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Sympathetic Axons Pathfind Successfully in the Absence of Target 
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To determine whether sympathetic axons require the pres- 
ence of a peripheral target to grow to the correct destina- 
tion, we examined the developing footpad innervation in 
tabby mutant mice which lack sweat glands. Despite the 
absence of sweat glands, noradrenergic sympathetic ax- 
ons are transiently present in the presumptive target area 
and avoid the more distal epidermal/dermal domain occu- 
pied by sensory axons. Since sympathetic axon pathfind- 
ing was not dependent upon the target tissue, we com- 
pared the subsequent development of sweat gland axons 
in tabbyfootpads with that in control footpads. In wild-type 
mice, the gland-associated axonal plexus expands consid- 
erably as the secretory tubule enlarges and coils. .This ex- 
pansion, however, does not occur in tabby mice. The sweat 
gland innervation of wild-type mice loses catecholamines 
and acquires AChE activity and vasoactive intestinal pep- 
tide immunoreactivity. In tabby mutant mice, catecholamin- 
ergic fibers remain in the glandless footpads for 2 weeks 
and fail to acquire AChE or vasoactive intestinal peptide. 
In contrast to the altered development of gland innervation 
in tabby, the development of the innervation of footpad 
blood vessels was unaffected. Our observations indicate 
that the target is not required to direct sympathetic axons 
to the presumptive gland region of the footpad. In the ab- 
sence of the target tissue, however, gland-targeted sym- 
pathetic axons retain an immature morphology and trans- 
mitter phenotype and then disappear. 

[Key words: sympathetic neuron development, axon 
guidance, neurotransmitfer phenotype, synapse formation, 
neuron survival, NGF] 

During development, growing axons accurately pathfind long 
distances to appropriate target tissues (Landmesser, 1984; Good- 
man and Shatz, 1993; O’Leary and Koester, 1993). While it 
seems unlikely that targets provide guidance cues when growth 
cones are distant, they can provide local cues. In the CNS, cul- 
ture and in vivo studies revealed the importance of tropic influ- 
ences in guiding commissural axons in spinal cord (Tessier-La- 
vigne et al., 1988; Bovolenta and Dodd, 1991; Yaginuma and 
Oppenheim, 1991) and in eliciting collateral extension by cor- 
tical axons in brainstem (Heffner et al., 1990; O’Leary et al., 
1990). In culture, target tissues attract axons from spinal cord 
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or appropriate sensory ganglia (Lumsden and Davies, 1986; 
McCaig, 1986). Consistent with a role for target-derived cues in 
the peripheral nervous system, muscle nerve branches fail to 
form when muscle is ablated by somite irradiation, although not 
following somite extirpation (Lewis et al., 1981; Phelan and 
Hollyday, 1990). Removal of axial muscle precursors results in 
failed myotomal nerve formation (Tosney, 1987; Phelan and 
Hollyday, 1990). Ablation, transplantation and genetic studies 
indicate that motor axons are attracted to the base of pectoral 
fins in medaka (Okamoto and Kuwada, 1991a,b). In sum, these 
studies provide evidence that target tissues play a role in motor 
and sensory axon guidance. While culture studies suggest that 
targets are also tropic for sympathetic axons (Charnley et al., 
1973; Charnley and Dowel, 1975), it is unclear whether tropism 
plays a role in normal development. 

To determine whether target tissues are required to guide sym- 
pathetic axons to their destination, we examined the develop- 
ment of innervation in footpads of tabby mice that lack sweat 
glands. Tubby (Tu) is an X-linked mutation affecting morpho- 
genesis of epidermal derivatives, including sweat glands. It de- 
lays eye opening and tooth eruption and completely prevents 
sweat gland development (Falconer, 1952; Gruneberg, 197 1; 
Blecher, 1986). The tabby sequence is unknown but the gene is 
believed to play an important role in dermal induction of epi- 
dermal derivatives (Mayer and Green, 1978). Footpads of tubby 
mice lack sympathetic fibers with neurotransmitter properties 
characteristic of sweat gland innervation (Rao et al., 1994). In 
contrast, epidermis and blood vessels and their sensory and nor- 
adrenergic sympathetic innervation appear normal. Thus, the 
tubby mutation selectively removes one peripheral target tissue 
from footpads, leaving the remaining tissues and their innerva- 
tion unaffected. It was unclear, however, whether sympathetic 
fibers that would have innervated glands failed to arrive in the 
glandless footpads or whether axons found their way to the tar- 
get field and then were not maintained. 

