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restricted to the sensory cranial and 
spinal ganglia of neural crest origin in 
mouse development 

Dion i s io  Martin-Zanca,  Mariano Barbacid, 1,2 and Luis F. Parada 3 

Molecular Embryology Group and 1Developmental Oncology Section, BRI-Basic Research Program, National Cancer 
Institute-Frederick Cancer Research Facility, Frederick, Maryland 21701 USA 

We have cloned and characterized the mouse homolog of the human trk proto-oncogene, a member of the 

protein tyrosine kinase (TK) receptor gene family. Here, we present the first report of a trk-encoded mRNA 

species in vivo. In situ hybridization analysis in the mouse embryo reveals a striking temporal and spatial 

regulation of trk transcription, with expression confined to the sensory cranial (trigeminal, superior, jugular) 

and dorsal root ganglia (DRG) of neural crest origin. Recent reports have shown that TK receptors can play 

regulatory roles in embryonic development. Thus, the developmental mutations W in mouse and torso and 

sevenless in Drosophila represent genes that code for defective TK receptors. Our data show that trk, a gene 

associated with malignancy in humans, is a specific marker for a set of neural crest-derived sensory neurons, 

and are consistent with the hypothesis that this protoooncogene may have an important role in the development 

or phenotype of the neurons where it is expressed. 
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The elegant classical body of work on the developing 
vertebrate embryo has provided an essential framework 
for more recent studies on the molecular basis of devel- 
opment. Various approaches have been applied to the 
search for genes that are potential regulators of mamma- 
lian development. One method has been to clone and 
study the mammalian homologs of genes known to have 
developmental functions in invertebrates. An example is 
provided by the study of homeotic genes (first identified 
in Drosophila melanogaster) in mouse and man, which 
has resulted in the identification of many loci that 
present unique expression profiles in the embryo 
(Jackson et al. 1985; Joyner et al. 1985; Awgulewitsch et 
al. 1986; Holland and Hogan 1988; Doll6 et al. 1989; 
Wilkinson et al. 1989). Another fruitful method for iden- 
tifying genes with potential roles in embryogenesis 
stems from work with oncogenes. Investigators in this 
field have identified and isolated a diverse series of genes 
that, when structurally mutated or inappropriately ex- 
pressed, have the common property of exerting profound 
effects on the regulation of cell proliferation (Land et al. 
1983; Weinberg 1985; Bishop 1987). It has further 
emerged that many proto-oncogenes form part of highly 
conserved gene families and, at least in some cases, are 
either exclusively expressed or tightly regulated during 
embryogenesis (Jakobovits et al. 1985, 1986; Zim- 
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merman et al. 1986; Wilkinson et al. 1987, 1988; R. 
Klein, D. Martin-Zanca, M. Barbacid, and L.F. Parada, in 
press), leading to the suggestion that proto-oncogenes 
may have important roles in development (Muller 1986; 
Nusse 1988). 

The tyrosine kinase (TK) receptor proto-oncogenes 
comprise a large family of structurally related genes 
whose products mediate proliferation and differentiation 
control signals in a variety of cell types (for review, see 
Hanks et al. 1988). Recently, TK receptors have also 
been implicated in the control of embryonic cell fate de- 
cisions. The W locus in mouse codes for the c-kit proto- 
oncogene, a TK receptor that is required for the effective 
migration and proliferation of various stem cells in the 
embryo and in the adult (Silvers 1979; Yarden et al. 
1987; Chabot et al. 1988; Geissler et al. 1988). In Droso- 
phila, the torso and sevenless loci encode TK receptors 
that are required for terminal structure differentiation 
and photoreceptor morphogenesis, respectively (Basler 
and Hafen 1988; Sprenger et al. 1988). Here, we report 
the molecular cloning and developmental expression 
profile of the mouse trk proto-oncogene. The human trk 
oncogene was originally identified following transfec- 
tion of NIH-3T3 cells with DNA obtained from a human 
colon carcinoma and remains the only example of a TK 
oncogene activated in a solid human tumor (Pulciani et 
al. 1982; Martin-Zanca et al. 1986a). Subsequent isola- 
tion and structural characterization of both the onco- 
gene and proto-oncogene cDNAs identified a gene 
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product containing all the structural motifs of a trans- 
membrane receptor (Martin-Zanca et al. 1986a, 1989; 
see Fig. 1A). Oncogenic activation of trk occurred via a 
somatic genetic rearrangement that resulted in the re- 
placement of the trk receptor extracellular domain by 
the amino-terminal region of a nonmuscle tropomyosin 
molecule. As has been proposed for other members of 
the family of transmembrane receptors, the trk gene 
product apparently becomes transforming through the 
disruption of its signal-receiving extracellular domain, 
resulting in the constitutive activation of the signal- 
transducing intracellular domain (Downward et al. 
1984; Bargrnaml et al. 1986; Park et al. 1986; Roussel et 
al. 1987; Coulier et al. 1989). Northern blot analysis 
with a human trk eDNA probe revealed an extremely 
restricted pattern of expression for this gene in mRNAs 
from human cell lines and tissues. Abundant levels of 
trk transcripts were found only in a limited number of 
human tumor cell lines of diverse tissue origins (Martin- 
Zanca et al. 1986b). These data did not provide any 
useful clues about the in vivo specificity of trk expres- 
sion. In a survey of RNA from human tissues, extremely 
low levels of trk mRNA were seen only in testes (un- 
publ.), an observation whose physiological relevance re- 
mains unclear. In contrast, a complex pattern of mRNA 

