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The neurotrophin nerve growth factor (NGF) plays a crucial role in the development of the sympathetic nervous system. In addition to
being required for sympathetic neuron survival in vivo and in vitro, NGF has been shown to mediate axon growth in vitro. The role of NGF
in sympathetic axon growth in vivo, however, is not clear because of its requirement for survival. This requirement can be circumvented
by a concomitant deletion of Bax, a pro-apoptotic Bcl-2 family member, thus allowing an examination of the role of neurotrophins in axon
growth independently of their function in cell survival. Here, we analyzed peripheral sympathetic target organ innervation in mice
deficient for both NGF and Bax. In neonatal NGF �/�; Bax �/� mice, sympathetic target innervation was absent in certain organs (such as
salivary glands), greatly reduced in others (such as heart), somewhat diminished in a few (such as stomach and kidneys), but not
significantly different from control in some (such as trachea). At embryonic day 16.5, peripheral target sympathetic innervation was also
reduced in NGF �/�; Bax �/� mice, with analogous variability for different organs. Interestingly, in some organs such as the spleen the
precise location at which sympathetic axons become NGF-dependent for growth was evident. We thus show that NGF is required for
complete peripheral innervation of both paravertebral and prevertebral sympathetic ganglia targets in vivo independently of its require-
ment for cell survival. Remarkably, target organs vary widely in their individual NGF requirements for sympathetic innervation.
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Introduction
The development of the peripheral nervous system is a remark-
able feat of intricate coordination between the progressive mat-
uration of innervated organs and the corresponding growth of
axons. The staggering complexity of a growing mammalian em-
bryo presents a challenge to the multitude of neurons that come
to innervate their targets. To achieve precise functional organiza-
tion, peripheral targets regulate neuron survival in accordance
with the neurotrophin hypothesis, which specifies that neuronal
survival during development is dependent on a limited supply of
trophic factors produced by the neuron’s target (Huang and
Reichardt, 2001; Bennet et al., 2002). Such neurotrophic factors
act to ensure that neuron numbers precisely match target inner-
vation requirements.

The classical neurotrophin nerve growth factor (NGF) plays a
crucial role in the development of the peripheral nervous system
(Levi-Montalcini, 1987; Cowan, 2001; Sofroniew et al., 2001),
being essential for survival of small nociceptive sensory neurons
as well as sympathetic neurons (Farinas, 1999). The importance
of NGF in the development of sympathetic neurons is clear, as is
evident from the dramatic loss of these neurons in mice either

treated with neutralizing NGF antibodies or harboring a targeted
deletion of NGF (Levi-Montalcini and Booker, 1960b; Angeletti
and Levi-Montalcini, 1971; Crowley et al., 1994).

In addition to its role in sympathetic neuron survival in vivo
(Levi-Montalcini and Booker, 1960b; Angeletti and Levi-
Montalcini, 1971; Crowley et al., 1994) and in vitro (Greene,
1977; Martin et al., 1988; Deshmukh and Johnson, 1997), NGF is
a potent growth-promoting factor for axons of sympathetic neu-
rons in vitro (Cohen and Hamburger, 1954; Mains and Patterson,
1973; Deckwerth et al., 1996; Atwal et al., 2000). In vivo gain-of-
function experiments have also shown that exogenous NGF can
induce sympathetic axon growth (Levi-Montalcini and Booker,
1960a; Albers et al., 1994); however, the critical requirement of
NGF for sympathetic neuron survival during development
(Crowley et al., 1994) has impeded efforts to establish the extent
to which NGF is required for sympathetic axon growth in vivo.

Recently, assessment of neurotrophin roles during neuronal
development in vivo has been made possible by the elegant strat-
egy of deleting Bax, a pro-apoptotic Bcl-2 family member (Oltvai
et al., 1993), concurrently with removal of a neurotrophin gene
(Patel et al., 2000, 2003). Bax�/� mice (Knudson et al., 1995)
exhibit a striking deficiency in naturally occurring developmental
cell death in the peripheral nervous system, as well as a marked
reduction in trophic factor deprivation-induced neuronal apo-
ptosis (Deckwerth et al., 1996; Deshmukh and Johnson, 1998).
When NGF�/�; Bax�/� mice are generated, the excess death of
sensory and sympathetic neurons otherwise observed in NGF�/�

mice (Crowley et al., 1994) is prevented (Patel et al., 2000;
Middleton and Davies, 2001). This genetic approach thus allows
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an examination of the role of NGF in vivo
independently of its requirement for cell
survival.

We used this method of concurrent
elimination of Bax and NGF to establish
the extent to which NGF is required for
sympathetic axon growth in vivo. We ana-
lyzed the development of peripheral sym-
pathetic target organ innervation in
NGF�/�; Bax�/� mice at embryonic day
(E) 16.5 and postnatal day (P) 0.5 by per-
forming whole-mount immunohisto-
chemistry using tyrosine hydroxylase
(TH), the rate-limiting enzyme in cate-
cholamine biosynthesis (Flatmark, 2000),
as a marker for sympathetic neurons. We
found that NGF is required for sympa-
thetic axon growth into peripheral target
organs and, remarkably, that the extent of
this requirement varies greatly among dif-
ferent target organs. NGF is thus necessary
for development of the elaborate labyrinth
of axons that characterizes the anatomy of
the sympathetic nervous system.

