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SUMMARY
The sensory neurons of the embryonic mouse trigeminal
ganglion are supported in culture by different neurotrophins at successive stages of development. Initially the
neurons survive in response to BDNF and NT3 and later
switch to becoming NGF-dependent (Buchman, V. I. and
Davies, A. M. (1993), Development 118, 989-1001). To
determine if this in vitro switch in neurotrophin responsiveness is physiologically relevant, we studied the timing
of neuronal death in the trigeminal ganglia of embryos that
are homozygous for null mutations in the trkA, trkB and
trkC genes, which encode receptor tyrosine kinases for
NGF, BDNF and NT3, respectively. In wild-type embryos,
the number of pyknotic nuclei increased from E11 to peak
between E13 and E14, and decreased gradually at later
ages, becoming negligible by birth. Neuronal death in the
trigeminal ganglia of trkA−/− embryos also peaked between
E13 and E14, but was almost threefold greater than in wildtype embryos at this stage. Whereas there was no signifi-

cant difference between the number of pyknotic nuclei in
trkA−/− and wild-type embryos at E11 and E12, there was
a substantial increase in the number of pyknotic nuclei in
the trigeminal ganglia of trkB−/− at these earlier stages.
Counts of the total number of neurons in E13 trigeminal
ganglia revealed a marked decrease in trkB−/− but not
trkA−/− or trkC−/− embryos. Consistent with the later onset
of excessive neuronal death in trkA−/− embryos, there was
a marked decrease in the neuronal complement of the
trigeminal ganglia of trkA−/− embryos at E15. These results
demonstrate that TrkB signalling is required for the in vivo
survival of many trigeminal neurons during the early
stages of target field innervation before they become NGFdependent.

INTRODUCTION

1990; Buj-Bello et al., 1994), other populations switch dependence to NGF during the early stages of target field innervation (Buchman and Davies, 1993; Buj-Bello et al., 1994).
The in vitro switch from BDNF/NT3 dependence to NGF
dependence has been studied most extensively in the trigeminal ganglion neurons of the mouse embryo (Buchman and
Davies, 1993; Paul and Davies, 1995), but also occurs in
cultured jugular ganglion neurons (Davies et al., 1993a; BujBello et al., 1994). When grown at low density in defined
medium, E10 mouse trigeminal neurons, which have not yet
innervated their peripheral targets, die between 24 hours and
48 hours in the absence of neurotrophins. The death of these
early neurons is prevented by BDNF or NT3 but not by NGF.
NGF promotes the survival of a small proportion of E11
neurons, and virtually all E12 neurons, for 48 hours in culture.
Concomitant with acquisition of the NGF survival response,
the survival responses to BDNF and NT3 are lost. In E13
cultures, less than 10% of the neurons are supported for 48
hours by BDNF, and the survival response to NT3 falls to a
similar level in E14 cultures. It is not known, however, if this
apparent switch in the survival response of developing trigeminal neurons from BDNF/NT3 to NGF observed in culture
takes place in vivo during normal development.