species was detected when the human trk eDNA probe 
was hybridized to adult mouse brain RNA. Studies based 
on this latter observation have led to the identification 
of a closely related gene, trkB (Klein et al. 1989, and in 

press). 
The failure to detect trk-encoded transcripts in adult 

tissues prompted us to explore whether this gene was 
transcribed in the embryo. For this purpose, we have 
cloned and characterized the mouse trk locus. After gen- 
erating exonic probes, we have performed develop- 
mental Northern blot and in situ hybridization analyses 
of the mouse trk proto-oncogene from early postimplan- 
tation through late fetal development. We detect the ap- 
pearance of a trk-encoded mRNA in the embryo and 
show a striking temporal and spatial regulation of trk 

transcription. These data identify trk as the earliest 
known marker for dorsal root ganglia (DRG) and cranial 
sensory ganglia of neural crest origin. 

R e s u l t s  

Isolation of the mouse gene homologous to the human 

trk proto-oncogene 

To isolate the mouse homolog to the human trk proto- 
oncogene, a genomic library from NIH-3T3 cells was 
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Figure 1. (AI Schematic representation of human and 
mouse trk proto-oncogene clones. (htrkJ Structure of the 
human trk eDNA [Martin-Zanca et al. 19891. Thick bar rep- 
resents coding sequences. (SPI Signal peptide; [TMI trans- 
membrane domain; (TKJ tyrosine kinase catalytic domain. 
Brackets indicate eDNA probes used to identify trk exons in 
the mouse trk clone shown below. (hi 8mtrk) Partial restric- 
tion map of a mouse trk genomic k clone. Crossbars repre- 
sent DNA fragments containing mouse repetitive se- 
quences. Solid boxes indicate trk exons. Also shown are the 
mouse trk probes used for Southem blots [pDM-81) and for 
Northern and in situ hybridizations (pDM-89, pDM-921 (for 
details, see MethodsJ. The 1-kb scale bar corresponds to the 
genomic clone k18mtrk. (B and C) Southern blot analysis of 
mouse tail (M) and human HeLa cell {HI DNAs. DNAs (5 ~gl 
isolated from human HeLa cells or C57BL/6J mouse tails 
were digested with BamHI or HindIII restriction enzymes, 
electrophoresed through 1% agarose gels, and transferred to 
filters {for details, see Methodsl. Mouse DNA restriction 
fragments hybridizing with both the human (BI and mouse 
[C) trk probes are indicated by arrowheads. Molecular 
weight markers {left) correspond to coelectrophoresed k 
HindIII restriction fragments. 
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screened with the entire human trk cDNA as probe. 
Southern blot analysis showed that under the appro- 
priate hybridization conditions (see Methods), the 
human cDNA probe hybridized strongly with a 15-kb 
BamHI mouse genomic fragment (Fig. 1B) and weakly 
with another fragment of - 6  kb (not seen in Fig. 1B). 
Two overlapping K clones, containing DNA inserts - 2 0  
kb in length, were isolated and purified. A partial restric- 
tion map of the trk clone extending furthest 5' is shown 
in Figure 1A. 

