limb per- 
sisted throughout limb development, with some of the high- 
est levels of expression occurring at the limb axillary sites, 
which were not highly innervated. We have also found ~75”” 
expression at sites of mesenchymal/epithelial interactions 
in several developing organs that do not appear to have an 
adjacent source of NGF and may therefore be sites that bind 
and respond to the other members of the NGF family (brain- 
derived neurotrophic factor and neurotrophin3). These or- 
gans include the lung, testes, and kidney, where expression 
of ~75~~ occurred during the morphogenesis of specific 
epithelial structures and was coexpressed with the cell ad- 
hesion molecule NCAM. In addition, we found that NGF and 
p7fPFR were expressed during myogenesis. ~75~~~~ was ob- 
served in myoblast cells expressing MyoDl , a myoblast dif- 
ferentiation marker, and NGF transcripts in cells just adja- 
cent to the developing myoblasts. When the myoblasts 
differentiate into myotubes, ~75~~” and MyoD 1 cease to be 
expressed and the adjacent cells concomitantly cease to 
make NGF. However, NGF and ~75~~~~ were not present in 
the early muscle precursor cells of the myotome of the so- 
mites but were observed in the dermatome and sclerotome, 

Received May 29, 1991; revised Sept. 30, 1991; accepted Oct. 18, 1991. 
We thank Dr. Margaret Fahnestock for the Mustomys rat cDNA and Dr. Harold 

Weintraub for the MvoDl transcrintion vector. We thank Dr. Maraaret Bvers for 
many helpful discussions and review of the manuscript and Dr. Stephen Hauschka 
for helpful discussions on the development of muscle. We are grateful to Dr. Chris 
von Bartheld for manuscript reviews and for helpful suggestions on the figures. 
We also acknowledge Phyllis Harbor and Lorraine Gibbs for excellent technical 
assistance. This work was supported by National Institute of Heart and Lung 
Grant HL43397 to M.B. 

The monoclonal antibody against rat NCAM was obtained from the Devel- 
opmental Studies Hybridoma Bank maintained by the Department of Pharma- 
cology and Molecular Sciences, Johns Hopkins University School of Medicine, 
Baltimore, MD and the Department of Biology, University of Iowa, Iowa City, 
IA under NICHD Contract NOl-HD-6-2915. 

Correspondence should be addressed to Mark Bothwell, Ph.D., Department of 
Physiology and Biophysics, Health Science Building SJ-40, University of Wash- 
ington School of Medicine, Seattle, WA 98195. 

Copyright 0 1992 Society for Neuroscience 0270-6474/92/120930-16$05.00/O 

respectively. These results suggest that NGF and ~75~“~~ 
have functional roles in developmental processes that affect 
morphogenesis and cell differentiation. 

NGF is a target-derived neurotrophic factor that has distinct 
functional effects on the developing nervous system. It is the 
prototypic molecule of the family of neurotrophins (Bothwell, 
199 1) and is essential for the development, survival, and dif- 
ferentiation of the peripheral sympathetic and sensory neurons 
(Greene and Shooter, 1980; Levi-Montalcini, 1987; Thoenen et 
al., 1987). Although the role of NGF as a neurotrophic regulator 
has been studied extensively, there are several reports that sug- 
gest the molecule may have broader physiological effects. For 
example, NGF has been reported to be expressed by the luminal 
epithelium of the epididymis and the germ cells of the rat and 
mouse testes (Ayer-LeLievre et al., 1988) and to affect the mor- 
phology and function of Sertoli and lamina propria cells of the 
testis (Seidl and Holstein, 1990). In addition, NGF has been 
shown to promote the differentiation of muscle cells in culture 
(Brodie and Sampson, 1990). 

Like NGF, the low-affinity form of the NGF receptor (~75~~~) 
has been observed to be expressed in certain non-neuronal tis- 
sues during embryogenesis in patterns that cannot be easily 
correlated with neural development. Analyses in our laboratory 
and in others have shown that a wide array of non-neuronal 
cells express p75 NGFR during development or as a consequence 
of tumorogenesis (Buck et al., 1987; Emfors et al., 1988, 1990; 
Thomson et al., 1988,1989; Yan and Johnson, 1988; Thompson 
et al., 1989; Byers et al., 1990). ~75~~~ has been reported in 
embryonic tissues that undergo extensive morphogenesis and 
cellular differentiation, such as the limb bud and the somites 
(Emfors et al., 1988; Hallbook et al., 1990). ~75~~~ expression 
has also been reported at sites of mesenchymal/epithelial inter- 
actions that affect tooth morphogenesis (Byers et al., 1990) and 
the development of the otocyst (von Bartheld et al., 199 1). Fur- 
thermore, ~75~~~ expression in the developing tooth and oto- 
cyst begins well before the developing structures become in- 
nervated. The variety of non-neuronal cells that express ~75~~~ 
during embryogenesis raises the possibility that this molecule 
mediates functions separate from promotion of innervation. In 
addition, recent reports have shown that ~75~~~ binds other 
members of the neurotrophin family (Hohn et al., 1990; Rod- 
riguez-Tebar et al., 1990), suggesting that the low-affinity re- 
ceptor’s function is broader and more complex than previously 
defined. 

To understand better the roles of NGF and ~75~~~ in the 
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developing embryo, we used in situ hybridization to localize 
sites of NGF and ~75~~~ transcript synthesis relative to each 
other in adjacent sections of rat embryos at different stages of 
development. We reasoned that locating the sites of NGF bio- 
synthesis relative to ~75~~~ would identify developing systems 
in which NGF mediates cell-cell interactions. We compared 
NGF and ~75~~~ expression patterns in the developing epi- 
thelium in regions of the skin that are highly innervated, such 
as the maxillary pad, relative to the expression patterns in the 
epithelial regions of the developing limb, which has been re- 
ported to express high levels of p75NGFR as early as the limb bud 
stage (Emfors et al., 1988; Heuer et al., 1990). We included in 
this study organ systems that express ~75~~~ at sites of epi- 
thelial/mesenchymal interactions but, unlike the developing 
tooth and otocyst, do not become highly innervated and there- 
fore remain unexplained in terms of a prototypic NGF response. 
We also examined developing muscle and the somites, which 
have been reported to express ~75~~~~ (Emfors et al., 1988; Yan 
and Johnson, 1988; Heuer et al., 1990) but have not been shown 
to require NGF for neurotrophic regulation (Thoenen and Barde, 
1980; Davies et al., 1987b; Yan et al., 1988; Oppenheim, 1989). 
By comparing NGF and ~75~~~ expression relative to inner- 
vation and other developmental events occurring in these non- 
neuronal tissues, we have found that these molecules are fre- 
quently associated with morphogenetic events and myogenesis 
in a manner that seems unrelated to neural development. The 
results reported here suggest that NGF and ~75~~~ may have 
a direct role in the regulation of morphogenesis and myogenesis. 