Materials and Methods
Mouse breeding and genotyping. NGF �/� mice
(Crowley et al., 1994) were obtained from The
Jackson Laboratory (Bar Harbor, ME) and
maintained on C57BL/6 background. PCR
genotyping was done on tail DNA with the fol-
lowing primers: the wild-type NGF allele (500
bp) was amplified using an exon IV forward
primer (5�-CAGGCAGAACCGTACACAGA-
3�) and an exon IV reverse primer (5�-
GCACCCACTCTCAACAGGAT-3�). The mu-
tant NGF allele (1300 bp) was amplified with a
Neo forward primer (5�-TGAATGAACTGC-
AGGACGAG-3�) and the same exon IV reverse
primer. Bax�/� mice (Knudson et al., 1995) were provided by Dr. Wil-
liam Snider (University of North Carolina, Chapel Hill, NC) and main-
tained on C57BL/6 background. PCR genotyping was done on tail DNA
with the following primers: the wild-type Bax allele (350 bp) was ampli-
fied with an exon V forward primer (5�-CGAGCTGATCAGAA-
CCATCAT-3�) and an intron V reverse primer (5�-AATCTTT-
AGGCCAGAGCAAGC-3�). The mutant Bax allele (515 bp) was ampli-
fied with a PGK-neo forward primer (5�-ACTTCCATTTGTC-
ACGTCCTG-3�) and the same intron V reverse primer. PCR was per-
formed according to standard reaction conditions, with primer concen-
trations at 1 �M and MgCl2 at 1.5 mM. Cycling parameters were 5 min at
94°C; 30 sec at 94°C, 30 sec at 58°C, 1.5 min at 72°C for 30 cycles; and 10
min at 72°C. NGF�/� mice were bred to Bax�/� mice to obtain NGF�/�;
Bax �/� mice, which were then crossed to generate NGF �/�; Bax �/�

mice and relevant controls.
Whole-mount diaminobenzidine-tyrosine hydroxylase immunohisto-

chemistry. Whole-mount diaminobenzidine (DAB)-TH immunohisto-
chemistry was performed as described previously (Enomoto et al., 2001)
with sheep anti-TH affinity-purified polyclonal antibody (Chemicon In-
ternational, Temecula, CA) at 0.5 �g/ml incubated for 72 hr at 4°C.
Detection was performed with horseradish peroxidase-conjugated don-
key anti-sheep IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA) at 4 �g/ml incubated overnight at 4°C. Visualization was
accomplished with DAB (Sigma, St. Louis, MO), followed by clearing in
2:1 benzyl benzoate/benzyl alcohol (Sigma). The number of animals ex-
amined at E16.5 was as follows: n � 3 (NGF�/�; Bax�/�), 5 (NGF �/�;
Bax�/�), 4 (NGF�/�; Bax �/�), 3 (NGF �/�; Bax �/�). The number of

animals examined at P0.5 was as follows: n � 6 (NGF�/�; Bax�/�), 5
(NGF �/�; Bax�/�), 3 (NGF�/�; Bax �/�), 4 (NGF �/�; Bax �/�).

Neuronal counts. Tissues were immersion fixed in PBS containing 4%
paraformaldehyde, cryoprotected overnight in PBS containing 30% su-
crose, and frozen. Cryostat sections (10 �m) were cut and stained with
0.5% cresyl violet, and cells with visible nucleoli were counted as neurons
(Lonze et al., 2002). Statistical analysis was performed using one-way
ANOVA followed by Bonferroni/Dunn post hoc text (StatView 4.5).

Results
Sympathetic chain ganglia are preserved in the absence of
NGF with concomitant elimination of Bax
NGF is required for sympathetic neuron survival in vivo, as is
evident from the excessive apoptosis and virtually complete elim-
ination of superior cervical ganglion (SCG) neurons in NGF�/�

mice beginning at E17.5 and continuing perinatally (Crowley et
al., 1994; Farinas, 1999). This essential function of NGF in sym-
pathetic nervous system development is confirmed during gross
examination of sympathetic chain ganglia in NGF�/�; Bax�/�

mice at P0.5 as compared with wild-type controls by whole-
mount TH immunostaining (Fig. 1, compare F, E). The size of
sympathetic chain ganglia is diminished in the absence of NGF
postnatally (Fig. 1F), an observation consistent with previous
examination of SCG volume (Crowley et al., 1994). At E16.5,
however, no obvious difference is evident between NGF knock-
out and wild-type chain ganglia as expected (Fig. 1, compare A,

