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Adult sensory neurons differ chemically, morphologically, and
functionally, but the factors that generate their diversity remain
unclear. For example, neuropeptides are generally found in
small neurons, whereas abundant neurofilament is common in
large neurons. Neurons containing the neuropeptides calcitonin
gene-related peptide (CGRP) or substance P were quantified
using immunohistochemistry in rat lumbar dorsal root ganglion
(DRG) at times before and after sensory neurons contact cen-
tral and peripheral targets in vivo. No neurons in the newly
formed DRG expressed neuropeptide or neuropeptide mRNA,
but neuropeptides were detectable about the time that axons
connect with peripheral targets. To determine the requirement
for target in neuropeptide regulation, embryonic DRG neurons
were isolated at times before central and peripheral connec-
tions had formed, placed in culture, and immunocytochemically
assayed for CGRP and substance P. Cultured neurons ex-
pressed neuropeptides with a time course and in proportions
similar to those in vivo. Thus, some neurons in the embryonic

DRG seem to be intrinsically specified to later express CGRP
and substance P. The percentage of CGRP-immunoreactive
neurons was not changed by cell density, non-neuronal cells,
neurotrophins in addition to nerve growth factor (NGF), or
antibody inactivation of neurotrophin-3 in the presence of NGF.
To test the role of extrinsic cues on CGRP expression, DRG
neurons were co-cultured with potential target tissues. Co-
culture with a rat epidermal or smooth muscle cell line in-
creased the proportion of CGRP-containing neurons, whereas
primary skeletal muscle and 3T3 cells had no effects. Thus,
multiple appropriate sensory neuron phenotypes arise in a
regulated fashion in cultured neurons isolated before target
connections have formed, and some candidate target tissues
can modulate that intrinsic expression pattern.
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A striking feature of the adult vertebrate sensory nervous system
is the diversity of neuronal cell types that perform together to
maintain homeostasis and convey information about the environ-
ment. During development, specific neurons must be generated in
appropriate locations and connect discretely to both peripheral
targets and the CNS for functional integrity. Thus, it is important
to understand not only how the phenotype is generated but also
how neurons match targets. This study examines the developmen-
tal regulation of sensory neurons containing calcitonin gene-
related peptide (CGRP) that predominantly contact visceral and
cutaneous peripheral target end organs in vivo.

Adult rat sensory neurons can express neuromodulatory neu-
ropeptides, but the factors that regulate their initial expression
remain unknown. Cutaneous afferents appear in rat proximal
hindlimb on embryonic days 14–15 (E14–E15) and in skin of
distal toes at E16–E17 (Reynolds et al., 1991; Mirnics and Koer-
ber, 1995). These fibers are functional slightly later, beginning at
E17 (Saito, 1979; Kudo and Yamada, 1985; Fitzgerald, 1987;
Kucera et al., 1988; Fitzgerald, 1991). Neuropeptides appear

around the time of peripheral target functional contacts (E18–
E19) (Kessler and Black, 1981; Senba et al., 1982), suggesting that
target interactions could influence sensory neuronal phenotype.

Neuropeptide expression, neurofilament content, and perikaryal
size characterize broad classes of dorsal root ganglion (DRG) neu-
rons with generally segregated functions. Neuropeptides are often
found in small DRG neurons that can innervate skin and viscera,
whereas abundant neurofilament expression is characteristic of large
neurons that innervate muscle spindles (Lawson et al., 1984; Perry et
al., 1991). The neuropeptides CGRP and substance P are usually
found in small neurons but can be contained in sensory neurons of
varied sizes (Gibson et al., 1984; Lee et al., 1985; Skofitsch and
Jacobowitz, 1985; Gibbins et al., 1987; Marti et al., 1987; Molander et
al., 1987; McCarthy and Lawson, 1989, 1990; O’Brien et al., 1989).
The coexistence of particular peptides in specific subpopulations of
DRG neurons is related to peripheral targets. For example, there is
a strong correlation between pain detection and localization of sub-
stance P or CGRP (Lembeck and Gamse, 1982; Hunt and Rossi,
1985; Scott, 1992). CGRP is localized in polymodal nociceptors, is a
potent vasodilator, and may play a role in inflammation (Holzer,
1988; Scott, 1992).