Materials and Methods 
Rat embryos. AI1 embryos were obtained from Sprague-Dawley rats. 
Noon on the day of vaginal plug was considered 0.5 d postcoitum. 

TissueJivation and processing. Embryos and tissues subjected to im- 
munocytochemical analysis were fixed in methyl Camoy’s fixative (60% 
methanol, 30% chloroform, 10% glacial acetic acid) for 24 hr and pro- 
cessed for paraffin embedding. Embedded tissues were sectioned at 8 
pm and mounted onto gelatin- or polylysine-coated slides. 

Embryos and tissues for in situ hybridization were fixed in 10% neutral 
formalin for 24 hr and washed for 30 min each in the following con- 
secutive washes: 0.1 M sodium monophosphate, 0.5 M sodium chloride, 
50% ethanol containing 1.25% sodium chloride, and three washes of 
70% ethanol. Tissues were then processed for paraffin embedding, serial 
sectioned at 8 pm, and mounted onto polylysine- or silane-coated slides. 

Plasmid constructs and in vitro RNA probe synthesis. The NGF cDNA 
from the Mastomys rat was provided by M: Fahnestock (Fahnestock 
and Bell, 1988). A 1 kilobase ckb) EcoRI/Pstl fragment encodine the 
entire j3-NGF gene was subcloned’ into the pGEM?Z(f+) transcription 
vector (Promega Biotec). A cDNA containing the first two exons of the 
rat NGF receptor was provided by M. Chao (Radeke et al., 1987). A 
250 base pair (bp) EcoRI/BamHI fragment encoding the 5’ end of the 
receptor was subcloned into pGEM3Z(f+) @omega). The MyoDl tran- 
scription vector was provided by Dr. H. Weintraub from the Fred 
Hutchinson Cancer Research Center. 

35S-UTP-labeled single-stranded sense and antisense RNA riboprobcs 
were prepared according to Melton et al. (1984). From both constructs, 
RNA antisense probes were synthesized using SP6 polymerase on tem- 
plates linearized with BamHI. Sense probes were generated by T7 poly- 
merase reaction with DNA templates linearized with EcoRI. Five hun- 
dred nanograms of each template were transcribed in vitro in a 25 ~1 
vol containing 100 &i ‘S-UTP (1320 Ci/mmol from New England 
Nuclear Research Products or Amersham Corp.). Reactions were in- 
cubated at 37°C for 2 hr. After 1 hr of incubation, 1 ~1 of fresh enzyme 
was added to each reaction mix. The resulting RNA transcripts were 
degraded to an average length of 150 bp using alkaline hydrolysis ac- 
cording to Cox et al. (1984). Hydrolized probes were ethanol precipitated 
and resuspended in a 100 ~1 vol to yield transcripts with a specific 
activity ranging from 2 to 3.5 x lo6 dpm/ng. 

In situ hybridization procedure. In situ hybridization was performed 

according to Angerer et al. (1987). Hybridrization was carried out in 
2x SSPE (0.3 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA), 50% 
formamide, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA, 10% dextran 
sulfate, 5 x Denhardt’s solution, 20 mM dithiothreitol, 0.5 mg/ml yeast 
tRNA, and 5 x lo6 cpm/ml (10 @ml) of RNA probe in a 50 ~1 vol 
at 50°C for 16 hr. After hybridization, sections were washed twice in 
4 x SSPE for 15 min at room temperature and then in 50% formamide, 
2x SSPE at 65°C for 10 min. This hybridization was followed by a 1 
min wash in 2 x saline-sodium citrate (SSC) to remove formamide, and 
then sections were subjected to RNase A digestion (2 &ml in 10 mM 
Tris-HCl, pH 7.5, 1 mM EDTA) for 30 min at 37°C. Digestion was 
followed by a 30 min wash in 10 mM Tris-HCl (pH 7.5) and 1 mM 
EDTA, a second 10 min wash in 50% formamide containing 2 x SSPE 
at 65°C and a 30 min wash in 2 x SSC. A high-strineencv wash in 0.1 x 
SSC was then done at 65°C for 15 min and-was foliowed by a 30 min 
wash in 0.1 x SSC at room temperature. Sections were then dehydrated 
through graded ethanols containing 6 mM ammonium acetate, dried, 
and coated with photographic emulsion (NTB-2, Eastman Kodak Co.) 
for autoradiography (Angerer et al., 1987). The sections were exposed 
at 4°C for 3-5 weeks and were developed, counterstained with either 
cresyl violet or methyl green, and coverslipped with Permount. Sections 
were examined under both bright- and dark-field illumination. 

Immunohistochemistty. For immunoreaction, the mounted tissue sec- 
tions were deparaffinized in xylene for 30 min, rehydrated through 
graded ethanol solutions, and reacted for 45 min with 0.3O41 hydrogen 
peroxide in methanol to inactivate endogenous peroxidases. Nonspecific 
staining was inhibited by preincubating the sections for 2 hr in a solution 
containing phosphate-buffered saline (PBS), 2.5% horse serum, and 2.5% 
rat serum. Primary and secondary antibodies were also diluted and 
applied in this solution. The primary monoclonal antibody 192-IgG 
(Chandler et al.. 1984) was used at a concentration of 3 &ml. The 
monoclonal antibody against N-CAM(SB8) was obtained from the De- 
velopmental Studies Hybridoma Bank (see acknowledgments) as a hy- 
bridoma culture supernate and was used at a 1: 10 dilution. The mono- 
clonal antibody to neurofilament protein 68D was obtained from 
Boehringer Mannheim and was used at 5 &ml. Tissue sections were 
incubated in primary antibody for 3-4 hr at room temperature and then 
overnight at 5°C. After extensive washes in PBS, the sections were 
reacted for 4 hr at room temperature with secondary antibody (biotiny- 
lated horse anti-mouse IgG, Vector Inc.) at a concentration of 7.5 fig/ 
ml. Sections were again washed exhaustively as above and reacted with 
streptavidin aminohexanonyl-biotin complex (Zymed Laboratories) at 
the manufacturers suggested dilutions. The immunocomplexed sections 
were carried through several PBS washes followed by at least two washes 
in 1 M sodium acetate, pH 6.1. The resulting immune complexes have 
peroxidase activity that yields a black reaction product when reacted 
for 4 min with 0.3% hydrogen peroxide, 0.034 mg/ml diaminobenzi- 
dine, and 0.025 gm/ml nickel sulfate in 0.1 M sodium acetate, pH 6.1. 
After peroxidase reaction, the sections were counterstained with either 
hematoxylin or methyl green, dehydrated through graded ethanol so- 
lutions, dipped in Histoclear, and mounted with coverslips and Per- 
mount mounting medium. Sections were analyzed for immunostaining 
by light microscopic analysis. 

