Dependence on p75 for Innervation of
Some Sympathetic Targets
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The low-affinity neurotrophin receptor p75 binds all neurotrophins with similar affinity. For
elucidation of its function, mice bearing a null mutation in the p75 locus were generated.
Examination of sympathetic innervation of target tissues revealed that pineal glands
lacked innervation and sweat gland innervation was absent or reduced in particular
footpads. The absence of adult innervation reflects the failure of axons to reach these
targets during development rather than a target deficit. These results indicate that p75
facilitates development of specific populations of sympathetic neurons, for which it may

support axon growth.

Members of the neurotrophin family, such as
nerve growth factor (NGF), brain-derived
neurotrophic factor, neurotrophin-3 (NT-3),
NT-4, and NT-5, have diverse effects on
distinct populations of developing neurons,
such as promoting survival and axon growth
(1). Neurotrophins bind two classes of recep-
tors: tyrosine receptor kinases (trkA, trkB,
and trkC) and p75 (2). The trks contribute to
high-affinity binding, can subserve signal
transduction, and appear to mediate the bio-
logical actions of neurotrophins. In contrast,
the role of p75, which was first identified as
the low-affinity receptor for NGF, is incom-
pletely understood. Although p75 was initial-
ly assumed to participate in forming the func-
tional NGF receptor, p75 does not appear to
be required for neurotrophin signal transduc-
tion, though it may alter the binding affinity
of trkA for NGF (2). Finally, during develop-
ment, p75, but not trkA, is widely expressed
by nonneuronal peripheral tissues, including
Schwann cells.

To elucidate the role of p75 in neural
development, we studied mice carrying a null
mutation in the p75 locus (3). The sensory
ganglia of these mice are smaller, and the
mice exhibit decreased pain sensitivity and
cutaneous innervation. In contrast, the supe-
rior cervical ganglia (SCG) and stellate gan-
glia appear normal in size, and sympathetic
innervation of the iris and salivary glands,
targets of the SCG, is not affected (3). These
results were surprising because they suggested
that p75 was required for development of one
population of NGF-dependent neurons—cu-
taneous sensory neurons—but not for anoth-
er, sympathetic neurons.

To determine whether the p75 mutation
affected the development of any sympathetic
neurons, we examined additional target tis-
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sues. Whereas sympathetic innervation of
many tissues, including hairy skin, the thy-
mus, heart, lung, spleen, kidney, vas defer-
ens, iris, and salivary glands, appeared quali-
tatively normal, there were striking abnormal-
ities in two targets—the pineal gland and the
sweat glands. In adult wild-type mice, the
pineal gland, which receives catecholaminer-
gic innervation from the SCG, contained
numerous tyrosine hydroxylase—immunoreac-
tive (TH-IR) fibers (Fig. 1A). In contrast,
pineal glands of p75-deficient animals con-
tained few TH-IR fibers (Fig. 1B). The TH-

Fig. 1. Pineal glands of p75-
deficient mice lack sympa-
thetic innervation. Pineal
glands from wild-type (A, C,
E, and G) and p75-deficient
(B, D, and F) mice were
examined (16, 17). Pineal
glands of adult wild-type
mice contain TH-IR fibers
(A, arrows), in contrast to-
those of p75-deficient mice.
Arrow in (B) indicates occa-
sional TH-IR fibers. Pineal
glands of P4 wild-type mice
possess a sparse plexus of
TH-IR fibers (C, arrow). The
TH-IR fibers are absent from
pineal glands of P4 p75-
deficient mice (D). Plastic
sections of P4 wild-type (E)
and p75-deficient (F) pineal
glands revealed no dif-
ferences. In both, large dif-
ferentiated pinealocytes (as-
terisks) and small darkly
stained cells (arrows) were
present. In the pineal gland,
p75 immunoreactivity is as-
sociated with thick fibers
(whose distribution resem-
bles that of TH-IR fibers) but
not with pinealocytes (G).
Scale bar: (A), (B), and (G),
25 um; (C) and (D), 20 pm;
(E) and (F), 10 pm.
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IR fibers in pineal glands of wild-type mice
were thick and intensely immunoreactive, but
fibers in pineal glands of p75-deficient mice
were thin and moderately immunofluores-
cent. These axons may be central and not
sympathetic in origin (4). As was consistent
with the absence of TH-IR fibers, no cate-
cholamine-containing fibers or vesicle-filled
axonal varicosities were observed in pineal
glands of p75-deficient mice, whereas both
were common in wild-type mice. Sympathetic
axons were also not detected in pineal glands
and sweat glands when stained for L1, a cell
adhesion molecule that does not depend on
transmitter function (5). Pineal glands in
p75-deficient mice were smaller than those in
wild-type mice. This difference could reflect
the lack of an anterograde trophic effect nor-
mally exerted by sympathetic innervation (6).