Figure 1. Elimination of Bax preserves sympathetic chain ganglia neurons in the absence of NGF. A–H, Whole-mount tyrosine hydrox-
ylase immunostaining of E16.5 ( A–D) and P0.5 ( E–H) sympathetic chain from stellate ganglion (arrows) to T3 chain ganglion ( A–D) and
from T1 ganglion (arrowheads) to T3 ganglion ( E–H). NGF�/�; Bax �/�mice (C, G) serve as controls for NGF �/�; Bax �/�mice (D, H ),
showing no significant effects of removal of NGF in the Bax �/� background. This is in contrast to NGF �/�; Bax�/� mice (F ), which
demonstrate a clear gross reduction in the size of sympathetic chain ganglia compared with NGF �/�; Bax �/� mice (H ), indicating the
effects of deleting Bax in the NGF �/� background on sympathetic chain ganglia cell preservation. NGF�/�; Bax�/� mice (A, E) are also
included as controls. Note that proximal sympathetic chain ganglia projections are preserved at both ages and in all genotypes ( A–H). The
number of animals examined in this and subsequent experiments is as follows: at E16.5, n � 3 (NGF�/�; Bax�/�), 5 (NGF �/�;
Bax�/�), 4 (NGF�/�; Bax �/�), 3 (NGF �/�; Bax �/�); at P0.5, n � 6 (NGF�/�; Bax�/�), 5 (NGF �/�; Bax�/�), 3 (NGF�/�;
Bax �/�), 4 (NGF �/�; Bax �/�). Scale bar: (shown in A) A–H, 100 �m. I, Number of SCG neurons at P0.5. Shown are means�SEM of
neuronal counts in three animals for each genotype. *p � 0.0001 (Significantly different from all other groups); ** indicates not statisti-
cally different from one another, as determined using one-way ANOVA followed by Bonferroni/Dunn post hoc test.
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B), because excessive cell death in the absence of NGF signaling in
the SCG commences at E17.5 (Fagan et al., 1996).

To circumvent the requirement of NGF for sympathetic neu-
ron survival, we concomitantly removed Bax and NGF in vivo by
intercrossing NGF�/�; Bax�/� mice. Removal of Bax rescued
neurons in sympathetic chain ganglia from excess cell death oth-
erwise observed in the absence of NGF (Fig. 1, compare F, H), as
well as resulted in an increase in size of sympathetic chain ganglia
compared with wild type at P0.5 (Fig. 1, compare E, G). Neuronal
cell counts in the SCG confirmed the gross observation that Bax
deletion rescues cell death in this paravertebral ganglion (Fig. 1 I).
This is consistent with previous reports that total SCG neuron
numbers are comparable in NGF�/�; Bax�/� and NGF�/�;
Bax�/� mice (Middleton and Davies, 2001). No gross differences
in the size of sympathetic chain ganglia were evident at E16.5 (Fig.
1A–D) as expected, because Bax deletion-induced rescue of sym-
pathetic neurons from apoptosis is not expected to have any ef-
fect before the start of excess sympathetic neuron death at E17.5
(Fagan et al., 1996). We thus confirm that elimination of Bax
leads to preservation of sympathetic neurons in NGF�/� mice.

Proximal projections of the SCG are preserved, but target
innervation is deficient in the absence of NGF with
concomitant elimination of Bax
Survival of sympathetic neurons in NGF�/�; Bax�/� mice al-
lowed us to examine the role of NGF in sympathetic axon growth
in vivo. Proximal projections of the SCG, although somewhat
stunted, were present in the absence of NGF at E16.5, as is evident
in the comparison between NGF�/� and NGF�/� mice in the
Bax�/� background (Fig. 2, compare A, B). Similarly, proximal
projections of the stellate and sympathetic chain ganglia were
grossly intact in NGF�/�; Bax�/� mice as compared with
NGF�/�; Bax�/� controls at both E16.5 and P0.5 (Fig. 1). Dele-
tion of Bax did not significantly influence the appearance of prox-
imal SCG projections either in the presence or in the absence of
NGF (data not shown). However, peripheral sympathetic inner-
vation of an SCG target, the submaxillary salivary gland, was
completely absent on elimination of NGF, even with the concur-
rent rescue of sympathetic neurons from apoptosis by removal of
Bax (Fig. 2C–F). Sympathetic axons were found to travel along
blood vessels to innervate the submaxillary gland and ramify in
the gland parenchyma in NGF�/�; Bax�/� mice at both E16.5
and P0.5 (Fig. 2C,E), but no axons reached the submaxillary
gland along blood vessels or entered the gland in NGF�/�;
Bax�/� mice (Fig. 2D,F). These findings are consistent with a
previous study of mice lacking the NGF receptor TrkA, which
revealed that sympathetic axons extended from the SCG but
failed to innervate the submaxillary gland at E15.5, a time point
before commencement of excess cell death in the absence of NGF
(Fagan et al., 1996). Similar deficiencies were evident in sympa-
thetic innervation of another SCG target, the parotid salivary
gland (data not shown) (Table 1), as well as in cutaneous sympa-
thetic innervation of the eye, also supplied by the SCG (Fig.
2G,H). NGF is thus not required for initial axon outgrowth from
the SCG but is necessary for development of sympathetic inner-
vation of SCG target organs in vivo.