The neurotrophin family of proteins plays an important role in
regulating neuronal survival in the developing vertebrate
nervous system (Davies, 1994a). Four members of this family
have been identified in mammals: nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT3) and NT4. These proteins exert their effects on neurons
by binding to members of the trk family of receptor tyrosine
kinases (Barbacid, 1994; Klein, 1994). Expression studies in
cell lines have shown that TrkA is the receptor for NGF, TrkB
is the receptor for BDNF and NT4, and TrkC is the receptor
for NT3.
Developing sensory neurons survive in culture independently of neurotrophins at the stage when their axons are
growing to their targets (Davies and Lumsden, 1984; Ernsberger and Rohrer, 1988; Vogel and Davies, 1991). The in vitro
survival of many populations of cranial sensory neurons is
initially promoted by BDNF or NT3 (Vogel and Davies, 1991;
Buchman and Davies, 1993). Whereas several populations of
cranial sensory neurons retain dependence on these neurotrophins in culture throughout the phase of naturally
occurring neuronal death (Davies et al., 1986a,b; Hohn et al.,
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Analyses of mice that have targeted null mutations in the
neurotrophin genes (Crowley et al., 1994; Ernfors et al.,
1994a,b; Farinas et al., 1994; Jones et al., 1994; Conover et al.,
1995; Liu et al., 1995) and trk genes (Klein et al., 1993, 1994;
Smeyne et al., 1994) have been extremely useful for assessing
the physiological relevance of earlier in vitro studies of the
effects of neurotrophins on neuronal survival, and for
extending our understanding of the functions of neurotrophins
in neuronal development. Several studies of mutant mice
suggest that BDNF and NT3 play a role in trigeminal ganglion
development. By birth and the postnatal period there are
marked reductions in the neuronal complement of the trigeminal ganglia of BDNF−/− (Ernfors et al., 1994a; Jones et al.,
1994), trkB−/− (Klein et al., 1993) and NT3−/− mice (Ernfors et
al., 1994b). However, because trigeminal ganglia were not
studied at intervals throughout embryonic development, it is
not known when BDNF and NT3 are required for neuron
survival or whether they influence the neuronal complement of
the ganglion by promoting precursor cell proliferation and/or
differentiation. The latter possibilities are raised by the findings
that BDNF directs pluripotent neural crest cells to differentiate in vitro along the sensory neuron lineage (Sieber-Blum,
1991), and that NT3 is a mitogen for cultured neural crest cells
(Kalcheim et al., 1992) and enhances the proliferation or differentiation of sensory neuron progenitor cells in culture (Wright
et al., 1992).
To resolve the above issues, we have quantified the extent
of neuronal death in the trigeminal ganglia of trkA−/−, trkB−/−,
trkC−/− and wild-type mice at closely staged intervals throughout embryonic development. Our results demonstrate that neurotrophin switching takes place during embryogenesis and
have clarified the role of Trk receptor tyrosine kinases in
sensory neuronal development by providing precise data on the
timing of neuronal dependence on Trk signalling in vivo.
MATERIALS AND METHODS
Animals
Embryos were obtained from overnight matings of (i) trkA+/− mice,
(ii) trkB+/− and (iii) trkC+/− mice in a 129×C57Bl/6 genetic background. Pregnant females were killed by cervical dislocation at the
required stage of gestation and the precise stage of development was
determined by the criteria of Theiler (Theiler, 1972). The genotypes
of the embryos were determined by PCR using DNA isolated from
embryonic tissues (Schimmang et al., 1995).
Quantification of numbers of pyknotic nuclei in the
trigeminal ganglion
Embryos were fixed by immersion in 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.3. The brain was removed from E14 and older
embryos to allow proper fixation of the trigeminal ganglia. After
fixation for at least a week, the embryos were dehydrated and
embedded in paraffin wax. E15 and older embryos were first decalcified with 1 M EDTA. Coronal serial sections of the head were cut
at 8 µm. These were mounted on either gelatinised slides or polylysine-coated slides and were stained with cresyl fast violet.
To evaluate the extent of cell death, all pyknotic nuclei were
counted at 400× magnification in every fourth section along the entire
rostrocaudal extent of the trigeminal ganglia of E11 to E19 embryos.
Estimates of the total number of pyknotic nuclei in each ganglion were
obtained by multiplying the sum of these counts by four. At each age,
between four and ten ganglia of the following genotypes were studied:

trkA−/−, trkB−/−, trkC−/− and wild type mice. In all cases, the sections
were coded prior to counting to avoid any observer bias.
Quantification of total numbers of neurons in the
trigeminal ganglion
To estimate the total number of neurons in the trigeminal ganglion,
the ganglion profile of every 10th section was drawn using a drawing
tube at 100× magnification and its cross-sectional area was measured
using an Image Processing and Analysis Program (NIH Image). The
average neuron density in each of these sections was quantified at
1,000× magnification using a 0.01 mm2 grid, such that at least 25%
of the ganglion in each section was sampled. Neurons were identified
by virtue of the Nissl substance and their large, round, pale-stained
nuclei (Konigsmark, 1970). The total number of neurons in each
section was calculated from the section area and average neuron
density in each section. The total number of neurons in the ganglion
was estimated by adding these numbers and multiplying by 10. Correction for split nucleoli was not made as these do not appreciably
affect the neuronal estimate (Jones, 1937). The estimates of the total
number of neurons in the trigeminal ganglia of normal embryos in the
present study are very similar to those previously obtained (Davies
and Lumsden, 1984) by counting neuronal nuclei and correcting for
split nuclei (Abercrombie, 1946).
Immunohistochemistry
To identify the proportion of neurons undergoing cell death in the
early trigeminal ganglia of wild-type and trkB−/− embryos, 8 µm
frozen sections were doubled labelled for neuron-specific markers
(peripherin or 160 kDa neurofilament protein) and 3′ DNA ends
generated by DNA fragmentation in apoptotic cells. Sections were
incubated with either rabbit anti-peripherin antibody (Chemicon)
diluted 1:300 in phosphate-buffered saline containing 0.1% Triton and
1% goat serum for 12 hours, or mouse anti-160 kDa monoclonal
antibody (Sigma) diluted 1:200 in phosphate-buffered saline containing 0.3% Triton and 1% horse serum for 48 hours. These primary antibodies were localised by an immunoperoxidase technique using a
biotinylated secondary antibody and an avidin/biotinylated horse
radish peroxidase marcomolecular complex (Vectastain ABC Kit,
Vector Laboratories). This was followed by in situ DNA end-labelling
with fluorescein-labelled nucleotides (ApopTag Direct Kit, Oncor).
The sections were examined and photographed using a Axioskop
microscope. Cells undergoing apoptosis were recognised by an
intensely fluorescent nucleus. Apoptotic cells were classified as
neurons if a peroxidase-labelled rim of cytoplasm was clearly visible.