Results 
We localized the sites of NGF expression relative to its low- 
affinity receptor, p75NGFR, by conducting in situ hybridization 
analysis on developing rat embryos. Hybridization sites of an- 
tisense riboprobes for NGF were compared to sites of antisense 
~75~~~ hybridization in adjacent sections of rat embryos from 
embryonic day 12.5 to 22 (stages El 2.5-E22). The expression 
of both molecules relative to innervation patterns was moni- 
tored by immunohistochemical localization of NCAM, which 
is expressed on the surface of neurons (Edelman, 1984), and 
P75 NGFR, which is expressed by Schwann cells that ensheath 
nerve fibers (Johnson et al., 1988). Both monoclonal antibodies 
proved to be sensitive probes for nerve fiber location. However, 
since both ~75~~~ and NCAM were found to be expressed by 
certain mesenchymal populations, monoclonal antibodies to 
neurofilament protein were also used when necessary to locate 
nerve fibers. 



Figure 1. Expression of NGF and ~75 NGFR transcripts in the rat embryo maxillary and mandibular processes. A, Bright-field photomicrograph of 
a hematoxylin and eosin-stained section through the first branchial arch of an El 3.5 embryo. The first branchial arch later develops into the maxilla 
(mr) and mandible (4) processes. This section is adjacent to the section shown in B. B, Dark-field photomicrograph of section through the first 
branchial arch of an E13.5 embryo hybridized with antisense p7PG” riboprobe. Expression of ~75~~~ transcripts is confined to the nasal cleft. 
C, Dark-field photomicrograph of the first branchial arch from section adjacent to B and hybridized with antisense NGF riboprobe. Note expression 
in the epithelium and mesenchyme of both processes. D, Dark-field photomicrograph of the first branchial arch from section adjacent to C. Section 
was hybridized to sense NGF riboprobe as a negative control. E, Bright-field photomicrograph of hematoxylin and eosin-stained section through 
the maxilla (mr) and mandible of an E15.5 embryo. Section is adjacent to F. F, Dark-field photomicrograph of section through the maxilla and 
mandible of an E15.5 embryo hybridized to ~75 MX=R antisense riboprobe. Note the extensive ~75~~~ expression throughout the mesenchyme of 
the maxillary process. G, Dark-field photomicrograph of section adjacent to F and hybridized to NGF antisense riboprobe. Note transcripts are 
confined to the epithelia and subjacent mesenchyme of both processes. H, Bright-field photomicrograph of section through the maxillary pad of 
an El 8.5 embryo. This section was immunoreacted with monoclonal antibody 192-IgG against rat ~75 NGFR. The reaction product appears as a 
black stain on the nerve fibers and the mesenchyme surrounding the vibrissae. Z, Dark-field photomicrograph of section through the maxilla (mx) 
and mandible of an E18.5 embryo hybridized to ~75 NoFR antisense riboprobe. Note ~75~~~ mRNA is present in the mesenchyme (m) underlying 
the epithelium and surrounding the vibrissae. .Z, Dark-field photomicrograph of section adjacent to F and hybridized to NGF antisense riboprobe. 
Note high level of transcripts in both the epithelial (e) and mesenchymal layers of the skin at the jaw axilla. Scale bars, 100 pm. 
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NGF and p7jNGFR expression in the developing epidermis 

We examined NGF and p7YGm expression in the developing 
rat maxillary pad in order to compare the results from our 
experimental approach with similar data generated for the mouse 
maxillary pad (Davies et al., 1987a; Wyatt et al., 1990). We 
found close agreement between the two species on timing of 
innervation and spatiotemporal expression of NGF and p7YGFR. 
As shown in Figure 1, ~75~~~ and NGF transcripts were present 
in the maxillary and mandibular processes of the first branchial 
arch in the E13.5 rat embryo, the stage (Fig. lA-D) at which 
the earliest trigeminal axons arrived at the developing rat max- 
illary pad. NGF transcripts were present in the epithelium and 
subjacent mesenchyme of the maxillary and mandibular epi- 
dermis. By contrast, ~75~~~ biosynthesis was confined to the 
mesenchyme of the nasal cleft. By E15.5, the concentration of 
p75NGFR-immunoreactive nerve fibers in the maxilla had reached 
its peak (data not shown). At this stage, ~75~~~ transcripts had 
reached maximal levels of expression in the mesenchymal com- 
ponent throughout the maxillary and mandibular processes (Fig. 
1E). By E18.5 (Fig. IZZ-.Z), ~75~~~ immunoreactivity (Fig. 1ZZ) 
was localized in the mesenchymal cell layers underlying the skin 
epithelium and surrounding the vibrissae. Localization ofp75NGFR 
antisense riboprobes matches the results of the immunohisto- 
chemical analysis (Fig. lZZ,Z). It is clear at this stage that ~75~~~ 
transcripts appear in the mesenchymal cell layer (Fig. II) while 
NGF transcripts are localized in the epithelium and the under- 
lying mesenchymal cell layer of the skin (Fig. 1.Z). Therefore, as 
for the mouse maxillary pad (Davies et al., 1987a; Wyatt et al., 
1990) NGF biosynthesis preceded ~75~~~ biosynthesis in the 
rat maxillary epidermis and was expressed by both the epithelial 
and mesenchymal components of the developing skin. By con- 
trast, ~75~~~ biosynthesis began in the epidermis 1 d later and 
peaked l-l .5 d after NGF biosynthesis had maximized. Unlike 
NGF, ~75~~~ was expressed only in the mesenchymal com- 
ponents of the epidermis. Synthesis of both molecules began 
after the arrival of nerve fibers from the trigeminal ganglion. 

We next examined the innervation and expression of NGF 
and ~75~~~ in other regions of the developing epidermis. Sur- 
prisingly, the patterns of NGF and ~75~~~ expression in the 
maxillary epidermis also occurred in other regions of the de- 
veloping embryo that, unlike the maxillary pad, are not highly 
innervated. Although we observed a remarkable degree of vari- 
ability in the content of NGF transcripts in various regions of 
the developing epidermis, we found that the highest levels of 
NGF transcripts were consistently present in epidermal regions 
that also contained high levels of ~75~~~ transcripts in the 
adjacent mesenchyme. Furthermore, the highest concentration 
of NGF and ~75~~~ transcripts in the developing epidermis 
appeared consistently at axillary sites where the limb joins the 
body (Fig. 2), the head joins the body (data not shown), and the 
mandible joins the maxilla (Fig. lZ,J). This general pattern of 
expression can be clearly illustrated by examining the epidermis 
of the developing limb. As shown in Figure 2, NGF and ~75~~~ 
transcripts were most highly concentrated in the skin at the limb 
axilla (Fig. 2A-C’) and at the distal end of the developing foot 
(Fig. 20-F). This patttem of NGF and ~75~~~ expression was 
first observed in the E13.5 limb bud, with NGF and ~75~~~ 
transcripts occurring in the mesenchyme adjacent to the apical 
ectodermal ridge and at the sites of limb attachment (Fig. 3). 
Expression of NGF and ~75~~~ transcripts at these proximal 

and distal sites of the limb continued through E22, the latest 
stage examined. 