To demonstrate that the genomic clones represented 
the mouse trk locus and not a related locus (Klein et al. 
1989), fragments lacking repetitive sequences were iden- 
tified, subcloned, and used as probes in Southern 
transfer analysis of mouse and human DNAs. In the 
Southern blots shown in Figure 1, probes that corre- 
sponded to the same coding regions from the human 
eDNA and from the mouse genomic clones (human TK 
probe and mouse probe pDM-81; Fig. 1A) were hybrid- 
ized under stringent conditions to mouse and human 
DNAs digested with the restriction endonucleases Hin- 

dIII or BamHI. The resulting pattern of hybridization 
identifies single restriction fragments (15-kb BamHI and 
8-kb HindIII; Fig. 1B, C) in mouse DNA when either the 
exonic mouse probe or the more complex human cDNA 
probe was used. However, the human DNA lanes ex- 
hibit a different profile of hybridization (Fig. 1B). As ex- 
pected, in this latter instance, the mouse probe recog- 
nizes single restriction fragments that comprise only a 
subset of those hybridized by the human probe. Similar 
results were obtained when probes from other regions of 
the human trk cDNA and from the corresponding 
mouse exonic sequences were tested (not shown). 

Exon-containing genomic DNA fragments were iden- 
tified by hybridization with probes corresponding to the 
three main domains of the human trk gene product: 
namely, the extracellular, transmembrane, and TK do- 
mains IFig. 1A). Candidate fragments were subcloned, 
and subsequent partial sequence analysis of these sub- 
clones allowed us to identify and tentatively map sev- 
eral mouse trk exons (Fig. 1A). DNA sequence compar- 
ison of putative exonic mouse sequences with the corre- 
sponding regions of the human trk cDNA revealed a 

high level of identity in all cases, ranging from >90% in 
the TK domain to > 80% in all other domains (in prep.). 

Northern analysis of trk expression in mouse 

embryonic RNAs 

Two of the putative exons thus defined were selected to 
generate probes for use in Northern analysis and in situ 
hybridizations (see Methods). These probes were chosen 
from regions outside the TK domain of mouse trk to 
avoid recognition with other members of the TK family 
of genes, particularly with the closely related trkB gene 
(Klein et al. 1989). We were concemed that the small 
exonic components of pDM89 and pDM92 (Fig. 1A) 
would not provide enough probe sequence complexity to 
recognize the presence of a low-abundance trk tran- 
script. We therefore used both plasmid inserts together, 
but labeled independently, as probes in a Northern anal- 
ysis performed with total mouse embryo RNA. The re- 
sult of this experiment is shown in Figure 2. The first 
appearance of trk transcripts was observed at E9.5 as a 
single, 3.2-kb species. The intensity of the trk-specific 

band increases to a maximum level at E13.5 followed by 
a decrease such that it is no longer detectable in adult 
tissues (not shown). The same filter was hybridized with 
a [3-actin probe to assess the relative amounts of RNA 
loaded in each lane, and the results are shown in Figure 
2. We also tested for trk expression in embryonic stem 
(ES} cells and failed to detect transcripts (Fig. 2). ES cells 
are derived from the inner cell mass of the mouse blas- 
tocyst and may thus be considered representative of a 
component of the late blastocyst (E4.5), which can par- 
ticipate in normal development when reintroduced into 
early embryos (for review, see Robertson 1987). This re- 
sult is consistent with the observed expression in em- 
bryonic RNAs. 