The postnatal development of sweat glands and their inner- 
vation is well characterized in rat. During the first week, cate- 
cholamine-containing unmyelinated sympathetic axons associate 
with gland primordia (Landis and Keefe, 1983). As the secretory 
coil is elaborated, the sympathetic plexus expands in concert. 
Concurrently, the plexus acquires ChAT, AChE, VIP, and cal- 
citonin gene-related peptide (CGRP) and catecholamines de- 
crease (Leblanc and Landis, 1986; Landis et al., 1988). Mouse 
sweat gland innervation is less well characterized. Adult gland 
innervation contains ChAT, AChE, and VIP (Rao et al., 1993; 
1994). Since treatment of neonatal mice, like neonatal rats, with 
the noradrenergic neurotoxin 6-hydroxydopamine results in the 
absence of cholinergic sympathetic innervation of sweat glands 
in adult mice, mouse gland innervation also appears to undergo 
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a developmental switch from noradrenergic to cholinergic (Yod- 
lowski et al., 1984; Rao et al., 1994). 

We found that sweat glands are not required for sympathetic 
axons to pathfind accurately to the presumptive target field. 
Since gland targeted axons reach the appropriate footpad region 
in the absence of forming glands, we assessed the target depen- 
dence of subsequent morphogenesis. While the presumptive 
gland innervation lingers in the target area for approximately 2 
weeks, it does not elaborate an extensive plexus nor undergo 
changes in neurotransmitter phenotype. 

Materials and Methods 
Ar~irrds. All mice were obtained from the Jackson Laboratory (Bar 
Harbor. ME). We outcrossed heterozygous t&hv (B6CBACa-A+A-Ta/ 
0) females (To/+) with BL57/6J males and then intercrossed the prog- 
eny to obtain a line with relatively high fertility. T&h? is an X-linked 
mutation and we analyzed both homozygous mutant females (TN/r(() 
and hemizygous mutant males (TcI/y). Littermate wild-type (+/+) mice 
served as controls. Examination of footpads from mutant and wild-type 
mice of the inbred tcthhv strain yielded similar results. In all cases, the 
two large interdigital hind footpads were examined. Footpads from 
twenty adult wild-type and tabby mice were examined as well as foot- 
pads from six wild-type and tabby mice at each developmental age. 

Hri,@r,fir/d n~icrosco/>~. Mice were killed by ether inhalation and 
perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.3, for IO min. The footpads were dissected and immersed 
in fixative containing 2% paraformaldehyde and 2% glutaraldehyde in 
0.1 M phosphate buffer for at least I d at 4°C. The tissue was rinsed in 
phosphate-buffered saline (PBS), pH 7.3, post fixed in 2% OsO,, stained 
with uranyl acetate, rinsed, dehydrated, and embedded in EPON resin 
(Polysciences, Warrentown PA). One micrometer plastic sections were 
stained with alcoholic toluidine blue. 

Hi.vroc~hrnristr~. Catecholamine-containing fibers were localized using 
glyoxylic acid (de La Torre, 1980). Mice were killed via ether inhalation 
and footpads were dissected and fror.en in Tissue Tek (Fisher, Pitts- 
burgh. PA). Ten micrometer cryostat sections were melted onto slides 
and dipped in a solution containing I % glyoxylic acid (Sigma, St. Lou- 
is, MO), 0.2 M potassium phosphate and 0.2 M sucrose, pH 7.4. The 
sections were dried in an air stream, heated to 95°C under mineral oil 
for 2.5 min, and then coverslipped. 

Acetylcholinesterase activity was localized using a modification of 
the Karnovsky-Roots procedure (Landis and Keefe, 1983). Ten micro- 
meter sections of fresh tissue were melted onto slides and fixed in 4% 
paraformaldehyde in 0. I M phosphate buffer, pH 7.3, for 5 min. Sections 
were rinsed with PBS and then incubated in a solution containing 2 mM 
acetylthiocholine iodide (Sigma), 66 mM maleic acid, 5 mM sodium 
citrate. 3 mM cupric sulfate, and IO mM tetraisopropyl pyrophosphor- 
amide (Sigma), which reduces nonspecific esterase activity. After 20 
min, potassium ferricyanide was added (incubation solution concentra- 
tion S mM) and the reaction continued for I3 hr. Sections were rinsed 
in PBS and the reaction product intensified with methylene blue, which 
also serves as a counterstain. The sections were then dehydrated and 
coverslipped with Permount. 