Unlike the maxillary pad, the high levels of NGF and ~75~~~ 
transcripts at the axilla do not correlate with high levels of 
innervation. This is illustrated in Figure 4, where ~75~~~ and 
NCAM are localized immunohistochemically to demonstrate 
mesenchymal expression of receptor relative to the location of 
the nerve fibers at the limb axilla. The expression of p75NGFR in 
the skin of the limb axilla (Fig. 4B) was comparable to that of 
the highly innervated maxilla (Fig. 4A) and toe (Fig. 40. How- 
euer, by comparing ~75~=“- immunoreactive sites with NCAM- 
immunoreactive cells in the fore- and hindlimb axilla (Fig. 4D- 
G), we found that the axillary junctions were considerably less 
innervated than the maxilla or toe (Fig. 4A,C). The low con- 
centration of nerve fibers shown here for the limb axilla is rep- 
resentative of other axillary points where we observed high lev- 
els of NGF and ~75~~~ expression. 

p7PcFR expression during organogenesis of the lung, 
testes, and kidney 
MesenchymaVepithelial interactions play an important role in 
the morphogenesis of the lung, testes, and kidney (see Fallon et 
al., 1983, for overview). During organogenesis of the lung, mes- 
enchymal/epithelial interactions have been shown to affect the 
development of the trachea and bronchioles (Spooner and Wes- 
sels, 1970; Wessels, 1970; Hilfer et al., 1985). The development 
of the embryonic lung is characterized by four distinct devel- 
opmental stages: the pseudoglandular phase, the canalicular 
phase, the saccular phase, and the alveolar phase. The pseu- 
doglandular phase in the rat occurs between El2 and E20 and 
is the period when the trachea and the bronchial airways form. 
The developing epithelia that form the airways are surrounded 
by “instructive” mesenchymal cells that are presumably in- 
volved in the morphogenesis of the bronchial epithelium. 

From E15.5 to E18.5, the period when the bronchiole tubes 
are being formed, we observed ~75~~~ expression by the mes- 
enchymal cells that were located adjacent to the developing 
bronchiole epithelium. We observed ~75~~~ immunoreactivity 
and mRNA transcripts in the mesenchymal cells surrounding 
the tracheal epithelium at E 14.5, prior to innervation of the lung 
(data not shown). At E15.5, p7SNGFR transcripts and immuno- 
reactivity were detected on the mesenchymal cells surrounding 
the bronchiole epithelium. As shown in Figure 5A, dense ~75~~~ 
immunoreactivity was localized on the mesenchymal cells sur- 
rounding the bronchiole epithelium at E16.5. Zn situ hybridiza- 
tion of E16.5 embryos showed ~75~~~ transcripts localized to 
this same mesenchymal cell population (Fig. 5B,D). At this 
stage, the main bronchiole tubes were surrounded by NCAM- 
immunoreactive nerve fibers. However, nerve fibers were not 
seen around the secondary branches. 

NGF transcripts were not detected in the lung (Fig. 5C). Since 
the mesenchymal cells expressing ~75~~~ appear to have no 
adjacent source of NGF, the receptor on these cells could be 
responding to one of the other neurotrophic factors [neurotroph- 
in-3 (NT3) or brain-derived neurotrophic factor (BDNF)], which 
have both been shown to bind the ~75~~~ (Hohn et al., 1990; 
Rodriguez-Tebar et al., 1990). However, the possibility that 
NGF transcripts could have been present at very low levels 
cannot be excluded. 

El 6.5 was the first stage during which we observed nerve fiber 
ingrowth into the bronchiole area. As shown in Figure 6A, 
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Figure 2. NGF and p7SNoFR expression in hindlimb axilla and foot of an E18.5 rat embryo. A, Bright-field photomicrograph of E18.5 embryonic 
hindlimb immunoreacted with monoclonal antibody 1924gG against rat ~75 NoFR. Note mesenchymal cell staining in the limb axilla (upper boxed 
area) as compared to the skin mesenchyme located midlimb (arrowheads). B, Dark-field photomicrograph of E18.5 embryonic hindlimb axilla 
hybridized to antisense ~75~~” riboprobe. This section is comparable to the area in the upper boxed urea in A. Note similarity to patterns of 
expression in the jaw axilla shown in Figure 1 I. C, Dark-field photomicrograph of section adjacent to B and hybridized to antisense NGF riboprobe. 
Note similarity t6 patterns of expression in the jaw axilla shown in Figure 1J. D, Bright-field photomicrog&ph at higher magnification of the toes 
flower boxed urea in A). E. Dark-field ohotomicroaraoh of E18.5 toe (comoarable to section in D) hvbridized to antisense ~75~~” riboorobe. F. 
hark-field photomicro&aph of section-adjacent to-E grid hybridized to a&sense NGF riboprobe. e,. epithelium; m, mesenchyme. Scald bars: A, 
0.5 mm; B-F, 100 pm. 
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Figure 3. Expression of ~75~~” and NGF in the limb bud at E13.5. A, Bright-field photomicrograph of the rat embryonic limb bud at stage 
E13.5. Note the apical ectodermal ridge (uer) and the axillaty junctions (UX) where the limb joins the body wall. B, Dark-field photomicrograph 
of the limb bud shown in A. Section was hybridized to riboprobe encoding antisense p75 NoFR. Note the concentration of grains subjacent to the 
apical ectodermal ridge (aer) and at the limb bud axilla (au). C, Dark-field photomicrograph of the limb bud section adjacent to B. Section was 
hybridized to riboprobe encoding antisense NGF. Note the concentration of grains at the axilla (ax) and along the ectodermal ridge (aer) of the 
developing bud. Scale bars: A, 500 pm; B and C, 200 pm. 

NCAM-immunoreactive fibers can be detected along the main 
bronchiole branches. Interestingly, NCAM is also being ex- 
pressed at low levels in the p7PFR-positive bronchiole mes- 
enchymal populations. By E17.5, p7PGFR expression in the 
bronchiole mesenchyme had reached its peak. At the peak of 
P75 NGFR expression, NCAM was also increased in the bronchial 
mesenchyme. As shown in Figure 6, A and B, the pattern of 
NCAM immunoreactivity in the mesenchyme surrounding the 
bronchioles at E18.5 is virtually identical to that of ~75~G~. 
NCAM and ~75~~~ were coexpressed by the bronchiole mes- 
enchyme until E 19.5, when both molecules concomitantly ceased 
to be expressed. 