Therefore, at the resolution provided by our Northern 
analysis, the trk gene is not expressed in preneurulation 
embryos through 8.5 days of gestation (stage E8.5). The 
appearance of trk-specific transcripts coincides with the 
timing of cephalization, neural crest migration, spinal 
ganglia formation, and the morphogenesis of most cra- 
nial ganglia. Thus, trk mRNA appearance in the mouse 

Figure 2. Northern blot hybridization of total 
embryo RNA with mouse genomic trk probes 
pDM89 and pDM92. Above each lane the ges- 
tation ages of the embryo samples are indi- 
cated, as well as the origin [[H) head; {T) trunk] 
of the RNAs. (Lane ES) Total RNA from the ES 
cell line CP1. Migration of the 3.2-kb trk-spe- 
cific mRNA (arrow) and of the 28S and 18S 
rRNAs are indicated. Samples in lanes labeled 
ES, 8.5, 14.5T, and 14.5H are contaminated 
with embryo DNA, seen as a high-molecular- 
weight smear. (Bottom) Hybridization of the 
same filter with a chicken f3-actin cDNA probe. 
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embryo coincides with major morphogenic events in the 
developing nervous system. 

trk is expressed in sensory ganglia of the peripheral 

nervous system 

Having ascertained that trk was expressed in the em- 
bryo, we performed in situ hybridization analysis on 
sections prepared from mouse embryos to determine the 
spatial distribution of transcripts in search of clues 
about its function. We began our analysis by using sec- 
tions from the developmental stages (E12.5-E14.5) that 
demonstrated highest expression, as seen in Figure 2, 
and extended the analysis to include all stages that had 
been tested by Northern analysis. No trk-specific la- 
beling was detected in embryo sections prior to E9.5 
(data not shown], which coincides with the results seen 
in Figure 2. 

By E9.5, when a trk-hybridizing band is first seen-by 
Northern analysis (Fig. 2), morphogenesis of the periph- 
eral nervous system {PNS) has commenced and the DRG 
are condensing from the migrated neural crest lateral to 
the neural tube. Appearance of trk labeling begins here, 
in embryo sections, as a faint but reproducible signal 
that is associated with the site of condensing DRG {Fig. 
3A-C). This trk-specific labeling of the spinal ganglia is 
even more apparent a day later in gestation (El0.5) when 
the fusiform, but distinct, spinal ganglia are clearly la- 
beled (Fig. 3D-G). As development proceeds, and organ- 
ogenesis unfolds, the cell-type complexity in the embryo 
increases, but trk expression remains restricted to the 
same components of the developing PNS. 

trk mRNA levels remain constant during 

late development 

By 13.5 days of gestation, the embryo is at a stage when 
the major organs are formed and easily discernible. The 
trk mRNA levels reach a peak at this stage, as shown by 
Northern analysis (Fig. 2}. We therefore hybridized di- 
verse sections of the embryo to search for additional 
sites of trk transcript that may account for the observed 
increase in levels of mRNA. Figure 4, A and B, shows a 
parasagittal section through an entire E13.5 embryo, 
demonstrating strong labeling of the ganglion of the fifth 
cranial nerve (trigeminal}. The acoustic ganglion (VIII), a 
sensory ganglion derived from the otic placode (Le 
Douarin 1982), is visualized in the same section and 
does not express the trk gene at this stage (see arrowhead 
in Fig. 4B). Higher magnification (Fig. 4C,D) shows the 
trigeminal nerve arriving into the ganglion from the base 
of the myelencephalon (*) and the emanating nerve that 
will branch toward diverse facial structures; neither 
nerve bundle contains detectable trk transcripts, indi- 
cating the exclusive trk transcription within the cells of 
the trigeminal ganglion and the exclusion of these 
mRNAs from the nerve processes. 

The specificity of trk transcription for DRG and its 
scope of expression along the craniocaudal axis is illus- 
trated in Figures 5 and 6 for lumbar and cervical DRG. 
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In Figure 5, A and B, light- and dark-field views of a 
frontal section through an El4 embryo are shown. The 
only DRG visible, at the level of the metanephros, are 
labeled by the trk probe, whereas the circumscribed 
spinal cord and the brain, in addition to various non- 
neuronal organs, are not labeled. Figure 6, A and B, af- 
fords a closer view of the hybridizing region. A sagittal 
section through an El4.0 embryo (Fig. 5C, D) also pro- 
vides a view of various neuronal and nonneuronal struc- 
tures that do not express trk; notably, neither the infe- 
rior ninth and tenth (petrosal and nodose) cranial ganglia 
nor the various brain folds (telencephalon, mesenceph- 
alon, and myelencephalon) display any reactivity with 
the trk probe. Dorsally, below the myelencephalon, the 
cranial-most DRG is seen, and is the only structure in 
this plate expressing trk. The hybridizing region is mag- 
nified in Figure 6, C and D. We have hybridized repre- 
sentative frontal sections that permitted analysis 
through various ventral-dorsal levels. This analysis 
confirmed the presence of trk messenger in apparently 
all DRG, but the absence of expression in other neuronal 
structures, such as brain, optic nerve, retina, and vis- 
ceral and somatic motor cranial ganglia. Summary of the 
data indicates that trk expression is confined to visceral 
sensory ganglia, including the superior ninth and tenth 
cranial (superior and jugular; see Fig. 7) ganglia, which 
are also of neural crest origin. 