To elucidate the mechanisms that contribute to sensory neuron
phenotype, the development of major classes of sensory neurons
was compared in vivo and in a tissue culture system, without and
with target tissues. The proportion of neurons that expressed
CGRP, substance P, or neurofilament was determined by immu-
nohistochemistry in tissue sections of rat lumbar DRG from ages
E14.5 to adult. DRG neurons isolated at a time before sensory
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neurons contact central and peripheral targets in vivo were then
maintained in culture, and these broad classes of sensory pheno-
types were assayed immunocytochemically. The expression of
these two neuropeptides was remarkably similar in vivo and in
vitro.

MATERIALS AND METHODS
Sprague Dawley rats were obtained from Zivic Miller (Zelienople, PA)
and staged by embryonic day according to Christie, 1962. Animals were
anesthetized with ethyl ether before perfusion and were euthanized by
C02 inhalation before tissue was harvested.

Immunohistochemistry. Postnatal and adult rats were perfused with 4%
paraformaldehyde/O.1 M phosphate buffer, pH 7.4, and tissues were
post-fixed for 1 hr. Embryo blocks that included the lower trunk were
immersed in the same fixative for 1 hr. Tissues were placed in 30%
sucrose/0.1 M phosphate buffer at 4°C overnight for cryoprotection. Ten
micrometer transverse sections containing L4 and L5 DRG were col-
lected on gelatin-subbed slides and stored at 220°C until use. Sections
100–200 mm apart were reacted with antibodies, and only neurons with a
visible nucleus were quantified. Tissue sections were rinsed in PBS,
preincubated in dilution buffer (10 mM phosphate buffer, 0.3% Triton
X-100, 0.5 M sodium chloride, 20 gm/l BSA, 15 mM sodium azide) for 1 hr,
and incubated in primary antibody in dilution buffer overnight at room
temperature [dilutions included substance P at 1:500, CGRP at 1:400,
neuron-specific tubulin at 1:100 dilution, neurofilament-medium (NF-M)
at 1:40 dilution, and NF-M-PO4 at 1:500]. After they were washed, tissue
sections were incubated for 2 hr at room temperature in fluorescenated
secondary antibody in dilution buffer (goat anti-mouse IgG or goat
anti-rabbit IgG; Cappel, Organon Teknica, or Antibodies, Inc.). Second-
ary antibodies were tested for reactivity with inappropriate primary
antibodies and were species-specific (data not shown). For double-label
immunohistochemistry, a cocktail of primary antibodies followed later by
second antibodies was used. After they were washed, sections were
mounted in 2% n-propyl gallate in 1:1 PBS/glycerol. The omission of
primary antibodies resulted in “background” levels of second antibody
binding; any reactivity more intense than this background level was
considered positive reactivity.

Cell cultures and immunocytochemistry. E14.5 and E12.5 DRG were
dissociated using 5 mg/ml dispase (Boehringer Mannheim, Indianapolis,
IN) in HBSS (Life Technologies, Gaithersburg, MD). Neurons were
plated on polylysine (Sigma, St. Louis, MO) and laminin (BTI). In most
cases, ;15,000 E14.5 DRG cells were plated in a 24-well. Growth me-
dium for E14.5 DRG consisted of L15–CO2 with 5% rat serum (RS) and
either nerve growth factor (NGF) alone (25 ng/ml; Austral) or NGF with
brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3)
(10 ng/ml each; R & D Systems, Minneapolis, MN) added. Growth
medium for E12.5 DRG included L15–CO2/5% RS/Mito supplement
(Collaborative Research, Bedford, MA), 50 mM KCl, 25 ng/ml NGF, 10
ng/ml BDNF, and 10 ng/ml NT3. Neurons were quantified by counting a
strip representing 10% of the well area in 96 wells for survival assays, or
a strip representing 5% of the area of 12 mm coverslips. The number of
neurons at 24 or 48 hr was used as the starting value for neuron survival
studies. Neurons were identified morphologically by their phase-bright
cell bodies and bipolar neurites. To determine the cell body diameter of
E14.5 neurons cultured for 9 days, photographs of unselected strips of
cells representing more than 100 cells/coverslip were prepared. The
perikaryal diameter in the longest axis and the orthogonal axis were
measured and used to calculate the mean neuron cell body cross-sectional
area. In some cultures, 1025 M cytosine arabinoside was added to the
cultures for the second 24 hr. After an additional 24 hr, the cultures were
washed with growth medium and subsequently maintained as usual.