Although ~75~~~ was expressed by the lung mesenchyme just 
prior to innervation, the regions that these cells occupy during 
bronchial morphogenesis are the only areas that become inner- 
vated. This is shown in Figure 6, C and D, by the ~75~~~ and 
NCAM immunoreactivity on the nerve fibers surrounding the 
bronchiole tubes of an E20.5 rat embryo, a stage when mes- 
enchymal ~75~Gm and NCAM have ceased to be expressed. 
Therefore, ~75~~~ expression in the mesenchyme of the de- 
veloping lung bronchioles precedes ingrowth of nerve fibers and 

NCAM expression by 1.5-2 d. Both molecules were expressed 
by the mesenchyme adjacent to epithelia during bronchiole mor- 
phogenesis and occupied tissue areas that ultimately became 
innervated. 

The pattern of ~75~~” expression observed in mesenchyme 
of the developing testes was very similar to that described above 
for the lung. As shown in Figure 7, A and B, immunohisto- 
chemical localization of ~75~~~ was confined to the mesen- 
chymal cells that surrounded the developing seminiferous tu- 
bules. ~75~~” transcripts were also localized in this cell 
population (Fig. 7C). As in the lung, the mesenchyme of the 
testes expressed both NCAM and ~75~~~ expression but ~75~~~ 
expression preceded NCAM expression by several days. ~75~~~ 
was first detected in the testes mesenchyme at E14.5, but these 
cells did not coexpress ~75~~~ and NCAM until E20.5 (data 
not shown). Like the lung, ~75~~~ was expressed by adjacent 
mesenchymal cell populations at a time when tubular epithelial 
structures form but, interestingly, the seminiferous tubules do 
not become innervated (Geneser, 1986). Innervation of the tes- 
tes is confined to the vasculature of this organ. 

As in the lung, we were unable to detect NGF transcripts in 
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Figure 4. Comparison of mesenchy- 
ma1 p7YGFR expression and innerva- 
tion of the skin at the limb axilla rela- 
tive to that of the highly innervated 
maxillary pad and the toe. The bright- 
field photomicrographs pictured in A- 
C were taken from different regions of 
a single section of an El8 rat embryo 
immunoreacted with monoclonal an- 
tibody 192~IgG against rat p7SNG”. A, 
Maxillary pad. Note location of im- 
munoreactive nerve fibers(n) and mes- 
enchyme (m). B, p7YoFR immunoreac- 
tivity in the limb axilla. Note similarity 
in levels of p7PG” immunoreactivity 
relative to A and C. C, ~75~~” im- 
munoreactivity in the toe. D, Bright- 
field photomicrograph of p7Y°FR im- 
munoreactivity at the hindlimb axilla 
of the same El8 embryo but at a dif- 
ferent plane of section. E, NCAM-im- 
munoreactive nerve fibers (n) in the 
section adjacent to D. Note levels of 
innervation relative to A and C. F, 
Bright-field photomicrograph of 
p75N0”-immunoreactive nerve fibers 
and mesenchyme (m) in the forelimb. 
G, NCAM-immunoreactive nerve fi- 
bers in the section adjacent to F. e, ep- 
ithelium; mu, muscle. Scale bars, 100 
m. 

the cells of the testes (Fig. 70). If indeed NGF transcripts were 
present, they were in these organs at very low levels since the 
sections shown here also contained NGF transcript signals in 
the epithelium and muscle comparable to those shown in Figures 
1 and 2 (see also Fig. 9). The mesenchymal cells of the devel- 
oping testes may utilize one of the other factors of the NGF 
family. 

The glomeruli of the developing kidney form from polarizing 
epithelium that is mesenchymal in origin (Saxen, 1987). ~75~~~ 
expresses at high levels in this polarizing epithelium as the glo- 
meruli begin to undergo morphogenesis. Both ~75~~~ tran- 
scripts and protein were detected in the kidney glomeruli (data 
not shown). ~75~~~ expression was first detected at El45 and 
was still ongoing at E22. Like the lung and the testes, NGF 
transcripts were not observed in any cell type of the developing 
kidney. Interestingly, the neurotrophic factor NT3 has been 
reported to express in the adult kidney glomeruli (Emfors et al., 
1990). 

The kidney glomeruli are similar to the seminiferous tubules 
in that they do not become innervated. Innervation ofthe kidney 

is confined to the tubules and the vasculature that infiltrate the 
mature Bowman’s capsule (Tisher, 198 1). To confirm that the 
developing glomeruli were also devoid of innervation, neuro- 
filament immunoreactivity (Fig. 84 in the kidney glomeruli 
was examined relative to that of ~75~~~ (Fig. SB). Neurofila- 
ment protein was present in nerve fibers surrounding the kidney 
tubules but was absent from the glomeruli. As shown in Figure 
SC, NCAM was expressed by the glomerular epithelium during 
their morphogenesis in patterns similar to those of ~75~~~. 
NCAM immunoreactivity was also present in the kidney mes- 
enchyme. 

NGF and ~75~~~~ expression in developing muscle 

P75 NGFR immunoreactivity has been reported to occur in de- 
veloping muscle (Yan and Johnson, 1988), but NGF is not 
involved in either motor or proprioceptive sensory innervation 
of the muscle (Thoenen and Barde, 1980; Davies et al., 1987b; 
Yan et al., 1988; Oppenheim, 1989). However, we observed 
high levels of NGF mRNA in close proximity to ~75~~~ tran- 
scripts in developing muscle. Our immunohistochemical ob- 
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Figure 5. Localization of ~75~~” in 
the mesenchymal cells surrounding the 
developing lung bronchioles at El&S. 
A, Bright-field photomicrograph of 
p7PGFR immunoreactivity in mesen- 
chymal cells (m) surrounding the de- 
veloping bronchiole epithelium (e). B, 
Dark-field photomicrograph of section 
through E16.5 lung hybridized to an- 
tisense ~75~~” riboprobe. C, Dark-field 
photomicrograph of section adjacent to 
B hybridized to antisense NGF ribo- 
probe. D, Dark-field photomicrograph 
at higher magnification of bronchiole 
shown within boxed area in B. Note 
transcripts are confined to the mesen- 
chymal cell populations(m). Scale bars, 
100 pm. 

servation of p7PFR in developing muscle is in agreement with 
previous studies Cyan and Johnson, 1988) and is presented in 
Figure 9. Figure 9B shows p7YGFR immunoreactivity localized 
on the myoblast-like cells that lie adjacent to fused myotubes. 
By contrast, the myotubes were negative for p7PGFR. In situ 
hybridization analysis of adjacent sections of El 8.5 forelimb 
show that ~75~~~ transcripts (Fig. 9C) were expressed in regions 
of developing muscle located adjacent to cells expressing NGF 
transcripts (Fig. 9D). This pattern of expression can be seen in 
developing muscle as early as E 13.5, maximizes between El 6.5 
and E18.5, and declines by E21.5. 