Sympathetic innervation of sweat glands
was also affected. Because cholinergic sympa-
thetic innervation induces and maintains se-
cretory responsiveness, sweat secretion is a
reliable indicator of innervation (7). When
sweating was assayed in p75-deficient mice, a
subset of footpads exhibited substantially re-
duced responses. Pilocarpine activated many
glands on medial and lateral interdigital hind
footpads of wild-type mice (Fig. 2A). In
p75-deficient mice, however, the medial in-
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terdigital pad possessed a normal complement
of active glands but the lateral pad did not. In

some mice, a small number of glands was
activated (Fig. 2B); in others, none were. The

Fig. 2. Sweat glands in adja-
cent footpads of p75-defi-
cient mice differ in sympa-
thetic innervation. When ago-
nist-evoked sweating was as-
sayed (18), all pads of wild-
type mice possessed active
glands, whereas specific
pads of p75-deficient mice
showed reduced or absent
sweating. (A) (control) and
(B) (p75-deficient) are photo-
micrographs of molds of the
two interdigital footpads after
stimulation. Each spot repre-
sents a sweat droplet from a
single gland. Twenty-three

glands were active in the lateral (l) pad of the wild-type mouse (A)
but only eight in the p75-deficient pad (B). In several cases, no
glands were activated. In contrast, gland activation was normal in
the medial (m) pad of p75-deficient mice. In wild-type footpads,
VIP-IR fibers are associated with each gland (C). In medial
interdigital footpads of p75-deficient mice, VIP-IR fibers are pre-
sent (D), but they are absent from lateral interdigital footpads (E).
Scale bar: (A) and (B), 1 mm; (C), (D), and (E), 25 pm.

Fig. 3. Neurite extension is
indistinguishable when SCG
are co-cultured with pineal
gland cells from wild-type
and p75-deficient mice. Wild-
type SCG (g) from P4 mice
were grown in collagen gels
with pineal gland (p) from ei-
ther adult wild-type (A) or
adult p75-deficient (B) mice
(79). In both, pineal gland

difference in secretory responsiveness correlat-
ed with a difference in innervation. Vasoac-
tive intestinal peptide (VIP), a neuropeptide
in sweat gland fibers (8), was present in both

elicited robust, directed neurite extension (arrows). Scale bar: 150 um.

Flg. 4. Deficiency in p75 al-
ters development of sweat
gland innervation. At P4,
TH-IR fibers have associat-
ed with glands forming in
the interdigital footpads of
wild-type mice (A). Their
distribution partially over-
laps with p75 in the gland
region (B, asterisk). p75 is
also present in nerve bun-
dles (large arrows) that ex-
tend through the dermis to
the epidermis and have the
same distribution as senso-
ry fibers (3) as well as at the
interface between the der-
mis and epidermis (small ar-
rows). In p75-deficient mice
at P4, TH-IR axons are pres-
ent in medial (C) but not
lateral (D) footpads, which
presages the difference in

adult innervation. Each micrograph is oriented with epidermis up and sweat gland primordia down.
Small arrows (D) indicate the border between epidermis and dermis. Scale bar: 25 pm.
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interdigital footpads of wild-type mice (Fig.
2C) and in medial (Fig. 2D), but not lateral
(Fig. 2E), footpads of p75-deficient mice. All
seven animals showed deficits in this footpad.

The absence of innervation in pineal
glands and lateral footpads of adult p75-defi-
cient mice could reflect either the failure of
these targets to be innervated during develop-
ment or successful innervation during devel-
opment, followed by loss. We therefore ex-
amined pineal glands and sweat glands at
postnatal day 4 (P4), when innervation is
beginning (9, 10). At P4, pineal glands of
wild-type mice contained TH-IR fibers (Fig.
1C) but pineal glands of p75-deficient mice
did not (Fig. 1D), even though the cytology
of pineal glands of wild-type (Fig. 1E) and
p75-deficient (Fig. 1F) mice was similar. To
determine how the absence of p75 contributes
to failed innervation, we examined its local-
ization in P4 wild-type pineal glands. We
found that p75 was not associated with pine-
alocytes but with nerves whose distribution
resembled that of the TH-IR terminals (Fig.
1G), which suggests a direct effect on growing
axons.

To determine whether failure of pineal
innervation reflected the inability of p75-
deficient pineal glands to exert a tropic effect,
we tested their ability to elicit neurite out-
growth from SCG. We observed no difference
in directed outgrowth from SCG of mice at P3
when co-cultured with pineal glands from
adult p75-deficient mice or from wild-type
mice (Fig. 3). Similarly, no difference was
observed in neurite outgrowth from p75-defi-
cient SCG or wild-type SCG when elicited by
wild-type pineal glands. Thus, failure of in-
nervation is not caused by a lack of tropic
influence from the pineal gland or of SCG
responsiveness.