We then extended this analysis for trk expression 
through the remaining stages of fetal development and 
observed no deviation from the patterns already de- 
scribed. Examples of expression in late-stage embryos 
are shown in Figure 7. Figure 7, A and B, shows a mid- 
sagittal section through the head region of an E17.5 em- 
bryo, which brings to view the cranial-most DRG (that 
form the cervical and brachial plexuses) and various sen- 
sory and motor cranial ganglia, including the fifth, sev- 
enth, eighth, and ninth/tenth inferior and superior com- 
plexes. Only sensory, crest-derived structures (DRG, 
fifth, and superior ninth/tenth ganglia) maintain trk ex- 
pression. Finally, a frontal view of an E17.5 embryo (Fig. 
5C, D) illustrates continued trk expression in DRG along 
the entire length of the spinal chord at this late stage. 
Thus, cranial ganglia that are not strictly sensory, such 
as the inferior ganglia of the ninth and tenth nerves (pe- 
trosal and nodose) and the facial {seventh) ganglion, or 
ganglia that are sensory but of placodal origin, like the 
acoustic (eighth) ganglion, do not express the trk gene. 
This designates the trk gene as a marker for a unique 
subset of ganglia and suggests the existence of neurons 
specific among these structures. 

Discussion 

In this study we report the molecular cloning, character- 
ization, and developmental expression profile of the 
mouse trk proto-oncogene. Partial sequence and detailed 
Southern blot hybridization analysis allow us to con- 
clude that the mouse trk gene is highly conserved along 
its entire coding region with the human counterpart, 
which contains an amino-terminal extracellular do- 
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Figure 3. (See following page for legend.) 
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main, a hydrophobic transmembrane domain, and a car- 
boxy-terminal TK domain. Throughout development, 
the transcript for this gene is found exclusively in the 
sensory cranial and spinal ganglia of neural crest origin. 

The developmental profiles of trk expression provided 
by the in situ data and by Northern analysis are in 
agreement. We are unable to detect trk mRNA in pre- 
neurulation stages, but once the neural crest component 
commences differentiation into spinal ganglia, a faint 
3.2-kb band becomes apparent by Northern analysis (Fig. 
2), which is reflected, by in situ hybridization, in a weak 
but distinct signal seen in condensing DRG of the corre- 
sponding embryo sections (Figs. 3 and 4). By E13.5, when 
the spinal and cranial ganglia have enlarged and repre- 
sent a significant proportion of the embryo mass, the 
highest levels of trk are also visualized by Northern 
analysis (cf. Figs. 2 and 5), and, by in situ analysis, the 
labeling of the pre-eminent sensory cranial and spinal 
ganglia is high. 

trk transcription is maintained at high levels 

Extensive growth and development of the CNS and in- 
ternal organs occurs in the late fetal stages, resulting in a 
differential growth that reduces the cranial and spinal 
ganglia to minor components of the total embryonic 
mass. This resulted in a decrease of signal for trk-spe- 

cific transcripts by Northern analysis and gave the erro- 
neous impression that trk expression diminished in late 
fetal stages. The use of in situ hybridization has allowed 
the localization of these transcripts and the demonstra- 
tion that trk expression is sustained at similar levels in 
the same structures of the PNS throughout embryonic 
development. 