To characterize more clearly the myoblast-like cells express- 
ing factor and receptor, sites of NGF and ~75~~~ transcript 
synthesis were compared with those of MyoDl, a myoblast 
differentiation marker (Davis et al., 1987; Weintraub et al., 
1989). In situ hybridization of adjacent sections of E16.5 and 
E18.5 embryos were hybridized with NGF, p75NGFR, and MyoDl 
antisense probes in order to localize NGF and ~75~~~ relative 
to myoblast cell populations. Figure 10 shows the expression of 
these molecules in the developing muscle surrounding the ribs 
in the E16.5 embryo and is representative of the patterns of 
expression we observed in the limbs and other regions of de- 
veloping muscle. ~75~~~ (Fig. 1 OA,B) was expressed in sites of 
developing muscle that also expressed MyoD 1 transcripts (Fig. 
1OD). By contrast, NGF transcripts (Fig. 1OC) were not colo- 
calized in MyoDl -positive cells but were expressed in a cell 
population located adjacent to the developing myoblasts. There- 

fore, ~75~~~ transcription is most likely occurring in developing 
myoblasts and NGF is available from an adjacent cell popu- 
lation as a potential paracrine factor. 

The expression of NGF and ~75~~~ in the developing muscle 
lead us to examine the myotome component of the developing 
somite to see if p75NGFR or NGF is expressed in this early muscle 
precursor. Surprisingly, the myotome was negative for both NGF 
and ~75~~~. By contrast, we observed ~75~~~ expression at 
high levels in the sclerotome and expression of NGF transcripts 
in the adjacent dermatome (Fig. 1 IA-C). NGF transcripts were 
also present in the sclerotome but at significantly lower levels 
than in the dermatome. We observed this pattern of expression 
in the somites from E12.5 through E14.5. 

Discussion 

The proposal that neuronal survival is critically influenced by 
NGF is well supported by data demonstrating its effect on sym- 
pathetic and sensory innervation (Greene and Shooter, 1980; 
Levi-Montalcini, 1987; Thoenen et al., 1987). These defined 
functions of NGF and ~75~~~ on the nervous system are also 
important for innervation of target tissues during embryogenesis 
(Thoenen et al., 1987). However, recent studies describing the 
biological sites of NGF and ~75 NGFR biosynthesis have revealed 
possible additional functions for this factor and its receptor 
during embryogenesis (Korsching and Thoenen, 1983; Heu- 
mann et al., 1984, 1987; Rush, 1984; Ebendal et al., 1985; Finn 
et al., 1986; Shelton and Reichardt, 1986; Buck et al., 1987; 
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Figure 6. ~75~0~ and NCAM immunoreactivity in the nerve fibers and mesenchymal cells surrounding the lung bronchioles at E16.5, El 8.5, 
and E20.5. A, Bright-field photomicrograph of ~75 NGFR-immunoreactive mesenchyme surrounding the lung bronchioles at E16.5. B, NCAM 
immunoreactivity in section adjacent to A. Note patterns of NCAM expression in the bronchiole mesenchyme (m) are localized to areas of p7jNGFR 
in A. Note also the nerve fiber (n) ingrowth is confined to the bronchiole mesenchyme. C, Bright-field photomicrograph of p75NG” immunoreactivity 
in the mesenchyme surrounding the bronchiole of an E18.5 embryo. D, NCAM immunoreactivity in section adjacent to C. Note the similarity in 
patterns of expression p7jNGFR and NCAM in the bronchiole mesenchyme (m) at this stage. E, Bright-field photomicrograph of p7jNoFR immu- 
noreactivity in the nerve fibers (n) surrounding the bronchioles at E20.5. F, Bright-field photomicrograph of NCAM immunoreactivity in the 
section adjacent to E. Note both molecules clearly mark sites of innervation. e, epithelium. Scale bars, 100 pm. 

Davies et al., 1987a; Ayer-LeLivre et al., 1988; Rohrer et al., sue (Davies et al., 1987a; Levi-Montalcini, 1987; Wyatt et al., 
1988; Yan and Johnson, 1988; Ernfors et al., 1990; Senut et al., 1990). However, when we examined a broad range ofdeveloping 
1990). The variety of non-neuronal cells that express NGF and tissues, we did not see a consistent correlation between the levels 
p7PFR have until now been described in terms of the trophic of NGF and p7PGFR expression and the degree of innervation 
mechanisms that direct and modulate innervation of target tis- in a given target tissue. Rather, the results we report here show 
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that the synthesis of NGF and ~75~~~ also correlates spatially 
and temporally with the development of specific cell types al- 
ready known to play critical roles in pattern formation, inductive 
tissue interactions, and myogenesis. 

Comparison of NGF and p7PFR expression in the limb and 
maxilla 

Although NGF and ~75~~~ expression in the maxillary pad 
correlates well with NGF-mediated neurotrophic regulation 
(Davies et al., 1987a; Wyatt et al., 1990), both NGF and ~75~~~ 
were expressed to a comparable extent in the epithelia at the 
limb axilla and other axillary points that are not as highly in- 
nervated as the maxillary pad. Interestingly, the sites of NGF 
and ~75~~~ transcript expression at the limb axilla are localized 
in or near tissue regions that mediate limb extension. NGF and 
P75 NG* were most abundantly expressed at the proximal/distal 
sites of the developing limb from the onset of limb bud for- 
mation to the latest stages of gestation. In the chick, the exten- 
sion of the developing limb has been shown to occur in a prox- 
imal-to-distal direction (Saunders and Gassling, 1968; Fallon et 
al., 1983). This process is mediated by the apical ectodermal 
ridge located at the distal end of the limb bud and the zone of 
polarizing activity at the proximal end of the limb close to the 
axillary junctions. These specialized embryonic structures are 
derived from the mesoderm and have been shown to have roles 
in regulating limb extension in conjunction with the mesenchy- 
ma1 regions of the limb axilla. The colocalization of NGF and 
~75~~~ at these inductive sites suggests that they are involved 
in this process. Whether or not these molecules mediate a spe- 
cific morphogenic function or serve to integrate innervation with 
morphogenesis remains to be determined. 