RESULTS
Developmental changes in the number of pyknotic
nuclei
Pyknotic nuclei in developing trigeminal ganglia were recognised as one or more very darkly stained spherical structures
contained within a clearly visible membrane (Fig. 1). The great
majority of these pyknotic nuclei were observed in large
degenerating cells, suggesting that these were neurons
(Oppenheim, 1991). In late fetal ganglia, a very small number
of pyknotic nuclei were also observed in very small cells that
were of a similar size to satellite cells, suggesting that a
minority of the supporting cells undergo cell death in the
ganglion. These latter pyknotic cells were not counted.
(i) Wild-type embryos
In wild-type embryos, pyknotic nuclei were observed as early
as E11. The number increased steadily by fivefold to reach a
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Fig. 1. Bright-field view of an E19 trigeminal ganglion showing the
typical appearance of a pyknotic nucleus (arrow). Scale bar, 20 µm.
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peak at E14, after which there was a decrease to a negligible
number by the end of fetal development at E19 (Fig. 2).
(ii) trkA−/− embryos
The number of pyknotic nuclei in the trigeminal ganglion of
trkA−/− embryos was very similar to that of wild-type embryos
at E11 and E12 (Fig. 2). In contrast to wild-type embryos, there
was a marked increase in the number of pyknotic nuclei
between E12 and E13. At E13 and E14 the number of pyknotic
nuclei in the trigeminal ganglia of trkA−/− embryos was approximately threefold greater than in ganglia of wild-type embryos.
After E14 there was a marked fall in the number of pyknotic
nuclei to less than in wild-type ganglia at E15. The number of
pyknotic nuclei fell further to the same negligible level by just
before birth (E19), as in wild-type embryos. There was no
obvious difference in the appearance of pyknotic nuclei in the
trigeminal ganglia of trkA−/− embryos and wild-type embryos
at equivalent stages of development.
(iii) trkB−/− embryos
The number of pyknotic nuclei in the trigeminal ganglion of
trkB−/− embryos was substantially higher than that of wild-type
embryos at E11 and E12 (Fig. 2). There were over fourfold
more pyknotic nuclei at E11 and over threefold at E12. From
a clear peak in the number of pyknotic nuclei in trkB−/− ganglia
at E12 there was a marked fall to levels less than in wild-type
ganglia at E13. At E15 and later ages, the number of pyknotic
nuclei in trkB−/− ganglia was similar to that in wild-type
ganglia. There was no obvious difference in the appearance of
pyknotic nuclei in the trigeminal ganglia of trkB−/− embryos
and wild-type embryos at equivalent stages of development.
(iv) trkC−/− embryos
There was a small increase in the number of pyknotic nuclei
in the early trigeminal ganglia of trkC−/− embryos (Fig. 2). The
number of pyknotic neurons was just over twofold greater than
in wild-type ganglia at E11, and was 1.5-fold greater at E12.
Although these increases in pyknotic nuclei in trkC−/− ganglia
were far less than in trkB−/− ganglia, they were nonetheless statistically significant (t-tests: E11, P<0.001; E12, P<0.02). At

Fig. 2. Graph comparing the number pyknotic nuclei in the
trigeminal ganglia of wild-type, trkA−/−, trkB−/− and trkC−/− embryos
from E11 to E19. The data were obtained from 4-10 ganglia of wildtype embryos and 4-6 ganglia of trkA−/− embryos at each age (data
were obtained from at least three separate embryos of each kind at
each age). The means and standard errors of the mean are shown.