In~nr~rnolri.sroc~/zrrni.srr~. Mice were killed by ether inhalation and per- 
fused with 4% paraformaldehyde for IO min. Footpads were dissected 
and immersed in fixative for an additional hour at room temperature, 
rinsed in PBS, then equilibrated in 30% sucrose in 0.1 M phosphate 
buffer at 4°C. Ten micron cryostat sections were dried onto gelatin 
coated slides and rinsed in PBS. The sections were incubated for I hr 
at room temperature in dilution buffer containing 2% bovine serum 
albumin, 0.1% sodium azide, and 0.3% Triton X-100 in PBS. Sections 
were incubated with primary antiserum overnight, rinsed in PBS, and 
labeled with species specific secondary antisera conjugated to either 
fluorescein or rhodamine (Jackson Immunoresearch, West Grove, PA; 
Cappel, West Chester. PA) in dilution buffer with 5% rat serum for I 
hr. The labeled sections were rinsed and cover slipped with 50% glyc- 
erol in PBS. All antisera were diluted 1:300. Some sections were double 
labeled for tyrosine hydroxylase and NPY or tyrosine hydroxylase and 
VIP by using anti-tyrosine hydroxylase generated in rabbit and anti- 
peptide antisera generated in guinea pig. No secondary antiserum cross- 
reactivity was observed in the double label procedure. The rabbit anti- 
TH antiserum was purchased from Pel-Freez (Rogers, AR) and the 
CGRP antiserum from Amersham (Arlington Heights, IL). The guinea 

pig anti-VIP antiserum was generated against porcine VIP conjugated 
to PPD. Anti-NPY antiserum was generated in guinea pig against por- 
cine NPY conjugated to keyhole limpet hemocyanin. 

Results 

Developmerlt of jhtpuds in control und tubby nwtmt mice 

Most footpad development occurred postnatally. On the first 
postnatal day (PO), small buttons of raised epidermis were ev- 
ident in control mice. These elevations developed into mature 
pads during the first postnatal month. At PO-PI, shallow epi- 
dermal folds began to give rise to the sweat glands by growing 
down from the epidermis into the footpad core. By P4, discrete 
primordia were evident (Fig. la). Between P7 to IO, the devel- 
oping secretory tubules coiled to form glands (Fig. Ih). By Pl4, 
individual glands were surrounded by a connective tissue sheath. 
Secretory and myoepithelial cells could be distinguished in the 
secretory tubule and the lumen of each tubule was evident (Fig. 
Ic). At P7 and later, axon bundles containing sensory axons and 
associated Schwann cells were present in the connective tissue 
between the glands (Fig. lb,(.). In adult control footpads. sec- 
tions through the gland region revealed portions of the secretory 
coil characterized by a lumen ringed by densely stained gland 
cells (Fig. Id). Fascicles of axons, many of which were myelin- 
ated, were apparent in the center of the footpad. Numerous cap- 
illaries were present beneath the epidermis and interspersed 
among the secretory coils (Fig. Ic,d). 

While the external appearance of the developing footpads of 
rubby mutant mice superficially resembled that of wild type 
mice, the development of the internal tissue compartments dif- 
fered. The basal margin of the epidermis of tubby mutant foo- 
pads, like that of wild-type footpads, was infolded. Unlike the 
epidermal ridges which form gland primordia in wild-type mice. 
gland primordia do not form at the dermal/epidermal junction in 
footpads of tubby mutant mice (Fig. 1~). As the mutant mice 
matured, the pad continued to enlarge but gland secretory tu- 
bules were never detected (Fig. If’). When compared to footpads 
of control mice, the epidermis appeared thicker, and the papillary 
layer and hypodermal dense connective tissue more extensive in 
footpads of tubby mice. At 7 and I4 d, axon bundles containing 
sensory fibers were evident in the central region of the rubbj 
footpad as in wild-type footpads (Fig. 1,fi.q). In adult rubty mu- 
tants, fascicles of myelinated sensory axons and small blood 
vessels were present in the subcutaneous tissue of the footpad 
(Fig. 117). 