Sympathetic innervation of a stellate ganglion target, the
heart, is drastically reduced in the absence of NGF with
concomitant elimination of Bax
NGF was found to be necessary for peripheral sympathetic inner-
vation not only of SCG target organs but also of organs that are
innervated by neurons originating from other sympathetic gan-

glia. Sympathetic innervation of the heart in rodents is provided
primarily by the stellate ganglion, with minor contributions from
the SCG and mid-thoracic paravertebral ganglia (Pardini et al.,
1989). In the absence of NGF, sympathetic innervation of the
heart was reduced drastically, with few fibers visible at the base in
NGF�/�; Bax�/� mice (Fig. 3B,D) as compared with NGF�/�;
Bax�/� controls (Fig. 3A,C), which were not significantly differ-
ent from wild type (data not shown). The paucity of sympathetic
fibers innervating the heart was evident at both E16.5 (Fig. 3A,B)
and P0.5 (Fig. 3C,D), suggesting that the lack of sympathetic
axons at the later age was not the result of deficient maintenance
of innervation but instead was caused by a primary failure in axon
extension into the heart. Sympathetic innervation of another stel-
late ganglion target, the lungs (Kummer et al., 1992), was also
reduced (data not shown) (Table 1).

Figure 2. SCG neurons extend proximal axonal projections but fail to innervate their target
organs in NGF �/�; Bax �/� mice. A, B, Whole-mount tyrosine hydroxylase immunostaining of
E16.5 SCG (arrows) and its proximal projections demonstrates that SCG neurons extend proxi-
mal projections in NGF �/�; Bax �/�mice ( B) as compared with NGF�/�; Bax �/�controls
( A). C–F, Whole-mount tyrosine hydroxylase immunostaining of submaxillary salivary gland
indicates that sympathetic neuron projections along blood vessels entering the gland (arrow-
heads) and innervation of the parenchyma are absent in NGF �/�; Bax �/�mice (D, F ) as
compared with NGF�/�; Bax �/�controls (C, E) at both E16.5 (C, D) and P0.5 (E, F ). G, H,
Whole-mount tyrosine hydroxylase immunostaining of cutaneous sympathetic innerva-
tion of the eye at E16.5 indicates that SCG neurons fail to innervate this target in NGF �/�;
Bax �/� mice ( H ) as compared with control NGF�/�; Bax �/� animals ( G). Scale bars:
A–D, 100 �m; E–H, 250 �m.
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Requirement of NGF for peripheral innervation of SCG and
stellate ganglia targets is variable depending on the organ
NGF was thus found to be required for sympathetic innervation
of both SCG and stellate ganglion targets, including the salivary
glands and heart, respectively. This requirement for NGF was not
uniform, however, as is evident in the case of sympathetic inner-
vation of the trachea. The trachea in rodents receives the majority
of its sympathetic innervation from the SCG and the remainder
from the stellate ganglion (Smith and Satchell, 1985, 1986; Kum-
mer et al., 1992). Surprisingly, the trachea in NGF�/�; Bax�/�

mice (Fig. 3F,H) did not exhibit such striking defects in gross
sympathetic innervation in comparison with NGF�/�; Bax�/�

controls (Fig. 3E,G) as did the salivary glands and the heart. The
trachea was clearly sympathetically innervated at E16.5 in the
absence of NGF (Fig. 3F) as compared with control (Fig. 3E),
albeit to a lesser extent. Moreover, at P0.5, a difference in the level
of sympathetic innervation of the trachea was not evident, al-
though innervation appeared disorganized (Fig. 3G,H). Differ-
ent peripheral targets of the same sympathetic ganglia thus ex-
hibit distinct requirements for NGF for sympathetic innervation,
as is evident in the heterogeneous deficits in sympathetic inner-
vation of the trachea, heart, and salivary glands in NGF�/�;
Bax�/� mice.

Target organs of prevertebral sympathetic ganglia are
incompletely innervated by sympathetic axons in the absence
of NGF with concomitant elimination of Bax
The superior cervical and stellate ganglia,
the target organs of which are described
above, constitute part of the sympathetic
trunk, which also includes thoracic and
lumbar paravertebral sympathetic ganglia.
In addition to the chain paravertebral gan-
glia, the sympathetic nervous system con-
tains prevertebral ganglia, such as the ce-
liac and mesenteric ganglia, which
innervate target organs in the abdomen,
pelvis, and perineum [for a diagram of ro-
dent sympathetic ganglia organization, see
Roosen et al. (2001)]. The celiac ganglion,
for example, provides the majority of sym-
pathetic innervation of the rodent stom-
ach, which also receives a minor contribu-
tion from all thoracic chain paravertebral
ganglia (Trudrung et al., 1994). NGF was
found to be required for peripheral inner-
vation of this celiac ganglion target: sym-
pathetic innervation of the body of the
stomach was diminished in NGF�/�;
Bax�/� mice (Fig. 4D,H) as compared
with NGF�/�; Bax�/� controls (Fig.
4C,G) at both E16.5 (Fig. 4C,D) and P0.5
(Fig. 4G,H). This reduction in sympa-
thetic innervation, however, was not nearly as dramatic as that
seen in the submaxillary gland and heart (Figs. 2C–F, 3A–D), as is
evident from the presence of a considerable amount of sympa-
thetic fibers in the cardiac region of the stomach in the absence of
NGF (Fig. 4, compare A, B and E, F). NGF is thus required for
complete innervation of the stomach but is not necessary for the
initial extension of sympathetic axons into the stomach. This is in
contrast to the phenotype observed in the heart and salivary
glands, which require NGF for development of any sympathetic
innervation.