E13 and later ages there were similar numbers of pyknotic
nuclei in trkC−/− and wild-type ganglia. As in trkA−/− and
trkB−/− ganglia, there were no obvious differences in the
appearance of pyknotic nuclei in the trigeminal ganglia of
trkC−/− embryos and wild-type embryos at equivalent stages of
development.
Differences in the neuronal complement of the
trigeminal ganglion of wild-type and mutant
embryos at key stages of development
To ascertain the consequences of the differences in the number
of dying cells in the trigeminal ganglia of wild-type and mutant
embryos at different stages of development, we estimated the
total number of neurons in the ganglion at several key stages
(Fig. 3). At E13, when the total number of neurons in the
trigeminal ganglion reaches a peak during normal development
(Davies and Lumsden, 1984), there were no statistically significant differences in the total numbers of neurons in the
trigeminal ganglia of wild-type, trkA−/− and trkC−/− embryos
(t-tests: P>0.1). In contrast, there was a statistically significant,
42% reduction in the number of neurons in the ganglia of
trkB−/− embryos at this stage of development (t-test: P<0.001).
At E15, shortly after the number of neurons in the trigeminal
ganglion begins to decline in normal development (Davies and
Lumsden, 1984), there was a marked, statistically significant,
64% reduction in the number of neurons in trkA−/− ganglia
compared with wild-type ganglia (t-test: P<0.001). The
number of neurons in E15 trkB−/− ganglia was significantly
reduced by 33% compared with wild-type ganglia (t-test,
P<0.01). Although there was a small reduction in the number
of neurons in E15 trkC−/− ganglia compared with wild-type
ganglia, this was not statistically signficant (t-test: P>0.1). By
E17, close to the end of the phase of naturally occurring
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Fig. 3. Bar chart of the total numbers of neurons in the trigeminal
ganglia of wild-type, trkA−/−, trkB−/− and trkC−/− embryos at E13,
E15 and E17. 4-7 ganglia of each kind were studied at each age (data
were obtained from at least three separate embryos of each kind at
each age). The means and standard errors of the mean are shown.

neuronal death, the reduction in the number of neurons in
trkA−/− ganglia had further increased to 69% compared with
wild-type ganglia. The number of neurons in E17 trkB−/−
ganglia was still significantly reduced by 33% compared with
wild-type ganglia (t-test, P<0.0005). By E17, however, there
was a 22% reduction in the number of neurons in the ganglia
of trkC−/− embryos compared with wild-type embryos that was
just within the limits of significance (t-test, P<0.05).
The majority of cells dying in early trkB−/− ganglia
are neurons
To determine if the increased cell death in early trkB−/− trigeminal ganglia was due to increased loss of neurons, sections of
trkB−/− and wild-type embryos were double labelled for neuron
markers and apoptotic nuclei at the peak of cell death in
trkB−/− trigeminal ganglia at E12. Apoptotic cells were recognised by intense nuclear fluorescence following in situ DNA
end-labelling with fluorescein-labelled nucleotides. Neurons
were positively identified by cytoplasmic staining for either 160
kDa neurofilament protein or peripherin, using an immunoperoxidase technique. All of the apoptotic cells in several sections
of each ganglion were scored, as either neurons or other cells.
An apoptotic cell was scored as a neuron if the fluorescent
nuclear staining was clearly and unambiguously contained
within a distinct rim of peroxidase-labelled cytoplasm (Fig.
4A). There was no significant difference between the proportion of apoptotic cells positively identified as neurons by neurofilament staining in E12 wild-type embryos (67.3±3.6%, n=3
ganglia from different embryos) and E12 trkB−/− embryos
(69.0±1.9%, n=3). Likewise, there was no significant difference
between the proportion of apoptotic cells positively identified
as neurons by peripherin staining in E12 wild-type embryos
(70.0±3.7%, n=3) and E12 trkB−/− embryos (71.6±5.6%, n=3).
These results show that the majority of dying cells in early wild-