Development qf ,fiwtpud innervation in rwrrntrl und t&b> 
mutunt footpuds 

Approximately 2 d after birth, catecholamine-containing fibers 
appeared in peripheral nerves and associated with blood vessels 
at the base of the footpads of wild type mice. Between P4-PS, 
catecholaminergic fibers grew into the pad proper to associate 
with the gland primordia that had already grown into the central 
region of the pad (Fig. 2r~). At the earliest stages of innervation, 
only a few, unbranched fibers were detected in the target field 
in each tissue section. From P7 to 14, a dense fluorescent plexus 
was elaborated around the developing glands (Fig. 2h). During 
the third postnatal week, although an extensive axonal plexus 
could be detected in association with glands, catecholamine flu- 
orescence decreased in intensity and progressively fewer gland 
associated fibers were reactive (Fig. 2~). In contrast, throughout 
development the fluorescence intensity of fibers associated with 
the blood vessels at base of the pad remained robust. 
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Figure 1. Footpad development in wild-type and rubby mutant mice. a-d are photomicrographs from wild-type footpads while e-h are from tabby 
footpads. a, In P4 wild-type footpads, sweat gland primordia (arrowhead) have begun to extend from the epidermis toward the pad core. e, In 
contrast, although the epidermis of tubby mutant footpads, like that of wild type footpads, has infoldings (arrowhead), these do not extend into 
the underlying dermis or differentiate into gland tissue. b, At P7 in wild-type mice, the forming sweat glands, one of which is indicated by small 
arrows, occupy the central region of the footpad. The epidermal origin of a secretory tubule is indicated by an arrowhead. Bundles containing 
sensory axons (large arrow) are present between the forming glands. The sensory origin of these fibers is confirmed by their presence in sympath- 
etomized animals. (f) At P7, the footpads of rubby mutant mice are devoid of gland anlage. Axon bundles (arrow) are seen in the central region 
of the pad. The epidermis is folded as in wild-type footpads (arrowhead). c, By Pl4, the secretory tubules of wild-type mice are tightly coiled and 
the lumen of each is patent (arrowhead). One gland is outlined by small arrows. Bundles of myelinated sensory axons are evident, adjacent to the 
glands (arrow). Dense connective tissue, d, separates the epidermis from the subcutaneous tissue of the pad core. g, Although the footpads of tabby 
mutant mice are similar in size to those of wild-type mice at P14, they lack glands. The arrow indicates a bundle of myelinated sensory axons. 
Since the footpads are devoid of glands, the axon bundles are more obvious than in control footpads. Dense connective tissue, d, separates the 
epidermis from the subcutaneous tissue of the pad core. d, At higher magnification, gland tubules (arrowhead) and small blood vessels (asterisk) 
are evident in wild-type pads at P17. A fascicle containing myelinated and umyelinated sensory axons is indicated by the arrow. h, Tabby mutant 
pads at PI 7 also contain fascicles with myelinated axons (arrow). Small blood vessels are present (asterisk) while gland tubules are not absent. All 
figures are I p,rn plastic sections stained with toluidine blue. In all figures, e indicates the epidermis. Scale bar in e, 20 pm; a, d, e, and h are the 
same magnification. Scale bar inA 40 urn; b, c, j and g are the same magnification. 
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Figure 2. Development of catecholamine histofluorescence. All figures are oriented as in Figure 1 so that the epidermis is at the top of the 
micrograph and the base of the footpad is at the bottom of the micrograph. a, In control footpads at P4, fluorescent fibers are present around the 
gland anlage (asterisk). b, At PlO, brightly fluorescent fibers are associated with the forming secretory coils (asferisk). c, At P14, catecholamine 
fluorescence is significantly decreased in fibers associated with the glands. The epidermis is not included in this micrograph. d and e, In footpads 
of P4 tubby mutant mice, catecholamine fluorescent fibers are present in bundles at the base of the footpad (arrow) and extend up into the central 
core of the pad. f,  At PIO, a sparse plexus of catecholaminergic fibers is present in the region of the footpad in which glands should have developed. 
g, At P14, virtually all catecholamine fluorescence has disappeared and only faint, usually solitary fibers are seen at the base of the footpad (arrow). 
Glyoxylic acid induced fluorescence was visualized in 10 pm frozen sections. In all figures, e indicates the epidermis. Scale bar in g, 40 pm; all 
micrographs are the same magnification. 

Catecholamine-containing fibers also appeared in the footpads 
of tabby mutant mice around postnatal day 2. As in wild-type 
mice, the fluorescent fibers were present in peripheral nerves 
and associated with large blood vessels at the base of the pad. 
Between P4 and 5, catecholaminergic fibers appeared in the re- 
gion of the footpad that in normal mice is occupied by devel- 
oping sweat glands (Fig. 2d). The density of innervation was 
similar to that in control mice when the glands and fibers ini- 
tially come in contact. Typically, a few moderately branched 
fibers were detected in each section of the central aspect of the 

pad (Fig. 2d,e). Between 4 and 14 d, with only rare exceptions, 
these fibers were restricted to the core of the pad: despite the 
absence of their normal target tissue, they did not innervate the 
most distal portions of the pad at the junction between the der- 
mis and epidermis nor were any seen to penetrate into the epi- 
dermis (Fig. 2d-f). The catecholamine-containing fibers did not 
branch extensively and the plexus that they formed was sparse 
in comparison to the rapidly expanding plexus of normal mice 
(Fig. ;?f). At P14, only solitary fluorescent fibers were seen (Fig. 
2g) and by P21, fluorescent fibers were not detected in the pre- 
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sumptive gland region. As in wild-type mice, catecholamine his- 
tofluorescence was robust in the innervation of the blood vessels 
subjacent to the gland target field throughout development. 