The absence of sympathetic innervation in
sweat glands of lateral footpads of adult p75-
deficient mice also resulted from failure of
innervation during development. At P4, TH-
IR fibers were associated with developing
glands in the interdigital footpads of wild-type
mice (Fig. 4A) and in the medial interdigital
footpad of p75-deficient mice (Fig. 4C) and
were positive for p75 (Fig. 4B). However,
TH-IR fibers were absent from the lateral
footpad (Fig. 4D).

The failure of innervation in p75-deficient
animals is not the consequence of a direct
deleterious effect on target tissue develop-
ment. Pinealocytes do not express p75, the
cytology of p75-deficient pineal glands is nor-
mal, and pineal glands from p75-deficient
mice elicit neurite outgrowth. Because sweat
glands in most footpads are innervated, their
development is not perturbed by the loss of
p75. Further, sympathetic axons that succeed
in innervating sweat glands undergo the tar-
get-directed switch from noradrenergic to
cholinergic (10).

We suggest that p75 supports the growth of



axons toward their targets. p75 is found not
only on axons but also on pathways along
which axons grow (11), including Schwann
cells, where it could sequester and present
neurotrophins to growing axons (I12). The
specificity of the lesion could arise from devel-
opmental differences bétween the abnormally
innervated pineal and sweat glands and the
other, normally innervated, sympathetic tar-
gets. The pineal gland and footpads are rela-
tively distant from the ganglia and are
not innervated until after birth (9, 10), in
contrast to the heart, salivary glands, and
iris, which are innervated prenatally (13).
This may account for the absence of pineal
gland innervation in p75-deficient mice, but
it is less easy to explain why sweat glands in
adjacent footpads are innervated differently.
Sympathetic innervation to the hind footpads
originates from distinct distal branches of the
sciatic nerve (7): The medial footpad is inner-
vated predominantly by the medial plantar
nerve, whereas the lateral pad is innervated
predominantly by the lateral plantar nerve.
Thus, successful innervation in p75-deficient
mice is correlated with one nerve and unsuc-
cessful innervation with another.

How p75 functions to support axon growth
remains uynclear. It could guide sympathetic
axons. If all sympathetic neurons, however,
use- similar pathfinding mechanisms to reach

their targets, the selective effect of the p75

mutation argues for p75 homologs that are
differentially expressed in subsets of neurons,
Schwann cells, or targets and that com-
pensate for the lack of p75. Alternatively,
p75, by sequestering and presenting NGF,
could provide trophic support for neurons
as they extend axons to targets. Finally,
p75 may increase NGF sensitivity either
independently or in concert with trkA
(14). Consistent with this hypothesis,
SCG neuron survival from p75-deficient
mice at P3 is normal at saturating levels of
NGF, but survival is reduced at subsatu-
rating levels (15). If the concentration of
NGF produced by Schwann cells and fi-
broblasts along axonal pathways is limit-
ing, then by sequestering and presenting
NGF or by increasing sensitivity to NGF
(or both), p75 would contribute to neu-
ronal survival. Accordingly, late-growing
neurons with distant targets, such as pine-
al and sweat glands, would be uniquely
affected.
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Autonomy and Nonautonomy in Cell Fate
Specification of Muscle in the Caenorhabditis
elegans Embryo: A Reciprocal Induction

Ralf Schnabel

EMS, a blastomere of the Caenorhabditis elegans embryo, produces body wall muscle
cell-autonomously in isolation. Within the embryonic context, however, the specification of
body wall muscle derived from EMS depends on inductive interactions between its daugh-
ter MS and ABa descendants that are required to overcome inhibitory interactions with
other cells. The inductive events between the MS and ABa descendants are reciprocal,
specifying subsequent fates in both lineages. Both induction events are blocked by mu-
tations in the gene glp-1, known to encode a Notch-like transmembrane receptor protein.

Several criteria are used in developmental
biology to determine the mechanisms by
which cells become committed to a fate. If
cells in isolation from the embryo do not
acquire the fate expected from the fate map, it
is assumed that the normal fate of these cells is
specified nonautonomously by means of an
induction from other cells. If the cells acquire
the fate expected from the fate map in isola-
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tion from the embryo, they are considered
autonomously specified. Classical develop-
mental biology introduced another criterion
to distinguish the state of specification of cells.
When grafted to ectopic positions in the
embryo, only cells that are not reprogrammed
to follow a new fate reflecting their new
position in the embryo are considered to be
terminally determined. The biological mean-
ing of this test, however, remains obscure
when the fate of cells can be changed even
though they are already restricted to their
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