During embryogenesis, the cells of the PNS undergo 
tremendous proliferation, migration, and differentiation. 
Once the ganglia are formed, nerve cell bodies and 
neural crest (pre-Schwann) cells extend and migrate, re- 
spectively, to the sites of innervation. It is possible that 
trk plays a role in one or several of these activities. We 
favor the notion that trk is expressed in neurons, and not 
in satellite, glial, or Schwann cells, for the following 
reasons. First, Schwann cells migrate along the axonal 
pathways in an undifferentiated, premitotic state. The 
presence of trk transcripts in these cells would be de- 
tected in our experiments as a highlighting of the axonal 
tract pathways - -  a feature that we have observed with 
the highly related trkB gene (Klein et al. 1989 and in 
press) but not with trk. Second, various cranial ganglia 
that do not express trk are populated by satellite cells of 
neural crest origin (i.e., the seventh, eighth, and inferior 
ninth/ tenth complex; see Le Douarin 1982); therefore 
the distinguishing feature of the trk-positive ganglia is 
the origin and functionality of their neurons. Third, his- 
tological and tritiated thymidine studies in embryonic 

rat and mouse DRG indicate that proliferation of satel- 
lite cells within the spinal ganglia occurs after the prolif- 
erative stage of the neurons (i.e., after El5.0; Lawson et 
al. 1974; for references, see Altman and Bayer 1984). 
Thus, the considerable trk expression observed prior to 
El5.0 is arguably present in neurons; furthermore, no 
relative increase in expression is observed with the 
onset of satellite cell proliferation. Finally, preliminary 
in situ analysis of adult mouse cranial and spinal 
ganglia, where histological discrimination of cell types 
is unambiguous, indicates that expression is localized 
exclusively to neurons (D. Martin-Zanca and L.F. 
Parada, unpubl.). Thus, trk expression is maintained 
throughout the life of the organism, suggesting that 
whatever function trk has, it is not solely required in 
early embryogenesis. 

TK receptors have developmental functions 

Until recently, TK receptors were primarily implicated 
in cell proliferation control, due mostly to the identi- 
fication of many as growth factor receptors and also to 
the involvement of several of these genes in onco- 
genesis. Reports have now begun to emerge that impli- 
cate members of the TK receptor family in embryonic 
development. The W locus in mouse encodes the c-kit 

proto-oncogene, a TK receptor (Yarden et al. 1987). Mu- 
tations at this locus have pleiotropic developmental ef- 
fects, including sterility, anemia, and white coat color, 
which result from the malfunction of this receptor in 
the regulation of the proliferative and/or migratory ca- 
pacity of melanoblasts, primordial germ cells, and he- 
matopoietic stem cells (Silvers 1979; Chabot et al. 1988; 
Geissler et al. 1988). The Drosophila genes torso 

{Sprenger et al. 1989) and sevenless (Banerjee et al. 1987; 
Hafen et al. 1987; Basler and Hafen 1988) also encode TK 
receptors. The torso product is required for the terminal 
formation of the embryonic anterior and posterior struc- 
tures, whereas sevenless is required for the morphogen- 
esis of photoreceptor R7 in the retina. The structural 
similarities of the trk protein with torso and sevenless 

and with the protein products of the proto-oncogenes 
c-f-ms (CSF-1 receptor) and ErbB (EGF receptor) and the 
insulin receptor (Martin-Zanca et al. 1989), among 
others, support the notion that the trk protein may 
function as the receptor for a morphogenic, growth, or 
differentiation factor in the mouse PNS. 

The neural crest of the early embryo gives rise to a 
diverse series of cell and tissue types in the adult, in- 
cluding the head skeleton and mesenchyme, melanin- 
containing pigment cells, sympathetic and parasym- 
pathetic ganglia of the autonomous nervous system, 
and, of particular interest here, dorsal root, trigeminal, 
jugular, and superior ganglia (Le Douarin 1982, 1986; 

Figure 3. In situ hybridization of early postimplantation embryos with a trk probe. (A) Bright-field sagittal section of an E9.5 embryo. 
Dark-field (B) and bright-field (C) view of the boxed area in A. Dark-field {D) and bright-field (E) longitudinal view of an El0.5 tail 
section. Dark-field (F) and bright-field (G) sagittal view of the spinal ganglia in an El0.5 embryo. (t) Telencephalon; Ims) mesenceph- 
alon; (my) myelencephalon; (sc) spinal cord; (sg) spinal ganglia; (n) neural canal; (s) somites; (.) spinal ganglia. 
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Figure 4. Expression of trk in trigeminal ganglion. Dark-field (A) and bright-field (B) view of a sagittal section from an E13.5 embryo. 
(V) Fifth ganglion; {my) myelencephalon. Arrowheads indicate acoustic and tenth ganglion. Dark-field (C) and bright-field (D) enlarged 
view of the trigeminal ganglion. (*) Boundary cap abutting the myelencephalon. 