The development of the sympathetic footpad innervation was 
also assayed by immunocytochemical localization of tyrosine 
hydroxylase, the rate-limiting enzyme in catecholamine synthe- 
sis. The initial development of tyrosine hydroxylase immuno- 
reactivity paralleled that of catecholamine histofluorescence for 
both wild-type and tubby mutant mice. At Pl-2, in both tabby 
and wild-type mice,immunoreactive axons were present in the 
base of the footpad in nerve bundles and associated with arteries 
.and arterioles in the central region of footpad. The blood vessel 
innervation sometimes contained immunoreactivity for neuro- 
peptide Y (NPY). In control mice, by P4-5 tyrosine hydroxylase 
immunoreactive fibers were associated with the presumptive 
sweat glands in the central region of the pad. During the next 2 
weeks, this plexus increased in density and immunofluorescence 
intensity as the glands and their innervation matured (Fig. 3a,c). 
In contrast to sympathetic axons associated with blood vessels, 
those that innervate the developing glands always lacked de- 
tectable NPY immunoreactivity (Fig. 4a,b). While catechol- 
amine fluorescence disappeared from the gland innervation by 
P2 1, there was little or no diminution in the intensity of tyrosine 
hydroxylase immunoreactivity.Expression of tyrosine hydroxy- 
lase immunoreactivity in the absence of catecholamines has been 
reported in a variety of other neurons in both the peripheral and 
central nervous system (Landis et al., 1987; Kitahama et al., 
1990; Nagatsu et al., 1990; see discussion in Rao et al., 1994). 

From P2 to P14, the footpads of tubby mutant mice also con- 
tained tyrosine hydroxylase immunoreactive, NPY-negative fi- 
bers (Figs. 3e,g, 4c,d). Many of these fibers were not associated 
with blood vessels but were typically observed in the central 
portion of the pad. Tyrosine hydroxylase containing fibers were 
detected very infrequently near the dermal/epidermal boundary. 
During this period, the TH positive innervation of the presump- 
tive gland target region in tabby mutant footpads was very 
sparse, resembling that of control footpads just as the gland pri- 
mordia have begun to invade the central region of the footpad. 
Near the end of the second postnatal week, the nonvascular ty- 
rosine hydroxylase immunoreactivity had largely disappeared 
while the tyrosine hydroxylase and NPY immunoreactive fibers 
innervating the vasculature remained. Since tyrosine hydroxy- 
lase immunoreactivity is normally maintained by the adult sweat 
gland innervation in mice, the disappearance of tyrosine hydox- 
ylase from the footpads of tubby mice provides evidence that 
the gland-targeted sympathetic fibers have been lost. 

During development, the sympathetic innervation of sweat 
glands, but not of blood vessels, acquires VIP immunoreactivity 
and acetylcholinesterase activity. During the second postnatal 
week, the gland innervation of wild-type mice became VIP im- 
munoreactive (Fig. 3b,d). In double label studies, the distribu- 
tion of the VIP-immunoreactive fibers overlapped with that of 
tyrosine hydroxylase immunoreactive fibers. The intensity of 
VIP staining in the sweat gland innervation increased during the 
third postnatal week. In contrast, sympathetic fibers innervating 
blood vessels in the pad were never VIP immunoreactive. The 
gland associated sympathetic innervation also developed AChE 
activity. During the second postnatal week, AChE positive fibers 
became evident between the coils of the gland secretory tubule 
(Fig. 5). In marked contrast to the acquisition of VIP immuno- 
reactivity and AChE activity by the developing sweat gland in- 
nervation of wild-type mice, no VIP immunoreactive or AChE 

positive fibers were detected in the footpads of developing tabby 
mutant mice. (Figs. 3jh, 5). 

In addition to sympathetic innervation, mouse footpads are 
also innervated by sensory fibers some of which are immuno- 
reactive for CGRP (Rao et al., 1994). In both tabby mutant and 
control mice, a few CGRP containing fibers were typically pres- 
ent in footpads at Pl. During the first two postnatal weeks, the 
extent of sensory innervation increases significantly. At P17 in 
control mice, the CGRP fibers were seen extending through the 
gland field and innervating the dermal/epidermal junction 
around the periphery of the footpad (Fig. 6a). Fine, individual 
fibers extended deep into the epidermal folds where the staining 
often appeared punctate. In footpads of tabby mice, CGRP fibers 
were also seen traversing the central region of the footpad and 
extending to the epidermal folds at the pad margin at P17 (Fig. 
6b). As in control mice, immunoreactive fascicles in the pad 
core were thick, while distal fibers associated with the skin were 
more delicate and appeared beaded. In both control and tabby 
mutant footpads, the bundles of sensory fibers revealed by 
CGRP immunoreactivity correspond to the axon fascicles evi- 
dent in plastic sections (Fig. 1). The presence of sensory axons, 
some of which are visualized as CGRP-immunoreactive fibers 
and axon fascicles in plastic sections, precluded the use of a 
pan-axonal marker to identify sympathetic fibers in adult tabby 
footpads. 