Another organ innervated by the celiac ganglion is the kidney.
In contrast to the stomach, however, the rodent kidney receives
the majority of its sympathetic innervation from paravertebral
ganglia (T10 –L1) and a minority from the celiac ganglion (Fer-
guson et al., 1986; Gattone et al., 1986; Chevendra and Weaver,
1991; Dehal et al., 1993). Despite this difference in ganglionic
origins of sympathetic innervation, the kidney exhibits a similar
NGF requirement for complete sympathetic innervation. Al-
though the stereotypical major sympathetic neuron projections
along blood vessels in the kidney are present in NGF�/�; Bax�/�

Figure 3. Sympathetic innervation of the heart is deficient but that of the trachea is maintained in NGF �/�; Bax �/� mice.
A–D, Whole-mount tyrosine hydroxylase immunostaining of heart ventricles (arrows) shows the lack of sympathetic innervation
in NGF �/�; Bax �/� mice (B, D) as compared with NGF�/�; Bax �/� controls (A, C) at both E16.5 (A, B) and P0.5 (C, D). E–H,
Whole-mount tyrosine hydroxylase immunostaining of dorsal trachea reveals a slight reduction in its sympathetic innervation at
E16.5 (E, F ) but no significant gross differences in the level of its sympathetic innervation at P0.5 (G, H ) in NGF �/�; Bax �/� mice
(F, H ) as compared with NGF�/�; Bax �/� controls (E, G). Scale bars: A, B, E, F, 100 �m; C, D, G, H, 250 �m.

Table 1. Sympathetic innervation in NGF�/�; Bax�/� mice relative to NGF�/�;
Bax

�/�
controls

Organ E16.5 P0.5

Sympathetic chain ��� ���
Intercostal nervesa ��� ���
Carotid arteriesb �� NE
Submaxillary gland � �
Parotid gland � �
Skin, cephalic � NE
Heart, ventricle � �
Heart, base � �
Thymus � �
Lung � �
Trachea �� ���
Stomach �� ��
Small intestine �� ��
Large intestine � �
Liver � �
Spleen � �
Pancreas � �
Kidney �� ��
Ureter � �
Bladder �� ��
Gonads �� ��

���, Similar to age-matched control level of innervation; ��, moderately reduced relative to control; �,
greatly reduced relative to control; �, absent relative to control. NE, Not examined.
aProximal projections of sympathetic chain ganglia.
bProximal projections of the SCG.
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mice (Fig. 5A–D), sympathetic axons fail to ramify and fully in-
nervate the kidney parenchyma in NGF�/�; Bax�/� animals
(Fig. 5B,D) as compared with NGF�/�; Bax�/� controls (Fig.
5A,C) at both E16.5 (Fig. 5A,B) and P0.5 (Fig. 5C,D). The dearth
of fine sympathetic axon branches in the absence of NGF is evi-
dent in the kidneys of NGF�/�; Bax�/� mice (Fig. 5F) in com-
parison with NGF�/�; Bax�/� controls (Fig. 5E). These findings
indicate that factors other than NGF support axon growth along
renal arteries into the kidney, whereas NGF is crucial for branch-
ing and extension in renal parenchyma.

In addition to the celiac ganglion targets described above,
sympathetic innervation defects attributable to the absence of
NGF were evident in other prevertebral ganglia targets. The entire
gastrointestinal tract, innervated in rodents by celiac and mesen-
teric ganglia as well as by lower thoracic paravertebral ganglia
(Luckensmeyer and Keast, 1994), showed a reduction in sympa-
thetic innervation in the absence of NGF (Fig. 6, compare A, B).
In the proximal small intestine, which in rodents receives inner-
vation primarily from the celiac and to a lesser extent from lower
thoracic ganglia (Trudrung et al., 1994), sympathetic axons ex-
tended along the vasculature toward the intestine but failed to
fully innervate the organ in NGF�/�; Bax�/� mice at both E16.5
and P0.5 (Fig. 6D,F) as compared with NGF�/�; Bax�/� con-

trols (Fig. 6C,E). The distal large intestine, innervated in rodents
by superior and inferior mesenteric ganglia and lumbar paraver-
tebral ganglia (Trudrung et al., 1994), also showed a decrease in,
but not a complete absence of, sympathetic innervation in
NGF�/�; Bax�/� animals at both E16.5 and P0.5 (Fig. 6H, J) as
compared with NGF�/�; Bax�/� controls (Fig. 6G,I). Other tar-
gets of the inferior mesenteric ganglion and lumbosacral paraver-
tebral ganglia (Baljet and Drukker, 1980; Vera and Nadelhaft,
1992; Ricker and Chang, 1996) demonstrated deficits in sympa-
thetic innervation in the absence of NGF: the ureters (Fig. 7A–D),
bladder (Fig. 7E,F), and gonads (Fig. 7G–J) all exhibited de-
creased sympathetic innervation in NGF�/�; Bax�/� mice (Fig.
7B,D,F,H,J) as compared with NGF�/�; Bax�/� controls (Fig.
7A,C,E,G,I). NGF is thus required for complete sympathetic
innervation of both paravertebral and prevertebral ganglia target
organs, although to different extents, depending on the target but
not on the ganglion of sympathetic neuron origin.