In addition to the extensive coordinate expression of NGF 
and ~75~~~ in developing skin, there also appears to be coor- 
dination between expression of NGF transcripts in the epithelial 
and mesenchymal components of skin. While the levels of NGF 
mRNA in various regions of developing skin are quite variable, 
where levels of NGF mRNA are relatively high in the epithe- 

Figure 7. Expression of p75NG” in the 
developing rat testes. A, Bright-field 
photomicrograph of section through rat 
testes immunostained with monoclonal 
antibody 192-IgG against ~75~~~. Note 
the immunoreactivity is confined to the 
mesenchyme (m) surrounding the epi- 
thelia of the developing seminiferous 
tubules. B, Higher magnification of A. 
C, Dark-field photomicrograph of sec- 
tion through the testes hybridized to an- 
tisense ~75~~~ ribowobe. Note tran- 
scripts are confined to the mesenchyme 
(m). D, Dark-field photomicrograph of 
section adjacent to F and hybridized to 
antisense NGF riboprobe. Note the ab- 
sence of transcripts. Scale bars, 100 pm. 

lium, there are also relatively high levels in the subjacent mes- 
enchyme. The functional significance of expression of NGF by 
both epithelial and mesenchymal cells is unclear. The two sources 
of NGF might be functionally equivalent. Alternatively, they 
might have distinct functions. For example, NGF produced by 
epithelial cells may primarily provide trophic support to sensory 
neurons while NGF produced by mesenchymal cells may influ- 
ence p75NGFR-positive mesenchymal cells in an autocrine fash- 
ion. Such questions cannot be addressed experimentally unless 
means can be developed to block NGF expression in a cell type- 
specific manner. 

p75NGFR expression during organogenesis of the lung, testes, 
and kidney 

While NGF and ~75~~~ expression colocalizes in the mesen- 
thyme of the developing skin, ~75~~~ expression occurs in the 
absence of detectable NGF expression in other tissues such as 
the lung, testes, and kidney. The lack of NGF transcripts in 
these organs was observed in the same tissue sections that showed 
strong signals for NGF in the skin and muscle. Therefore, if 
NGF was present in the organ sections we analyzed, it was at 
relatively low levels. Expression of the receptor accompanies 
the development of the bronchiole airways and the trachea, 
initiating in the trachea at E14.5, a time that precedes inner- 
vation of the lung. ~75~~~ expression peaks in the bronchiole 
mesenchymal cells at E17.5, a time when the bronchioles are 
undergoing extensive innervation, and ceases by E 18.5, a time 
when lung bronchiole morphogenesis has neared completion. 
Interestingly, p75NGFa expression in the lung occurred in the 
areas that became innervated, suggesting this molecule has a 
role in that process. However, ~75~~~ expression also correlates 
extremely well with the pattern of NCAM expression in the 
bronchiole mesenchyme. NCAM and ~75~~~ expression ap- 
pears to occur in identical subpopulations of mesenchymal cells 
surrounding the developing bronchioles, suggesting the function 
of these molecules may also be coordinately linked to bronchiole 
morphogenesis. 
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Figure 9. NGF and ~75~~” expression in the developing forelimb muscle at E18.5. A, Bright-field photomicrograph of hematoxylin and eosin- 
stained section through the muscle of an E18.5 forelimb. B, Bright-field photomicrograph at high magnification of developing muscle fibers 
immunoreacted with monoclonal antibody against rat ~75 NGFR. Note myotubes (mt) are negative (solid arrowheads) while myoblast-like cells (myo) 
are positive (open arrowheads) for ~75~0~ immunoreactivity. C, Dark-field photomicrograph of section adjacent to A and hybridized to antisense 
~75~~~~ riboprobes. Note high levels of transcript localized in regions of developing muscle (dm). D, Dark-field photomicrograph of section adjacent 
to C and hybridized to antisense NGF riboprobes. Note NGF-positive cells localized adjacent to ~75 NGFR-positive cells. db, developing bone; e, 
epithelium; m, mesenchyme. Scale bars: A, C, and D, 200 pm; B, 100 pm. 

Patterns of expression of p7YGFR in the testes were very sim- 
ilar to those of the lung in that expression occurred in the mes- 
enchymal cells that surround the epithelia of the developing 
seminiferous tubules. By contrast, coexpression of NCAM and 
P75 NGFR in the testes occurred in mesenchymal cell populations 
surrounding the tubules at a later stage of development than in 
the lung. In both the lung and testes, NCAM expression com- 
menced in late stages of morphogenesis, suggesting that ~75~~~ 
and NCAM may have early and late functional roles in the 
development of these epithelial structures. 

It is well established that both the kidney and the testes are 
innervated from the aortic and renal plexus with vasomotor and 
afferent nerve fibers that are associated with the vasculature of 
those organs (Mitchell, 1935; Tisher, 198 1; Geneser, 1986). The 
seminiferous tubules are not innervated, and the surrounding 
interstitial tissue contains very few nerve fibers. Similarly, the 
kidney glomeruli do not become innervated. Although ~75~~~ 
expression in the kidney occurred in a different cell type, the 
patterns of ~75~~~ and NCAM expression are similar to that 
of the lung and testes mesenchyme. The polarizing epithelia that 
form the glomuleri are strongly ~75~~~ positive during mor- 
phogenesis and coexpress high levels of NCAM (Lackie et al., 

1990). Therefore, ~75~~~ expression in the testes and kidney 
appears to be more closely associated with the expression of cell 
adhesion molecules and the epithelial morphogenesis than in- 
nervation. This coexpression of ~75~~~ and NCAM described 
here for the kidney, lung, and testes is typical of widespread 
coexpression of these proteins observed in many developing 
tissues (E. F. Wheeler and M. Bothwell, unpublished observa- 
tions). 

Although we were not able to observe NGF transcripts in the 
mesenchymal cells of the lung and testes or the kidney glomeruli, 
we cannot exclude the possibility that the levels of NGF tran- 
scripts were too low to detect with our assay system. This may 
be true in particular for the testes since NGF has been reported 
to be expressed in the adult rat testes (Ayer-LeLievre et al., 
1988; Persson et al., 1990). However, it is also possible that 
~75~~~ is responding to a different ligand in these cells. Re- 
cently, two structural homologs of NGF, BDNF and NT-3 (Lei- 
brock et al., 1989; Hohn et al., 1990; Maisonpierre et al., 1990) 
have been shown to bind to ~75~~” with affinities comparable 
to that ofNGF (Hohn et al., 1990; Rodriguez-Tebar et al., 1990). 
These investigators proposed that the low-affinity component 
of the NGF receptor interacts with a second protein (or set of 
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Figure 10. Sites of NGF and ~75~~~ transcripts expression relative to that of MyoDl transcripts in developing muscle at E16.5. A, Bright-field 
photomicrograph of section through developing rib muscle (dm) immunoreacted with monoclonal antibody 192-IgG against rat p7SNGFR. B, Dark- 
field photomicrograph of section (adjacent to D) through developing rib muscle hybridized to anti-sense p7PGFR riboprobe. C, Dark-field photo- 
micrograph of section (adjacent to D) through developing rib muscle hybridized to antisense NGF (n& riboprobe. D, Dark-field photomicrograph 
of section adjacent to B and C and hybridized with antisense MyoDl riboprobe. Note MyoDl transcripts colocalize with p75NG” transcripts 
whereas NGF transcripts localize to adjacent cells. mb, myoblasts. Scale bars, 100 pm. 

proteins) to form the high-affinity form of the receptor. This 
ancillary protein(s) would presumably be tissue specific and de- 
termine the ligand specificity of the high-affinity receptor. 