type and trkB−/− trigeminal ganglia are neurons. However,
because of the strict criteria for classifying apoptotic cells as
neurons, the actual proportion of dying cells that are neurons is
likely to be even greater than our estimates suggest. Fig. 5 illustrates the large difference in the numbers of apoptotic cells
between wild-type and trkB−/− ganglia at E12.
DISCUSSION
Several of our findings suggest that many trigeminal neurons
require functional TrkB receptors for survival at an early stage
in their development. First, the number of pyknotic nuclei in
E11 and E12 ganglia was substantially greater in trkB−/−
embryos compared with wild-type embryos. Second, the
majority of cells dying in early trkB−/− ganglia were positively
identified as neurons. Third, the total number of neurons in the
trigeminal ganglia of trkB−/− embryos was substantially
reduced at E13 compared with wild-type neurons. TrkB is the
preferred receptor for two neurotrophins, BDNF (Glass et al.,
1991; Klein et al., 1991b; Soppet et al., 1991; Squinto et al.,
1991) and NT4 (Berkemeier et al., 1991; Ip et al., 1992; Klein
et al., 1992). Previous in vitro studies have shown that both
BDNF and NT4 promote the survival of the majority of
embryonic mouse trigeminal ganglion neurons at an early stage
in their development and that the majority of neurons lose
responsiveness to these factors by E13 (Buchman and Davies,
1993; Davies et al., 1993a; Paul and Davies, 1995). The finding
that postnatal BDNF−/− mice (Ernfors et al., 1994a; Jones et
al., 1994), but not NT4−/− mice (Conover et al., 1995; Liu et
al., 1995), have marked reductions of the numbers of neurons
in the trigeminal ganglion, suggests that BDNF, not NT4, is
the physiologically relevant TrkB ligand for developing
trigeminal ganglion neurons. However, because NT3 can also
promote the survival of embryonic trigeminal neurons by signalling via TrkB (Davies et al., 1995), we cannot exclude the
possibility that NT3 acting via TrkB is also important for the
early survival of trigeminal neurons in vivo.
Our study has demonstrated that trigeminal neurons depend
on functional TrkA receptors for survival at a later stage of
development than their dependence on TrkB signalling. At E11
and E12, when there are substantially more dying cells in the
trigeminal ganglia of trkB−/− embryos than in wild-type
embryos, there are normal numbers of dying cells in the
trigeminal ganglia of trkA−/− embryos. Accordingly, at E13,
there is no significant difference between the total number of
neurons in the trigeminal ganglia of trkA−/− and wild-type
embryos, whereas there is a marked reduction in the neuronal
complement in the ganglion of trkB−/− embryos by this stage.
At E13 and E14, there are substantially higher numbers of
dying neurons in the trigeminal ganglion of trkA−/− embryos
than wild-type embryos, and by E15 there is a marked
reduction in the neuronal complement of the trkA−/− ganglion.
The later onset of survival dependence of trigeminal neurons
on TrkA signalling in vivo is consistent with the later acquisition of the survival response of cultured trigeminal neurons to
NGF (Buchman and Davies, 1993), the preferred TrkA ligand
(Hempstead et al., 1991; Kaplan et al., 1991; Klein et al.,
1991a). Our findings therefore provide formal genetic proof for
the switch in survival dependence of early trigeminal ganglion
neurons from TrkB to TrkA ligands.
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Fig. 4. Matching bright-field (A) and
fluorescence (B) photomicrographs of
a section through the trigeminal
ganglion of an E12 trkB−/− embryo. In
the plane of focus, two neurons are
clearly identified by cytoplasmic
staining for peripherin (A). One of
these has fluorescent staining for 3′
DNA ends in the nucleus,
characteristic of cells in the early
stages of apoptosis (arrow, B). A
nearby circle of fluorescent staining is
present in a cell that was not stained
with peripherin. Scale bar, 20 µm.
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Fig. 5. Photomicrographs of sections
of the equivalent regions of E12
trigeminal ganglia of wild-type (A) and
trkB−/− (B) embryos labelled with
fluorescent nucleotides for 3′ DNA
ends generated by DNA fragmentation
in apoptotic cells. An increased
number of labelled cells is clearly
evident in B. Scale bar, 100 µm.

Estimates of the number of neurons in the trigeminal
ganglion towards the end of the phase of naturally occurring
neuronal death at E17 indicate that during embryonic development TrkA signalling is required for the survival of more
trigeminal neurons than TrkB signalling. This in turn suggests
that not all trigeminal neurons depend on TrkB for survival
before becoming NGF-dependent. Because our data suggest
that TrkB signalling is important for the survival of many
neurons during the early stages of trigeminal ganglion development (at E11 and E12), it is possible that only early-born
trigeminal neurons depend sequentially on TrkB and TrkA signalling for survival. Although detailed information on the timecourse of neuronal differentiation in the mouse trigeminal
ganglion is not available, the demonstration that the number of
trigeminal neurons increases in the ganglion to E13 (Davies
and Lumsden, 1984) and that new axons are recruited to the
trigeminal nerve up to this time (Davies, 1987) suggests that