Sympathetic axons extend along the lienal artery but fail to
enter spleen parenchyma in the absence of NGF with
concomitant elimination of Bax
Another organ innervated by prevertebral ganglion sympathetic
neurons is the spleen, which in rodents receives most of its sym-
pathetic innervation from the celiac ganglion, with a minor con-
tribution from the lower thoracic paravertebral sympathetic
chain ganglia (Chevendra et al., 1991; Quinson et al., 2001). In
contrast to other prevertebral ganglion targets described above,
which showed a reduction in sympathetic innervation but not a
complete elimination of sympathetic axons in the organs them-
selves, the spleen displayed a remarkable phenotype. Sympathetic
axons were seen traveling along the lienal artery and entering

Figure 4. NGF is required for complete sympathetic innervation of the stomach. A–H,
Whole-mount tyrosine hydroxylase immunostaining of body of the stomach demonstrates de-
ficient sympathetic innervation in NGF �/�; Bax �/� mice (D, H ) as compared with NGF�/�;
Bax �/� controls (C, G) at both E16.5 (C, D) and P0.5 (G, H ). Lower magnification photographs
illustrate presence of sympathetic innervation in the cardiac region of the stomach (arrows) for
all genotypes at E16.5 (A, B) and P0.5 (E, F). Although shown at the same magnification,
NGF�/�; Bax �/� stomach at P0.5 ( E) appears larger than NGF �/�; Bax �/� stomach at P0.5
( F) because of distension from milk in control stomach, which is absent in NGF �/�; Bax �/�

animals because of deficient feeding behavior in the absence of NGF. Scale bars: A–D, 100 �m;
E–H, 250 �m.

Figure 5. The kidney is incompletely innervated by sympathetic neurons in NGF �/�;
Bax �/� mice. A–F, Whole-mount tyrosine hydroxylase immunostaining of kidneys reveals the
presence of sympathetic axon extension along renal arteries (A–D, arrows) but deficient inner-
vation of kidney parenchyma (E, F ) in NGF �/�; Bax �/� mice (B, D, F ) as compared with
NGF�/�; Bax �/�controls (A, C, E) at both E16.5 (A, B) and P0.5 (C–F ). Scale bars: A, B, E, F, 100
�m; C, D, 250 �m.

Glebova and Ginty • NGF and Sympathetic Axon Growth J. Neurosci., January 21, 2004 • 24(3):743–751 • 747



spleen parenchyma in NGF�/�; Bax�/�

controls, which were not grossly different
from wild-type animals at both E16.5 and
P0.5 (Fig. 8A,C) (data not shown). In
NGF�/�; Bax�/� mice, however, sympa-
thetic axons extended along the lienal ar-
tery but did not enter the spleen at both
E16.5 and P0.5 (Fig. 8B,D). This finding
suggests that the NGF requirement for
sympathetic innervation of the spleen be-
gins at the boundary between the artery
and the organ itself.

Discussion
Discovered and named for its ability to
promote the growth of sensory and sym-
pathetic axons �50 years ago, NGF has
since been shown to play a critical role in
survival of several neuronal populations
during development (Levi-Montalcini,
1987). Because of this requirement for
neuron survival, however, it has not been
possible to ascertain whether NGF is nec-
essary for axon growth in vivo. We applied
the recently developed approach of evad-
ing the excess neuronal apoptosis attribut-
able to elimination of NGF by concomi-
tantly removing Bax (Patel et al., 2000,
2003) to perform a comprehensive analy-
sis of sympathetic nervous system devel-
opment in the absence of NGF, thus pro-
viding in vivo evidence for the role of NGF
in the development of the sympathetic
nervous system. An examination of sym-
pathetic axon extension at E16.5 and P0.5
in NGF�/�; Bax�/� mice has revealed a variable requirement for
NGF in peripheral target organ innervation in vivo, one that de-
pends not on the ganglion of origin but rather on the target of the
neuron.

Concurrent elimination of Bax in NGF�/� mice resulted in
preservation of sympathetic neurons that otherwise would have
undergone apoptosis in the absence of NGF (Fig. 1). These results
confirm previous work that demonstrated rescue of SCG neurons
from programmed cell death in NGF�/�; Bax�/� mice (Middle-
ton and Davies, 2001). In fact, deletion of Bax has been shown to
prevent not just NGF withdrawal-induced sympathetic neuron
death, but also apoptosis that occurs naturally during develop-
ment (Deckwerth et al., 1996). Removal of Bax alone did not
affect sympathetic target innervation in vivo, as was evident in a
comparison between wild-type (NGF�/�; Bax�/�) and Bax null
(NGF�/�; Bax�/�) mice (data not shown). In light of sympa-
thetic neuron rescue in NGF�/�; Bax�/� mice, the observed
spectrum of peripheral target organ innervation defects revealed
the importance of NGF in sympathetic axon growth.