To test the role of target cells, several cell lines or primary cells were
co-cultured with DRG neurons. Rat embryonic skin cells (ATCC 1213),
3T3 cells, smooth muscle cell line (ATCC 1444), or primary hindlimb
skeletal muscle cells were acclimated to L15–CO2 with 5% RS before use.
The target cells survived best on collagen substrates, and their prolifer-
ation was controlled by a single cobalt irradiation. Approximately 70,000
target cells were plated per 12 mm coverslip, and approximately 15,000
dissociated E14.5 DRG cells were added to the monolayer the next day.
No gross differences were seen in the number of neurons that initially
attached to these monolayers. The cultures were maintained for 9 d, a
period in which CGRP expression becomes detectable, and then fixed and
reacted with CGRP and neuron-specific tubulin antibodies. In each case,
the continued presence of a monolayer of added cells at the end of the

culture period was confirmed with cell type-specific antibodies (fibronec-
tin for 3T3 cells, smooth muscle actin for smooth muscle, cytokeratin for
skin, and skeletal muscle myosin for skeletal muscle; data not shown).

For immunocytochemistry, cells were immersed in 4% paraformalde-
hyde/O.1 M PO4, pH 7.4, for 30 min. After they were rinsed, cells were
incubated with antibody to substance P (1:500) or CGRP (1:500) in PBS;
0.2% Triton X-100 overnight at 4°C, washed, and incubated with fluo-
rescenated secondary antibodies (1:200, 2 hr at room temperature). Cells
were then reacted with neuron-specific tubulin (1:200) or NF-M or
NF-H-PO4 (1:40 and 1:500, respectively) for 30 min at room temperature,
washed, and incubated with fluorescenated secondary antibody for 30 min
at room temperature. The number of neurons that expressed neuropep-
tide was determined by counting at least 200 neuron-specific tubulin-
immunoreactive (IR) neurons per coverslip, with at least two coverslips
per experiment in at least three experiments. The means obtained were
compared by unpaired t test. E12.5 DRG cultures were assayed for
CGRP expression after 10 d by visualizing antibody binding with
peroxidase-linked second antibody and a diaminobenzidine substrate.

Antibodies. Several antibodies against neuronal epitopes were used,
including monoclonal antibody to neuron-specific tubulin (gift of A.
Frankfurter, University of Virginia), monoclonal antibody to NF-M (Sig-
ma), and monoclonal antibody to NF-M-PO4 (gift of V. Lee, University
of Pennsylvania). Antisera to substance P (Incstar) and CGRP (Amer-
sham, Arlington Heights, IL) were used to detect neuropeptides. Speci-
ficity of these antibodies was assayed in peptide-blocking control studies.
Substance P or CGRP (each at 25 mg/ml; Peninsula) was incubated with
appropriate diluted antisera at 4°C overnight and applied to DRG tissue
sections as usual, followed by fluorescent secondary antibody. In the
presence of blocking peptide, no specific fluorescence was detected (data
not shown). In some experiments, function-blocking antibody to NT3 was
used (50 ng/ml; Austral).