Discussion 

Analysis of tabby footpads reveals that sympathetic axons tran- 
siently innervate the area in which sweat glands would have 
formed. The nonvascular catecholaminergic innervation of foot- 
pads is initially sparse in both wild-type and tabby footpads. 
Normally, the gland-associated fibers ramify extensively in con- 
junction with sweat gland morphogenesis and undergo a switch 
in transmitter phenotype. While sympathetic fibers are present 
in the presumptive gland target field in tubby footpads during 
the first two postnatal weeks, the axonal plexus fails to expand 
and the axons retain catecholamines and do not acquire AChE 
or VIP Since tyrosine hydroxylase immunoreactivity and cate- 
cholamines remain in association with blood vessels, tabby does 
not affect sympathetic neurons directly. 

Our observations indicate that developing sweat gland inner- 
vation is not dependent upon the presence of gland primordia to 
navigate precisely to its target field. In control mice, nascent 
glands begin to extend into the footpad core to form the target 
field as sympathetic axons arrive at the footpad base. In tabby, 
sympathetic axons invade the central region of the pad despite 
the absence of developing glands. How sympathetic axons des- 
tined to innervate sweat glands pathfind to the footpad and then 
invade it is unclear. Since sensory axons precede sympathetic 
axons to the footpad (unpublished observations), sympathetic 
axons may follow them in peripheral nerves as muscle sensory 
axons have been proposed to follow motoneuron axons (Honig 
et al., 1986; Landmesser and Honig, 1986). Once sympathetic 
axons arrive at the footpad base, however, they follow a trajec- 
tory distinct from that of sensory axons, stopping mid-pad rather 
than projecting to the dermal/epidermal border. 

Despite the absence of their normal target tissue, gland-tar- 
geted sympathetic axons do not invade the target fields of sen- 
sory fibers at the footpad margin nor do they associate with 
blood vessel targets of noradrenergic sympathetic fibers. In adult 
rodents, substance P and CGRP-immunoreactive sensory axons 
form a plexus at the boundary between the epidermis and dermis 
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Figure 3. Colocalization of tyrosine hydroxylase and VIP immunoreactivity. a, At P7, the developing innervation of sweat glands in the footpads 
of wild-type mice contains immunoreactivity for tyrosine hydroxylase. 6, VIP immunoreactivity is undetectable in the same section c, At P14, the 
sweat gland innervation in footpads of control mice is strongly immunoreactive for tyrosine hydroxylase, d, The same axons contain immunoreac- 
tivity for VIP The VIP irnmunotluorescence appears more granular than that of tyrosine hydroxylase, presumably because the neuropeptide is 
present in dense core vesicles while the synthetic enzyme is cytoplasmic. e, At P7: the presumptive. gland region of tubby mutant mouse footpads 
contains tryosine hydroxylase immunoreactive fibers. J, No VIP immunoreactivity is detectable. 8: At P14, tyrosine hydroxylase immunoreactive 
fibers in the footpads of tabby mutant mice are reduced in number and in fluorescence intensity~ h, In contrast to the tyrosine hydroxylase fibers 
innervating sweat glands in the footpads of control mice, those in the footpads of tabby mutant mice do no contain detectable VIP Ten micrometer 
frozen sections through the central region of the footpad were stained with rabbit anti-tyrosine hydroxylase and guinea pig anti-VIP and species 
specific secondary antisera conjugated to different fluorochromes. Scale bar in h: 40 pm; all photomicrographs are the same magnification 
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Figure 4. Colocalization of tyrosine hydroxylase and NPY immunoreactivity. In these micrographs, the base of the footpad is to the left and the 
central region is to the right. The epidermis is not included. a. At P14 in control mouse footpad.s, tyrosine hydroxylase immunoreactive fibers are 
associated with both sweat glands (asterisk) and blood vessels (arrow). b, The blood vessel sympathetic innervation contains NPY immunoreactivity 
while the sweat gland innervation does not. c, In footpads of P14 tubby mutant mice, tyrosine hydroxylase immunoreactive axons are associated 
with blood vessels (arrow) and are present in nerve bundles at the base of the footpad (arrowhead). d; As in control mice, the blood vessel 
innervation in tubby footpads contains immunoreactivity for NPY. Sympathetic axons in the region where glands would normally form lack NPY 
immunoreactivity. This particular field has an unusually large number tyrosine hydroxylase immunoreactive fibers remaining. Ten micrometer frozen 
sections were stained with rabbit anti-tyrosine hydroxylase and guinea pig anti-NPY and species specific secondary antisera conjugated to different 
fluorochromes. Scale bar in d, 40 pm; all micrographs are the same magnification, 