trigeminal neurons are born until at least E13. The transient
dependence of early-born trigeminal neurons on TrkB ligands
has been proposed to sustain the survival of many of these
neurons until the majority of later-born neurons have extended
axons to their targets, so that most neurons would compete for
target-derived NGF during the same period of development
(Davies, 1994b).
Although we have observed a small, statistically significant
increase in the number of pyknotic nuclei in the trigeminal
ganglia of trkC−/− embryos at E11 and E12, there was no significant reduction in the total number of neurons in the trigeminal ganglia of trkC−/− embryos at E13. This is surprising given
the early survival response of cultured trigeminal to NT3
(Buchman and Davies, 1993; Paul and Davies, 1995) and the
expression of trkC mRNA by many neurons in the early
trigeminal ganglia of the rat embryo (Ernfors et al., 1992). Furthermore, there is a 61-64% reduction in the number of neurons
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in the trigeminal ganglia of postnatal NT3−/− mice (Ernfors et
al., 1994b; Farinas et al., 1994), and a recent analysis of the
trigeminal ganglion of NT3−/− embryos suggests that NT3 acts
early in trigeminal ganglion development to promote the
survival of proliferating trigeminal neuron precursor cells
(ElShamy and Ernfors, 1996). These findings suggest that,
whereas NT3 plays an important role in the early development
of the trigeminal ganglion, TrkC tyrosine kinase receptor does
not play a major role in mediating the effects of NT3 at this
stage.
Although there was no significant reduction in the neuronal
complement of the trkC−/− ganglion at E13, we observed a
small, statistically significant reduction in the number of
neurons in the trigeminal ganglion of E17 trkC−/− embryos
compared with wild type, suggesting that a small proportion of
fetal trigeminal neurons depends on TrkC signalling for
survival. It is known that a small proportion of neurons are
supported in cultures of late fetal trigeminal cultures by low
concentrations of NT3 and that these neurons are larger than
those that are supported by NGF (Davies et al., 1993b, 1995).
Thus, it is possible that this small, distinctive subset of neurons
is lost in the trkC−/− ganglion.
Previous studies have also revealed differences between the
phenotypes of trkC−/− and NT3−/− mice. There is a 55-78%
reduction in the number of neurons in the lumbar DRG of
NT3−/− neonates (Ernfors et al., 1994b; Farinas et al., 1994)
compared with only a 17-19% reduction in the lumbar DRG
of trkC−/− neonates (Klein et al., 1994; Minichiello et al.,
1995). Likewise, the neuronal complement of the spiral
ganglion of NT3−/− neonates is reduced by 85 to 87% (Farinas
et al., 1994; Ernfors et al., 1995) compared with a 51%
reduction in trkC−/− neonates (Schimmang et al., 1995). These
differences are likely to be due to the ability of NT3 to signal
via TrkA and TrkB in embryonic sensory neurons (Davies et
al., 1995). NT3 is able to promote the in vitro survival of the
majority of trigeminal and nodose neurons obtained from E14
trkC−/− embryos but not from embryos that also lack functional
TrkA or TrkB receptors. Interestingly, the ability of NT3 to
signal via TrkA and TrkB in sensory neurons decreases during
development, becoming negligible by E18 (Davies et al.,
1995). Thus, it is possible that NT3 promotes the survival of
trigeminal neuron progenitor cells by acting at least in part via
non-preferred trk receptor tyrosine kinases.
This work was supported by a grant from the Wellcome Trust.
Liliana Minichiello was supported by a Long Term EMBO Fellowship.

REFERENCES
Abercrombie, M. (1946). Estimation of nuclear population from microtome
sections. Anat. Rec. 94, 239-247.
Barbacid, M. (1994). The Trk family of neurotrophin receptors. J. Neurobiol.
25, 1386-1403.
Berkemeier, L. R., Winslow, J. W., Kaplan, D. R., Nikolics, K., Goeddel, D.
V. and Rosenthal, A. (1991). Neurotrophin-5: a novel neurotrophic factor
that activates trk and trkB. Neuron 7, 857-866.
Buchman, V. L. and Davies, A. M. (1993). Different neurotrophins are
expressed and act in a developmental sequence to promote the survival of
embryonic sensory neurons. Development 118, 989-1001.
Buj-Bello, A., Pinon, L. G. and Davies, A. M. (1994). The survival of NGFdependent but not BDNF-dependent cranial sensory neurons is promoted by
several different neurotrophins early in their development. Development 120,
1573-1580.