CGRP mRNA detection. RNA from E12, E14, and E18 lumbar DRG
was extracted with RNAzol (Tel-Test). Reverse transcription (RT) was
performed using ;5 mg of RNA with 200 U of reverse transcriptase
(Superscript II, Life Technologies) in a final volume of 20 ml of RT
solution (20 mM Tris, pH 8.3, 50 mM KCl, 5 mM MgCl2, 10 mM dithio-
threitol, 4 mM sodium pyrophosphate, 1.25 mM dNTP, and 50 mg/ml oligo
dT) at about 42°C for 1 hr. The RNA was treated with DNase I (1 U/ml
for 15 min at 37°C, followed by inactivation for 10 min at 100°C) to
destroy any contaminating DNA before proceeding to RT. PCR ampli-
fication was performed by adding 10–100% of the RT sample to PCR
buffer (Stratagene, La Jolla, CA) with 0.2 mM deoxynucleoside triphos-
phates, 50 pmol of each primer, and 1 U Taq polymerase (Stratagene) in
a total volume of 50 ml. Oligonucleotide primers were located in the
common region for a and b CGRP: 59-AGA TCC TGC AAC ACC GCC
AC-39 and 59-CCA CAT TGG TGG GCA CAA AGT TG3-9 and EF1a
oligonucleotides for RNA quantification: 59-TTC ACT GCT CAG GTG
ATC ATCC-39 and 59-GGC AGC ATC ACC AGA TTT CAA GA-39.
Messenger for the stably expressed elongation factor 1a was subjected to
the same RT-PCR procedures as a control for sample RNA. PCR cycles
were performed in an automated thermal cycler (Perkin-Elmer, Em-
eryville, CA) with the following profile: denaturation 96°C for 1 min,
primer annealing at 55°C for 1 min, primer extension at 72°C for 2 min.
PCR fragments were separated in a 2% agarose gel, stained with
ethidium bromide, and visualized under ultraviolet light.

RESULTS
To begin to understand the cellular and molecular mechanisms
that regulate the differentiation of major classes of sensory neu-
rons, we assayed the development of neuropeptides in DRG in
vivo and developed a tissue culture model system in which em-
bryonic mammalian sensory neurons differentiate in vitro.

CGRP and substance P expression in lumbar DRG
neurons increased with age in vivo
To identify the onset of expression and the numbers of neurons
that express CGRP or substance P during development, and
because immunohistochemical analyses of peptide expression
are highly dependent on the specific reagents used, the same
peptide antisera were used for quantifying neuropeptide ex-
pression in vivo and in vitro. CGRP immunoreactivity was
absent soon after ganglion formation, but the proportion of
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Figure 1. The number of CGRP- and substance
P-IR neurons increased with development in vivo.
CGRP-IR (A, C, E, G) or substance P-IR (I, K )
neurons were identified with neuron-specific tubulin
(B, D, F, H, J, L) preceding and after periods of target
contact in vivo. CGRP-IR neuronal perikarya were
absent soon after gangliogenesis (E14.5, not shown).
A, B, E18 DRG contain a few CGRP-IR neurons. C,
D, Some neonatal DRG neurons were CGRP-IR. E,
F, Many CGRP-IR neurons were present at P8. G, H,
Adult DRG contained numerous CGRP-IR neuronal
cell bodies and axonal processes. Similarly, substance
P-IR neurons were detected in neonatal (I, J ) and
adult (K, L) DRG. Note that both neuropeptide
immunoreactivities were predominantly detected in
small neurons. Scale bars (shown in B): A, B, 30 mm;
(shown in L): C–L, 40 mm.
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CGRP-IR neurons and the intensity of neuropeptide immuno-
reactivity increased with development (Figs. 1 A–H, 4). At
E18.5, when many neurons have reached target tissues and
responses to peripheral stimuli are detectable, a few neurons
were CGRP-IR. Most DRG neurons have contacted both cen-
tral and peripheral targets at birth, and CGRP immunoreac-
tivity was localized to both neuronal cell bodies and axonal
processes within the ganglion at postnatal day 0 (P0). The
number of substance P-IR neurons also increased with age
(Fig. 1 I–L). No neurons were substance P-IR at E14.5, and a
few expressed substance P at E19.5 (13.5% 6 1.9 SEM; 1462
neurons counted). Many substance P-IR neurons were present
at birth (22.7% 6 2.0 SEM; 1802 neurons) and in the adult
(22.7% 6 2.6 SEM; 4299 neurons counted); sections from one
ganglion each from two animals at each age were quantified. As
expected, both CGRP and substance P immunoreactivities
were generally localized in smaller neurons and were present
infrequently in large, neurofilament-IR neurons. These data on
the proportion of adult DRG neurons with these neuropeptides
were similar to those in other reports (Lee et al., 1985; Tuch-
scherer and Seybold, 1985; Kai-Kai et al., 1986; Boehmer et al.,
1989; Noguchi et al., 1990).