Figure 5. Development of AChE. 
The figures are oriented as in Figure 1 
so that the epidermis is at the top of the 
micrograph and the base of the footpad 
is at the bottom of the micrograph a, 
At PI4 the footpads of wild-type mice 
possess darkly stained AChE positive 
fibers (arrow) interdigitated with the 
developing secretory coils. b, At P14, 
no AChE positive fibers are evident in 
the footpads of tabby mutant mice. The 
discontinuous speckles evident in this 
photomicrograph are processes of mel- 

t 
anocytes present in the dermis. Ten mi- 
crometer frozen sections were reacted 
for AChE and the reaction product in- 

L tensified with methylene blue which 
also lightly counterstains the epidermis 

b a and sweat glands. In both micrographs, 
4, e indicates the epidermis. Scale bar in 

b, 40 pm; all micrographs are the same 
magnification” 
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Figure 6. CGRP immunoreactivity in 
sensory innervation in footpads. The 
figures are oriented as in Figure 1 so 
that the epidermis is at the top of the 
micrograph and the base of the footpad 
is at the bottom of the micrograph. a, 
CGRP immunoreactive sensory fibers 
are present in the footpads of control 
mice at P17. Thick fascicles containing 
CGRP-immunoreactive fibers are pres- 
ent in the base of the footpad (arrow). 
Asterisk indicates gland region. Fibers 
associated with the dermis/epidermis 
iunction are fine and punctate (arrow- 
iead). b, At P17 in- tubby mutants, 
large CGRP-immunoreactive fascicles 
traierse the presumptive sweat gland 
target field (arrow). Very fine, often 
punctate fibers are associated with the 
epidemxxl folds at the margin of the pad 
(arrowhead). In both micrograpphs, e 
indicates the epidermis. Scale bar in b, 
40 pm; both micrographs are the same 
magnification. 

(Kruger et al., 1989; Rao et al., 1994) and sensory terminals are 
present in this region before sympathetic axons invade the pad 
(unpublished observations). Since the epidermis and dermis of 
other skin regions contain NGF shortly after sensory axons reach 
them (Davies et al., 1987; Schecterson and Bothwell, 1992), it 
seems likely that early postnatal footpad skin also contains NGE 
Therefore while one might have expected that gland-targeted 
sympathetic axons would continue to grow toward the epidermis 
when they fail to encounter their normal target tissue, only very 
rarely did they. Insufficient NGF may be present in skin to at- 
tract sympathetic axons due to removal by earlier arriving sen- 
sory neurons. Sympathetic fibers do invade the footpad margin, 
however, when epidermal NGF overexpression is driven by a 
keratin promoter (Guidry et al., 1994). Thus, there may be a 
threshold for an NGF tropic effect. Two factors in addition to 
NGF could contribute to such a threshold. First, the dense con- 
nective tissue immediately distal to the region where glands 
form may be a barrier to sympathetic axon growth. Second, the 
dermal-epidermal junction may not support sympathetic axons 
which penetrate the dense connective tissue. Consistent with this 
possibility, cultured epidermal cells cause sympathetic, but not 
sensory, growth cones to collapse (Vos et al., 1991). Since the 
catecholaminergic sympathetic plexus around blood vessels in 
tubby footpads is normal, gland-targeted sympathetic axons do 
not appear to associate with vasculature. Thus, restriction of 
sympathetic fibers to their appropriate domain, glands or vas- 
culature, is finely regulated. 