Sieber-Blum 1989). We show a specific and exclusive ex- 
pression of a TK t ransmembrane receptor in these sen- 
sory ganglia early in development, whereas sensory 
ganglia of placodal origin (i.e., olfactory, optic, acoustic) 
do not express the trk gene. This work identifies the trk 

proto-oncogene as an early molecular marker for the 
sensory ganglia of cranial nerves V, IX, and X and for 
DRG, suggesting the existence of cell types unique to 
these sensory neural-crest-derived structures. By 
analogy to other TK receptors with roles in embryo- 
genesis, and in light of the tight regulation observed for 
this gene, it is possible that the trk protein performs an 
important function in the development and/or specific 
phenotype of neurons within these sensory ganglia. 

M e t h o d s  

Mice and embryos 

Mouse embryos were derived from C57BL/6 NCR x C3H/HeN 
MTV-F 2 litters. For RNA preparation and paraffin imbedding, 
embryos were staged under the dissecting microscope by 
counting somites through midgestation, and when somites 
were no longer visible in older embryos, external markers such 
as state-of-limb development were used (Theiler 1972). The 
morning of vaginal plug was considered day 0.5 (E0.5). 

In situ hybridization 

In situ hybridization protocols were as described (Hogan et al. 
1986). Briefly, dissected embryos were fixed overnight in 4% 
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Figure 5. trk expression in caudal and rostral DRG. Bright-field (A) and dark-field {B) frontal section of an E13.5 embryo illustrating 
trk expression in the DRG at the level of embryonic kidney./tl Telencephalon; Irl retina~/onl optic nerve~ (h) heart; {sc) spinal cord. 
Arrowheads in A indicate DRG Isee also Fig. 6A, B). Bright-field (C} and dark-field (DI parasagittal views of an E13.5 embryo. Arrow- 
heads in C indicate cranial ganglia VIII, IX, and X linferior complex/and the rostral-most DRG, which are also noted in D [see also Fig. 

6C,D1. 
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Developmental expression of the trk proto-oncogene 

Figure 6. trk expression in DRG. Bright-field (A) and dark-field (B) are magnified views of the caudal DRG shown in Fig. 5, A and B. 
(C and D) Magnified views of the cervical DRG shown in Fig. 5, C and D. 

paraformaldehyde, dehydrated with alcohols and xylenes, and 
embedded in paraffin. Embryos were sectioned at 5-~m thick- 
ness and mounted on gelatin-coated slides. Slides were deparaf- 
finized, digested with proteinase K (Boehringer-Mannheim), 
acetylated with triethanolamine, dehydrated, and hybridized 
overnight with 5 x l0 s cpm of 3sS-labeled riboprobe at 50~ 
The slides were washed in hybridization buffer at 37~ for sev- 
eral hours, treated with ribonucleases at 65~ for 30 min, rinsed 
in 2 x SSC, dehydrated, and dipped in Kodak emulsion NTB-2. 
After drying, the slides were stored for 8 days at 4~ developed 
in Kodak D-19, and fixed as recommended by the manufacturer. 
All dark- and bright-field photomicroscopy was done on a Zeiss 
Axiophot microscope. RNA probes labeled with ass were pre- 
pared by standard procedures (Krieg and Melton 1987) by using 
either UTP or CTP IAmersham) as the labeled nucleotide. 

The specificity of our trk probe is supported by the use of 
probes from different regions of the cDNA, which we have re- 
cently isolated from embryonic RNA. Furthermore, heterolo- 
gous probes applied to sections adjacent to those presented 
here, including the related trkB gene, display distinct patterns 

of expression, recognizing different neuronal components 
(Klein et. al. 1989, and in prep.; D. Sassoon and L.F. Parada, in 

press). 