The trkA protooncogene product apparently corresponds to 
the postulated ancillary protein for the NGF receptor (Kaplan 
et al., 199 1). The t&A gene is a member of a multigene family 
encoding a set of proteins characterized by a membrane-span- 
ning tyrosine kinase that bear similarities to the receptors for a 
variety of other growth factors (Klein et al., 1989; Martin-Zanca 
et al., 1989; Middlemas et al., 1991). Recent evidence indicates 
that the trk family encodes receptors that bind to and mediate 
signals for the other neurotrophins (Cordon-Cardo et al., 1991; 
Klein et al., 199 1). Like the NGF receptors, the BDNF and NT3 
receptors have both low- and high-affinity forms @utter et al., 
1979; Rodriguez-Tebar et al., 1990) and expression of the high- 
affinity receptors appears to be essential for biological responses 
to these ligands. Since the low-affinity NGF receptor, p75NGFR, 
will bind to both BDNF and NT3 with affinities comparable to 
that of NGF (Ernfors et al., 1990; Rodriguez-Tebar et al., 1990), 
the p7PGFR cDNA that we have used (Radeke et al., 1987) may 
encode a common subunit of a class of multimeric neurotrophin 
receptors (Berg et al., 199 1; Bothwell, 199 1; Hempstead et al., 

1991). Therefore, the possibility that ~75~~~ is responding to 
an NGF-related ligand in these developing organs cannot be 
excluded and is strongly supported by expression of NT3 in the 
kidney glomeruli and ovary (Ernfors et al., 1990). 

p7jNGFR, NGF, and myogenesis 

Several investigators have noted the expression of p7?PGFR in 
developing muscle (Ernfors et al., 1988; Yan and Johnson, 1988; 
Heuer et al., 1990). However, the phenotype of the p75NGFR- 
positive cells has not been characterized and no attempt has 
been made to address whether NGF may be available to those 
cells. We found that the expression of NGF and ~75~~~ tran- 
scripts in the developing muscle differs from that of the epithe- 
lial/mesenchymal systems in that NGF appears to be available 
to p75N== -positive cells from a paracrine source. The fact that 
transcripts for MyoDl localized in the same regions of devel- 
oping muscle that were ~75~~~ positive strongly suggests that 
~75~~~ is expressed in developing myoblasts. Although we have 
not yet characterized the cells expressing NGF transcripts, they 
clearly develop in regions adjacent to myoblasts that express 
~75~~~. Both NGF- and ~75~~~ -positive cells are present dur- 
ing myoblast differentiation and cease to be expressed when the 
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Figure II. NGF and p7SNG” expression in the somite. A, Dark-field photomicrograph of E13.5 somites hybridized to ~75~~” antisense probes. 
Note grains are present in the sclerotome (s). B, Bright-field photomicrograph of section A. C, Dark-field photomicrograph of section adjacent to 
A. Section was hybridized with NGF antisense probe. Note grains are localized in the dermatome (d) and are present at low levels in the sclerotome 
(s). m, myotome. Scale bars, 100 pm. 

myoblasts fuse to form myotubes. These data are not easy to 
correlate with the innervation of developing muscle. Neither 
motor nor proprioceptive sensory innervation is influenced by 
NGF (Thoenen and Barde, 1980; Davies et al., 1987b; Yan et 
al., 1988; Oppenheim, 1989). Therefore, the NGF synthesized 
by the cells adjacent to developing muscle may serve as a para- 
crine factor for the ~75~~~ -positive myoblasts. This notion is 
supported by data that suggest an NGF influence on the ex- 
pression of sodium channels during the differentiation of muscle 
cells (Brodie and Sampson, 1990). 

Although NGF and ~75~~~ appear to play a role in muscle 
development, neither molecule was expressed by the myotome. 
Rather, the dermatome and the sclerotome were observed to 
express NGF and p75NGFR, respectively. Both the dermatome 
and sclerotome differentiate into connective tissue components, 
the dermatome into the dermis and the sclerotome into skeletal 
tissue. The expression of NGF and ~75~~~ in dermatome and 
sclerotome occurs prior to cellular differentiation and precedes 
the onset of innervation of these tissues. The timing of expres- 
sion suggests that the functional role of NGF and ~75~~~ in 
these developing tissues may involve processes separate from 
neural development. 

Conclusion 
Taken together, these results raise new questions about the func- 
tion of NGF and its low-affinity receptor in the developing 
embryo. The well-characterized trophic functions of these mol- 
ecules clearly effect important developmental neuronal pro- 
cesses. However, the expression of NGF and ~75~~~ during the 
morphogenesis of the limb and the organs described in this study 
suggests that NGF and ~75~~~ may have other activities that 
affect the development of non-neuronal tissues. The expression 
of these molecules in mesenchymal cells that have been defined 

as having “instructive” roles in determining the development 
of these embryonic systems suggests functions apart from reg- 
ulation of innervation. In addition, NGF and ~75~~~ appear 
to be involved in the process of myogenesis. It will be important 
to determine whether or not the trk family of protooncogenes 
is coordinately expressed with NGF and ~75~~~. Since the 
tyrosine-specific kinases have well-documented effects on cell 
proliferation and differentiation (Knochel and Tiedemann, 1989), 
it would not be surprising to find correlations between the ex- 
pression of the trk protooncogenes, p75NGFR, and neurotrophins 
during these developmental events. 

Although ~75~~~ expression frequently correlates with mor- 
phogenic processes in which innervation does not play a part, 
there are many instances in which there is an extensive corre- 
lation between sites of ~75~~~ expression and patterns of in- 
nervation that cannot be ignored. The maxillary pad and the 
lung are obvious examples. Perhaps ~75~~~ and its interactive 
ligands, NGF, BDNF and NT3, are involved in a multifunc- 
tional regulatory system that serves to integrate morphogenesis 
and myogenesis with innervation. The manner in which mes- 
enchymal cell function is regulated by this system is unclear. 
However, the fact that ~75~~~ is extensively coexpressed with 
the cell adhesion molecule NCAM, which itself is implicated in 
both neural development and the morphogenesis of non-neural 
tissues, is an important clue that may provide a direction for 
future studies. 
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