The expression of CGRP mRNA (Fig. 2) was similar to
CGRP peptide seen with immunohistochemistry. RT-PCR was
performed on RNA from lumbar DRG at different embryonic
ages. CGRP mRNA was not detected at E14.5, confirming our
hypothesis that gene transcription had not occurred at this
embryonic stage. As expected, CGRP mRNA was detected at
E18.5 and P0, times at which the peptide can also be detected
immunohistochemically.

Neuropeptide- and neurofilament-containing DRG
neurons developed in the absence of target tissues
Sensory ganglia were harvested at E14.5, before CGRP mRNA or
peptide were detectable and before functional peripheral target
connections had occurred in vivo, and placed in tissue culture.
Very few DRG neuroblasts incorporate DNA analogs at this stage
(;3% at E14.5 in vivo and in vitro) (Lawson et al., 1974; and data

not shown). Because target tissues were absent, such environmen-
tal cues could be manipulated, and the intrinsic developmental
capacity of embryonic sensory ganglia could be evaluated.

CGRP and neurofilament immunoreactivities were typically
found in mutually exclusive neuronal populations in cultured
DRG neurons (Fig. 3A). Neurofilament content can distinguish
;40% of lumbar DRG neurons that often are of large diameter
(Lawson et al., 1984; Lawson and Waddell, 1991; Perry et al.,
1991). Two antibodies were used to assay neurofilament: one that
recognizes the intermediate molecular weight isoform (NF-M)
and a second that recognizes the high molecular weight isoform
only when phosphorylated (NF-H-PO4), and similar results were
obtained. After 9 d of culture in NGF 1 BDNF 1 NT3, subsets
of neurons from E14.5 DRG were CGRP-IR (16.6% 6 1.91
SEM), neurofilament H-PO4-IR (28.4% 6 3.2 SEM), or NF-
M-IR (46% 6 3.4 SEM), but they rarely co-expressed CGRP and
neurofilament (CGRP/NF-M, 2.8% 6 1.0; CGRP/NF-H- PO4,
0.53% 6 0.24 SEM). There was no apparent grouping of neurons,
and CGRP- and NF-IR neurons were intermingled. These data
provide strong evidence that two major classes of DRG neurons
develop with appropriate quantitative regulation in the absence of
target tissues.

Although the biochemical differentiation of DRG neurons in
culture was similar to DRG populations in vivo, in one respect,
neuronal differentiation in these cultures differed from normal
sensory development. When the neuronal perikaryal areas of
cultured neurons were analyzed, unlike postnatal rat DRG neu-
rons in vivo that seem to be made up of two populations repre-
senting both small and large neurons (Lawson and Waddell,
1991), DRG neurons in vitro appeared as a relatively uniform
population (Fig. 3B).

CGRP expression by cultured DRG neurons was
temporally similar to that in vivo
To understand whether CGRP expression by DRG neurons in vitro
was temporally similar to the expression of this peptide in vivo,
cultured DRG neurons were evaluated for CGRP immunoreactivity
over time. CGRP expression was examined soon after plating when
many neurons were extending axons (1 d), at intermediate times
corresponding with the period of target contact in vivo (3, 6, and 9 d),
and at a time equivalent to early postnatal stages when CGRP
expression may have stabilized (12 d, similar to P4; parturition occurs
on E22). As in vivo, CGRP immunoreactivity in vitro was absent from
non-neuronal cells. No neurons at E14.5 1 1 were CGRP-IR (data
not shown), but the proportion of neurons with detectable levels of
this neuropeptide increased with time in culture (Fig. 4). Similarly,
;25% of neurons in similar embryonic DRG cultures for 9 d devel-
oped substance P immunoreactivity (348/1048 neurons from five
coverslips in two independent experiments). Because not all neurons
become CGRP- or substance P-IR in the relatively homogeneous
culture environment, it is likely that the neurons themselves differ
intrinsically in some way that alters their subsequent CGRP and
substance P expression. Because both CGRP and substance P devel-
oped with temporal and quantitative characteristics similar to those
in vivo, only CGRP immunoreactivity was evaluated in subsequent
assays.