Southern transfer analysis 

DNAs (5 ~g) isolated from human HeLa cells or C57BL/6J 
mouse tails were digested with BamHI or HindIII restriction 
enzymes and electrophoresed through 1% agarose gels. Gels 
were irradiated with UV light {X = 254 ~m) for 4 rain, soaked 
in alkali (0.5 M NaOH, 1.5 M NaCI) for 45 rain, and transferred 
to ZETABIND membranes (Cuno, Inc.), using the same alkali 

solution. 
Probes were 32P-labeled either by nick-translation (Amer- 

sham kit} or by random priming procedures IBoehringer- 
Mannheim kit). Hybridizations were carried out at 65~ in 4 x 
SSCP, 1 x Denhardt's, and 1% SDS, when high stringency was 
required, or at 55~ in 5x SSCP, 1 x Denhardt's, and 1% SDS 
for low stringency. Filters were washed twice in 0.1 x SSCP, 
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Figure 7. trk expression in late-stage embryos. (A and C) Bright-field views of E17.5 embryo sections, with corresponding dark-field 
views (B and D). (V) Fifth cranial ganglion; (VII) seventh cranial, (VIII) eighth cranial, (IX/Xs) ninth/tenth superior complex; (IX/Xi} 
ninth/tenth inferior complex. (1, 2, and 3) The first through third DRG (cervical plexus); (s and so) spinal cord; (lu} lung; (li) liver; (ki) 
kidney. 

0.1% SDS at 65~ or in 0.2x SSCP, 0.1% SDS at 55~ ac- 
cording to the stringency required. 

Library screening 

A genomic mouse NIH-3T3 library (from cells transformed 
with the human vav oncogene) (Katzav et al. 1989) was pre- 
pared. For this purpose NIH-3T3 DNA was partially digested 
with Sau3A1 and fractionated in sucrose gradients. Fractions 
containing 15- to 22-kb-long DNA fragments were ligated to 
phage KEMBL-4 arms (obtained by double digestion of this 
vector with the enzymes BamHI and SalI, followed by isopro- 
panol precipitation). One and a half million recombinant phage 
k clones were hybridized with a nick-translated probe torte- 

sponding to the complete 2.7-kb human trk proto-oncogene 
cDNA (Martin-Zanca et al. 1989) under conditions of moderate 
stringency (42~ 40% formamide, 5x  SSC). Filters were 
washed twice at 45~ in 0.1 x 8SC, 0.1% SD8. 

RNA isolation and Northern analysis 

Embryos were dissected under the microscope, as detailed 
above, frozen in liquid nitrogen, and stored at - 70~ RNA was 
extracted by using RNAzol (Cinna/Biotecx) following the man- 
ufacturer's recommendations. For Northern analysis, 20 ~g of 
total RNA was electrophoresed through 1.2% agarose gels con- 
taining 0.37 lvl formaldehyde, as described (Maniatis et al. 1982), 
transferred to ZETABIND membranes, and hybridized at 65~ 
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according to Church and Gilbert (1984). Washes were carried 
out at 65~ in 0.5% BSA, 40 mM phosphate buffer (pH 7.2), 1% 
SDS. 

Construction of probes 

The trk-specific DNA fragments used for Northern analysis and 
in situ studies were inserted into SP6 or T7 promoter-con- 
taining plasmids such that antisense exonic sequences could 
serve as templates for RNA probes (Fig. 1A}. pDM-81 contains a 
1.9-kb KpnI-EcoRI fragment that hybridizes with the human 
TK domain, pDM-89 was generated by subcloning a 123-bp 
BglII-HindIII DNA fragment, corresponding to a mouse trk 

exon 88% identical to nucleotides 814-934 of the human trk 

proto-oncogene cDNA (Fig. 1A; Martin-Zanca et al. 1989), be- 
tween the BamHI and HindIII sites of the vector pGEM-3Z 
(Promega). The BglII site located at the 5' end of this exon 
occurs naturally, whereas the HindIII site located at the 3' end 
was artificially introduced by DNA amplification using Taq 

polymerase (Mullis and Faloona 1987). The fidelity of the am- 
plification was confirmed by sequencing of the resulting 
plasmid pDM-89 (not shown), pDM-92 was generated by sub- 
cloning of a blunt-ended 201-bp NarI DNA fragment, corre- 
sponding to a portion of the mouse trk first exon (Fig. 2A), into 
the HincII site of the vector pGEM-3Zf( + ) (Promega). 
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