Conover, J. C., Erickson, J. T., Katz, D. M., Bianchi, L. M., Poueymirou,
W. T., McClain, J., Pan, L., Helgren, M., Ip, N. Y., Boland, P., Friedman,
B., Wiegand, S., Vejsada, R., Kato, A. C., DeClara, T. M. and
Yancopoulas, G. D. (1995). Neuronal deficits, not involving motor neurons,
in mice lacking BDNF and NT4. Nature 375, 235-238.
Crowley, C., Spencer, S. D., Nishimura, M. C., Chen, K. S., Pitts, M. S.,
Armanini, M. P., Ling, L. H., McMahon, S. B., Shelton, D. L., Levinson,
A. D. and Phillips, H. S. (1994). Mice lacking nerve growth factor display
perinatal loss of sensory and sympathetic neurons yet develop basal forebrain
cholinergic neurons. Cell 76, 1001-1011.
Davies, A. M. (1987). The growth rate of sensory nerve fibres in the
mammalian embryo. Development 100, 307-311.
Davies, A. M. (1994a). Role of neurotrophins in the developing nervous
system. J. Neurobiol. 25, 1334-1348.
Davies, A. M. (1994b). Switching neurotrophin dependence. Curr. Biol. 4,
273-276.
Davies, A. M., Horton, A., Burton, L. E., Schmelzer, C., Vandlen, R. and
Rosenthal, A. (1993a). Neurotrophin-4/5 is a mammalian-specific survival
factor for distinct populations of sensory neurons. J. Neurosci. 13, 49614967.
Davies, A. M., Lee, K. F. and Jaenisch, R. (1993b). p75-deficient trigeminal
sensory neurons have an altered response to NGF but not to other
neurotrophins. Neuron 11, 565-574.
Davies, A. M. and Lumsden, A. G. S. (1984). Relation of target encounter and
neuronal death to nerve growth factor responsiveness in the developing
mouse trigeminal ganglion. J. Comp. Neurol. 223, 124-137.
Davies, A. M., Minichiello, L. and Klein, R. (1995). Developmental changes
in NT3 signalling via TrkA and TrkB in embryonic neurons. EMBO J. 14,
4482-4489.
Davies, A. M., Thoenen, H. and Barde, Y. A. (1986a). Different factors from
the central nervous system and periphery regulate the survival of sensory
neurones. Nature 319, 497-499.
Davies, A. M., Thoenen, H. and Barde, Y. A. (1986b). The response of chick
sensory neurons to brain-derived neurotrophic factor. J. Neurosci. 6, 18971904.
ElShamy, W. M. and Ernfors, P. (1996). Requirement of neurotrophin-3 for
the survival of proliferating trigeminal ganglion progenitor cells.
Development (in press).
Ernfors, P., Lee, K. F. and Jaenisch, R. (1994a). Mice lacking brain-derived
neurotrophic factor develop with sensory deficits. Nature 368, 147-150.
Ernfors, P., Lee, K. F., Kucera, J. and Jaenisch, R. (1994b). Lack of
neurotrophin-3 leads to deficiencies in the peripheral nervous system and loss
of limb proprioceptive afferents. Cell 77, 503-512.
Ernfors, P., Merlio, J. and Persson, H. (1992). Cells expressing mRNA for
neurotrophins and their receptors during embryonic rat development. Euro.
J. Neurosci. 4, 1140-1158.
Ernfors, P., Van der Water, T., Loring, J. and Jaenisch, R. (1995).
Complementary roles of BDNF and NT-3 in vestibular and auditory
development. Neuron 14, 1153-1164.
Ernsberger, U. and Rohrer, H. (1988). Neuronal precursor cells in chick
dorsal root ganglia: differentiation and survival in vitro. Devel. Biol. 126,
420-432.
Farinas, I., Jones, K. R., Backus, C., Wang, X. Y. and Reichardt, L. F.
(1994). Severe sensory and sympathetic deficits in mice lacking
neurotrophin-3. Nature 369, 658-661.
Glass, D. J., Nye, S. H., Hantzopoulos, P., Macchi, M. J., Squinto, S. P.,
Goldfarb, M. and Yancopoulos, G. D. (1991). TrkB mediates BDNF/NT3-dependent survival and proliferation in fibroblasts lacking the low affinity
NGF receptor. Cell 66, 405-413.
Hempstead, B. L., Martin, Z. D., Kaplan, D. R., Parada, L. F. and Chao, M.
V. (1991). High-affinity NGF binding requires coexpression of the trk protooncogene and the low-affinity NGF receptor. Nature 350, 678-683.
Hohn, A., Leibrock, J., Bailey, K. and Barde, Y. A. (1990). Identification and
characterization of a novel member of the nerve growth factor/brain-derived
neurotrophic factor family. Nature 344, 339-341.
Ip, N. Y., Ibanez, C. F., Nye, S. H., McClain, J., Jones, P. F., Gies, D. R.,
Belluscio, L., Le, B. M., Espinosa, R. 3., Squinto, S. P., Persson, H. and
Yancopoulas, G. D. (1992). Mammalian neurotrophin-4: structure,
chromosomal localization, tissue distribution, and receptor specificity. Proc.
Natl. Acad. Sci. U S A 89, 3060-3064.
Jones, K. R., Farinas, I., Backus, C. and Reichardt, L. F. (1994). Targeted
disruption of the BDNF gene perturbs brain and sensory neuron development
but not motor neuron development. Cell 76, 989-99.