NGF was not required for proximal projections of SCG (Fig.
2), stellate, or paravertebral sympathetic chain ganglia neurons
(Fig. 1); however, distal innervation of SCG targets, the eye and
the submandibular and parotid salivary glands, was completely
lacking in the absence of NGF both embryonically and perinatally
(Fig. 2, Table 1) (data not shown). The defects in sympathetic
innervation caused by elimination of NGF were not limited to
neurons originating in the SCG. The heart and lungs, stellate
ganglion targets, also showed drastic decreases in sympathetic

innervation at E16.5 and P0.5 (Fig. 3A–D, Table 1) (data not
shown).

Although the SCG and stellate ganglion targets cited above
demonstrated a massive reduction in sympathetic innervation in
NGF�/�; Bax�/� mice, a target organ innervated by both of these
ganglia, the trachea, did not exhibit a notable defect in the level of
sympathetic innervation (Fig. 3E–H). Different paravertebral
ganglia targets thus varied in their requirements for NGF for
sympathetic axon growth into the organ. Interestingly, some as-
pects of postganglionic sympathetic neuron heterogeneity, in-
cluding soma size, dendritic arborization, and age-related atro-
phy, have been noted to be a function of the innervated target and
not of the ganglion of origin (Voyvodic, 1989; Luebke and
Wright, 1992; Andrews et al., 1996). Taken together, these find-
ings suggest that the various targets of paravertebral sympathetic
neurons differ in their expression and release of distinct trophic
substances that mediate sympathetic axon growth into the
targets.

In addition to paravertebral ganglia targets, we examined tar-
get organs of prevertebral ganglia for the extent of sympathetic
innervation in the absence of NGF. The stomach, spleen, pan-
creas, small and large intestines, kidneys, ureters, bladder, and
gonads all demonstrated deficiencies in sympathetic innervation,
specifically a reduction in terminal branching of sympathetic
neurons but not a complete absence of innervation (Figs. 4 – 8,
Table 1) (data not shown). A pattern thus emerges from these
findings wherein most paravertebral ganglia targets exhibit

Figure 6. Sympathetic innervation of the gastrointestinal tract is deficient in NGF �/�; Bax �/� mice. A–J, Whole-mount
tyrosine hydroxylase immunostaining of the entire E16.5 gastrointestinal tract shows that mesenteric sympathetic axon projec-
tions (arrows) are present but diminished in NGF �/�; Bax �/� mice ( B) as compared with NGF�/�; Bax �/�controls ( A). Closer
inspection of the proximal small intestine ( C–F) demonstrates that sympathetic axons extend along the vasculature toward the
small intestine (arrowheads) but do not fully innervate the organ in NGF �/�; Bax �/� mice (D, F ) as compared with NGF�/�;
Bax �/� controls (C, E) at both E16.5 (C, D) and P0.5 (E, F ). The distal large intestine ( G–J) also shows a reduction in sympathetic
fiber density in NGF �/�; Bax �/� mice (H, J ) as compared with NGF�/�; Bax �/� controls (G, I ) at both E16.5 (G, H ) and P0.5
(I, J ). Scale bars: A, B, E, F, I, J, 250 �m; C, D, G, H, 100 �m.
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greater defects in sympathetic innervation
in the absence of NGF than do prevertebral
ganglia targets (although we cannot distin-
guish between contributions of preverte-
bral vs paravertebral ganglia to sympa-
thetic innervation remaining in the
absence of NGF in some organs). These
results, together with previous findings
that prevertebral ganglia neurons are less
sensitive than paravertebral ganglia neu-
rons to apoptosis-inducing effects of post-
natal injections of anti-NGF (Hill et al.,
1985), suggest that prevertebral ganglia
targets produce a neurotrophic factor(s)
other than NGF and that neurons in these
ganglia express molecules that allow them
to respond to such cues. In fact, preverte-
bral (celiac and superior mesenteric) gan-
glia neurons have been shown to express
full-length TrkB mRNA at significantly
higher levels than paravertebral (SCG)
ganglia neurons (Dixon and McKinnon,
1994). This raises the possibility that the
preferred TrkB ligands BDNF and NT-4
may contribute to sympathetic innerva-
tion of prevertebral ganglia targets. NT-4,
for example, is known to be expressed in
one of these targets, the stomach (Berke-
meier et al., 1991). Another neurotrophin,
NT-3, can also interact with TrkB and thus
may also play a role in sympathetic inner-
vation of prevertebral ganglia targets (Ip et
al., 1993; Pinon et al., 1996; Farinas et al.,
1998).

NT-3 is also a candidate for mediating
sympathetic axon growth along the vascu-
lature, an intermediate target en route to
the final sympathetic target organs in the
periphery. The close relationship between
sympathetic axons and arterial vasculature
(Enomoto et al., 2001; Honma et al., 2002;
Carmeliet, 2003) was evident in all organs
examined, and NGF was not required for
sympathetic axon extension along arteries
approaching target organs (Figs. 2, 5, 6)
(data not shown). Furthermore, in the
spleen the NGF requirement was seen to
commence at the point where sympathetic
axons normally leave the lienal artery to
innervate spleen parenchyma (Fig. 8).
Thus, molecules other than NGF must be
responsible for the intact sympathetic axon
projections along vasculature in the ab-
sence of NGF. NT-3, for example, is ex-
pressed in blood vessels (Francis et al.,
1999), and NT-3 null mice demonstrate a
50% decrease in SCG neuron number
(Ernfors et al., 1994; Farinas et al., 1994). It
is possible that sympathetic neuron loss in
NT-3 null mice is caused by deficient axon
extension along an intermediate target, the
vasculature, which results in an inability of
sympathetic neurons to innervate periph-