Although sympathetic fibers pathfind to the region of tubby 

footpads where glands normally develop, shortly after arrival the 
axonal arborization in mutant footpads becomes distinguishable 
from control. Normally, innervation density increases rapidly as 
gland primordia form secretory coils. Plexus expansion occurs 
even though sympathetic terminals never contact gland cells di- 
rectly (Landis and Keefe, 1983), suggesting that diffusible tro- 
phic substances are involved. NGF is a candidate for plexus 
induction. The developing sweat gland innervation is NGF de- 
pendent (Landis et al., 1985; Hill et al., 1988), and in other 

tissues, sympathetic innervation density is correlated with NGF 
mRNA and protein (Korsching and Thoenen, 1983; Shelton and 
Reichardt, 1984). Several lines of evidence suggest that NGF 
influences sympathetic axon branching. In culture, local NGF 
concentrations influence neurite growth (Campenot, 1977). The 
increased number of sympathetic axons in nerves of transgenic 
mice in which NGF expression is driven by the dopamine+ 
hydroxylase promoter has been attributed to branching elicited 
by high local NGF concentrations (Hoyle et al., 1993). NGF 
ectopically produced by pancreatic beta cells under control of 
the insulin promoter significantly increases sympathetic inner- 
vation of islets (Edwards et al., 1989) and NGF overexpressed 
under the control of a keratin promoter increases sympathetic 
innervation of hairy skin (Albers et al., 1994). 

The fate of the gland-targeted innervation in tubby mice is 
unclear. Since tyrosine hydroxylase is maintained by mouse 
sweat gland innervation after catecholamines disappear, it is a 
marker for sympathetic gland innervation in adulthood. In con- 
trast to wild-type mice, tyrosine hydroxylase disappears from 
tabby footpads by P20. While it seems most likely that without 
target-derived trophic factor the neurons of origin degenerate, 
we can not exclude the possibility that the axons have withdrawn 
from the footpad and/or established collaterals outside the foot- 
pads which sustain them. It is surprising that axons remain in 
the presumptive target area for so long, given the absence of 
their normal target and the failure of sympathetic axons to as- 
sociate with the epidermis. In the early postnatal period, sym- 
pathetic neurons require NGF for survival. Anti-NGF treatment 
causes the death of virtually all sympathetic neurons (Levi-Mon- 
talcini and Booker, 1960; Gorin and Johnson, 1979, 1980). Cul- 
tured neonatal sympathetic neurons die within 24 hr without 
exogenous NGF (Chun and Patterson, 1977) and neonatal neu- 
rons grown for 1 week with exogenous NGF die within 48 hours 
of NGF withdrawal (Martin et al., 1988). In contrast, sympa- 
thetic axons remain in tabby footpads for almost 2 weeks, sug- 
gesting they are trophic factor independent for a longer period 
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of time than previously thought or there is an alternative local 
source that eventually proves insufficient. 

The observation that sympathetic axons in tabby footpads do 
not alter their transmitter properties before they disappear is con- 
sistent with previous findings suggesting that sweat glands pro- 
vide a retrograde instructive signal (Schotzinger and Landis, 
1988, 1990). When sweat gland primorida are replaced with pa- 
rotid gland, a noradrenergic target, the presumptive sweat gland 
innervation remains catecholaminergic. Evidence for an induc- 
tive role of sweat glands was obtained when gland primordia 
transplanted to hairy skin caused noradrenergic sympathetic in- 
nervation to lose catecholamines and become cholinergic and 
peptidergic. We could not exclude the possibility that parotid 
gland inhibited an intrinsically regulated transmitter switch. In 
the present studies, we found that sympathetic axons containing 
catecholamines and lacking AChE and VIP are still present in 
tabby footpads between PI0 and P14, when catecholamines de- 
cline and AChE and VIP appear in wild-type footpads. Since 
ChAT activity is barely detectable in wild-type mouse footpads 
at P12 when sympathetic axons remain in tabby footpads, we 
could not determine whether the induction of this property was 
also affected. Thus, the gland-targeted innervation does not ap- 
pear to alter most, and possibly all, its neurotransmitter prop- 
erties in the absence of sweat glands. Since the remaining foot- 
pad tissues appear normal, these findings identify sweat glands 
as the source for the differentiation factor in footpads, consistent 
with reduced cholinergic inducing activity in tabby footpads and 
the production of cholinergic differentiation activity by cultured 
sweat gland cells (Habecker and Landis, 1994; Habecker et al., 
1995). 

Many aspects of sympathetic neuron development are depen- 
dent upon interactions with target tissues. As summarized above, 
sympathetic neuron survival requires target-derived trophic fac- 
tors (Thoenen and Barde, 1980; Levi-Montalcini, 1987). Cell 
body and dendritic arbor size is influenced by the size of the 
target field (Voyvodic, 1987, 1989) and elaboration of an axonal 
plexus requires the presence of a target. Finally, the complement 
of neurotransmitters and neuropeptides expressed by sympa- 
thetic neurons is determined by the target tissues they innervate 
(Schotzinger and Landis, 1988, 1990; Tyrrell and Landis, 1994). 
The present finding that sympathetic axons pathfind accurately 
to the target field in the absence of a target provides a striking 
example of target-independent development. 
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