Changes in dependence on Trk signalling 3261
Jones, R. L. (1937). Split nucleoli as a source of error in nerve cell counts. Stain
Technol. 12, 91-95.
Kalcheim, C., Carmeli, C. and Rosenthal, A. (1992). Neurotrophin 3 is a
mitogen for cultured neural crest cells. Proc. Natl. Acad. Sci. USA 89, 16611665.
Kaplan, D. R., Martin, Z. D. and Parada, L. F. (1991). Tyrosine
phosphorylation and tyrosine kinase activity of the trk proto-oncogene
product induced by NGF. Nature 350, 158-160.
Klein, R. (1994). Role of neurotrophins in mouse neuronal development.
FASEB J. 8, 738-744.
Klein, R., Jing, S. Q., Nanduri, V., O’Rourke, E. and Barbacid, M. (1991a).
The trk proto-oncogene encodes a receptor for nerve growth factor. Cell 65,
189-197.
Klein, R., Lamballe, F., Bryant, S. and Barbacid, M. (1992). The trkB
tyrosine protein kinase is a receptor for neurotrophin-4. Neuron 8, 947-956.
Klein, R., Nanduri, V., Jing, S. A., Lamballe, F., Tapley, P., Bryant, S.,
Cordon, C. C., Jones, K. R., Reichardt, L. F. and Barbacid, M. (1991b).
The trkB tyrosine protein kinase is a receptor for brain-derived neurotrophic
factor and neurotrophin-3. Cell 66, 395-403.
Klein, R., Silos, S. I., Smeyne, R. J., Lira, S. A., Brambilla, R., Bryant, S.,
Zhang, L., Snider, W. D. and Barbacid, M. (1994). Disruption of the
neurotrophin-3 receptor gene trkC eliminates la muscle afferents and results
in abnormal movements. Nature 368, 249-251.
Klein, R., Smeyne, R. J., Wurst, W., Long, L. K., Auerbach, B. A., Joyner,
A. L. and Barbacid, M. (1993). Targeted disruption of the trkB
neurotrophin receptor gene results in nervous system lesions and neonatal
death. Cell 75, 113-122.
Konigsmark, B. W. (1970). Methods for the counting of neurons. In
Contemporary Research Methods in Neuroanatomy (ed. W. J. H. Nauta and
S. O. E. Ebbesson), pp. 315-340. Berlin, Heidelberg, New York: SpingerVerlag.
Liu, X., Ernfors, P., Wu, H. and Jaenisch, R. (1995). Sensory but not motor
neuron deficits in mice lacking NT4 and BDNF. Nature 375, 238-241.
Minichiello, L., Piehl, F., Vazquez, E., Schimmang, T., Hökfelt, T.,
Represa, J., and Klein, R. (1995). Differential effects of combined trk
receptor mutations on dorsal root ganglion and inner ear sensory neurons.
Development 121, 4067-4076.
Oppenheim, R. W. (1991). Cell death during development of the nervous
system. Ann. Rev. Neurosci. 14, 453-501.

Paul, G. and Davies, A. M. (1995). Trigeminal sensory neurons require
extrinsic signals to switch neurotrophin dependence during the early stages
of target field innervation. Devel. Biol. 171, 590-605.
Schimmang, T., Minichiello, L., Vazquez, E., Joac, I. S., Giraldez, F., Klein,
R. and Represa, J. (1995). Developing inner ear sensory neurons require
TrkB and TrkC receptors for innervation of their peripheral targets.
Development 121, 3381-3391.
Sieber-Blum, M. (1991). Role of the neurotrophic factors BDNF and NGF in
the commitment of pluripotent neural crest cells. Neuron 6, 949-955.
Smeyne, R. J., Klein, R., Schnapp, A., Long, L. K., Bryant, S., Lewin, A.,
Lira, S. A. and Barbacid, M. (1994). Severe sensory and sympathetic
neuropathies in mice carrying a disrupted Trk/NGF receptor gene. Nature
368, 246-249.
Soppet, D., Escandon, E., Maragos, J., Middlemas, D. S., Reid, S. W., Blair,
J., Burton, L. E., Stanton, B. R., Kaplan, D. R., Hunter, T., Nikolics, K.
and Parada, L. F. (1991). The neurotrophic factors brain-derived
neurotrophic factor and neurotrophin-3 are ligands for the trkB tyrosine
kinase receptor. Cell 65, 895-903.
Squinto, S. P., Stitt, T. N., Aldrich, T. H., Davis, S., Bianco, S. M.,
Radziejewski, C., Glass, D. J., Masiakowski, P., Furth, M. E.,
Valenzuela, D. M., DiStefano, P. S. and Yancopoulos, G. D. (1991). trkB
encodes a functional receptor for brain-derived neurotrophic factor and
neurotrophin-3 but not nerve growth factor. Cell 65, 885-893.
Theiler, K. (1972). The House Mouse (Development and normal stages from
fertilisation to 4 weeks). Berlin: Springer-Verlag.
Vogel, K. S. and Davies, A. M. (1991). The duration of neurotrophic factor
independence in early sensory neurons is matched to the time course of target
field innervation. Neuron 7, 819-830.
Wright, E. M., Vogel, K. S. and Davies, A. M. (1992). Neurotrophic factors
promote the maturation of developing sensory neurons before they become
dependent on these factors for survival. Neuron 9, 139-150.
Wyatt, S. and Davies, A. M. (1993). Regulation of expression of mRNAs
encoding the nerve growth factor receptors p75 and trkA in developing
sensory neurons. Development 119, 635-648.

(Accepted 1 July 1996)