Figure 7. NGF is required for complete sympathetic innervation of ureters, bladder, and gonads. A–D, Whole-mount tyrosine
hydroxylase immunostaining of proximal ureters reveals a deficit in sympathetic innervation in NGF �/�; Bax �/� mice (B, D) as
compared with NGF�/�; Bax �/� controls (A, C) at both E16.5 (A, B) and P0.5 (C, D). E, F, Whole-mount tyrosine hydroxylase
immunostaining of E16.5 bladder shows a reduction in sympathetic innervation in NGF �/�; Bax �/� mice ( F) as compared with
NGF�/�; Bax �/� controls ( E). G–J, Whole-mount tyrosine hydroxylase immunostaining of gonads demonstrates a deficiency in
sympathetic innervation in NGF �/�; Bax �/� mice (H, J ) as compared with NGF�/�; Bax �/� controls (G, I ) at both E16.5 (G, H )
and P0.5 (I, J ). Arrow indicates testis. Scale bars: A–H, 100 �m; I, J, 250 �m.

Figure 8. Sympathetic axons extend along the lienal artery but fail to enter spleen parenchyma in NGF �/�; Bax �/� mice.
A–D, Whole-mount tyrosine hydroxylase immunostaining of spleen reveals that sympathetic axons arrest at the entrance of the
lienal artery into spleen parenchyma (arrow) in NGF �/�; Bax �/� mice (B, D) as compared with NGF�/�; Bax �/� controls (A,
C) at both E16.5 (A, B) and P0.5 (C, D). Scale bars: A, B, 50 �m; C, D, 100 �m.
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eral targets and thus obtain the necessary target-derived survival
factors.

Another molecule that may be responsible for the preserva-
tion of sympathetic axon extension along the vasculature in the
absence of NGF is artemin, a glial cell line-derived neurotrophic
factor family member. Mice null for the artemin receptor subunit
Ret show deficits in sympathetic neuron precursor migration and
axon outgrowth, and exogenous artemin promotes sympathetic
axon extension in vivo (Enomoto et al., 2001). Moreover, mice
null for either artemin or GFR�3, the preferred artemin receptor,
show defects in migration and axonal projections of sympathetic
neuroblasts (Honma et al., 2002). Artemin is expressed in arterial
smooth muscle cells (Enomoto et al., 2001; Honma et al., 2002)
and is thus a plausible candidate for mediating axon growth along
vasculature. Additional in vivo studies will be needed to establish
the contributions of artemin, NT-3, and other growth factors to
extension of proximal projections of both paravertebral and pre-
vertebral sympathetic neurons, as well as to axon growth along
blood vessels. These future studies will provide insight not only
into the molecular control of axon growth and formation of the
sympathetic nervous system, but also the development of neuro-
vascular congruency.

The preservation of sympathetic axons traveling along arteries
and the heterogeneity in NGF requirements for full innervation
of different sympathetic neuron targets (Table 1) are in contrast
with the role of NGF in the growth of sensory neurons reported
previously by Patel et al. (2000). Although neither our study nor
that of Patel et al. (2000) distinguishes between anatomical and
functional preservation of sympathetic or sensory innervation
attributable to the perinatal lethality of NGF�/�; Bax�/� and
NGF�/�; Bax�/� mice, a comparison between the findings is
informative. In the sensory nervous system, superficial cutaneous
innervation was absent in hindlimb skin, a target of dorsal root
ganglia sensory neurons, as well as in mystacial pads, a target of
the trigeminal ganglion sensory neurons, at E15 and P0 in
NGF�/�; Bax�/� and TrkA�/�; Bax�/� mice (Patel et al., 2000).
In addition to defects in terminal arborization, this study found a
loss of axons in the saphenous nerve, implying that cutaneous
sensory axons failed to form initial extensions toward the skin.
On the other hand, NGF/TrkA signaling was not required for
elaboration of spinal collateral branches of dorsal root ganglia
axons (Patel et al., 2000). In our study, sympathetic neurons
formed initial axon extensions and exhibited heterogeneous de-
fects in peripheral innervation depending on the target in the
absence of NGF (Table 1). Thus, although both sensory and sym-
pathetic neurons depend on NGF for survival during develop-
ment, these two populations of peripheral neurons differ in their
NGF requirements for axon growth.

In summary, we find that NGF is crucial for sympathetic axon
growth and innervation of most autonomic target organs in vivo.
Furthermore, the NGF requirement for sympathetic axon exten-
sion is heterogeneous for different target organs, suggesting that
other factors in addition to NGF are produced by some targets
and are responsible for axon growth into those organs. In addi-
tion, our findings suggest that molecules other than NGF are
responsible for mediating growth of proximal projections and
sympathetic axon extension along the vasculature. NGF thus co-
ordinates with other unidentified factors the extension of proxi-
mal and distal neuron projections during establishment of the
intricate anatomical maze of axons necessary for proper function
of the sympathetic nervous system.
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