In view of our finding that CGRP developed in the E14.5 DRG,
when a few axons have grown into the proximal hindlimb (but are
not yet responsive to stimuli), we sought to determine whether
cells from younger DRG also had the capacity to make CGRP. At
E12.5, many DRG neuron precursors are undergoing their final
mitoses, and most have not extended peripheral processes (Law-

Figure 2. CGRP mRNA was detected in the DRG at the time that
functional target connections form in vivo. RT-PCR was performed on
total RNA from liver control tissue and DRG at E14.5, E18.5, and birth.
A 106 basepair (bp) product for CGRP was expected. To control for the
amount of RNA, a second transcript, elongation factor-1 mRNA was
assayed in each sample (expected length, 182 bp). No CGRP mRNA was
detected at E14.5. CGRP mRNA was detected at E18.5 and P0, times at
which the peptide can also be detected immunocytochemically and when
functional central and peripheral connections are present in vivo.
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son et al., 1974; Mirnics and Koerber, 1995). A subpopulation of
DRG neurons /neuron precursors from E12.5 DRG developed
CGRP expression at 9 d in culture (Fig. 5). These data provide
strong support that a subpopulation of DRG neurons can regulate
CGRP expression in the absence of target tissues. E12.5 DRG
neuron precursors are proliferative in vivo and in vitro (Lawson et
al., 1974; Memberg and Hall, 1995), making direct quantitation
difficult. In addition, although neurons at this age can be main-
tained easily in short-term cultures (Memberg and Hall, 1995),
they can be difficult to support for long periods of time and thus
were not used for subsequent studies. These results suggest that
the initial expression and regulation of CGRP is an intrinsic
property of some neurons and does not depend on an intact DRG
or peripheral target contact.

General culture conditions did not regulate
CGRP expression
The percentage of CGRP-IR neurons was not altered by addi-
tional neurotrophic factors. At E14.5, NGF is a major short-term
survival factor for rat DRG neurons, although at this stage NT3
and NT4 can also support similar populations of embryonic neu-
rons for at least 2 d (Memberg and Hall, 1995). To test the
possibility that neurotrophins affected long-term survival, neurons
were counted by phase microscopy at 24 hr, 48 hr, and 10 d in vitro
in NGF or a cocktail of NGF 1 BDNF 1 NT3. Of neurons
counted at 24 hr, 90% were present at 48 hr, and two thirds were
still present at 10 d of culture. No difference was seen in the
number of neurons that survived 10 d in NGF or NGF 1 BDNF
1 NT3 (65% 6 4 or 71.5% 6 2.6 SEM, respectively; unpaired t
test; p 5 0.196). Thus, the culture conditions support the contin-
ued survival of the vast majority of DRG neurons initially plated,
and BDNF and NT3 did not increase the number of surviving
neurons in NGF. The percentage of CGRP-IR neurons that
developed from E14.5 DRG after 9 d of culture in NGF alone was
the same as that which developed in NGF 1 BDNF 1 NT3
(22.2% 6 1.97 and 19.3%6 1.9 SEM, respectively; unpaired t test;
p 5 0.31). One potential difficulty with this approach is that DRG
neurons can themselves produce neurotrophins (Schecterson and
Bothwell, 1992) that could already be acting in these cultures. To
test the possibility that DRG cells make NT3 in these cultures and
that the NT3 can affect CGRP expression, anti-NT3 was added to
E14.5 DRG neurons in the presence of NGF and serum. Many
E14.5 DRG neurons can be supported in short-term assays by
NT3 (Memberg and Hall, 1995), and that survival can be blocked
with antibody to NT3 (Fig. 6A). When DRG neurons were main-
tained in NGF for 8 d, there was no change in the percentage of
CGRP-IR neurons or the overall neuronal survival with the ad-
dition of anti-NT3 (Fig. 6B). Thus, it seems likely that DRG
neurons possess some intrinsic capacity to regulate neuropeptide
expression in these cultures and furthermore that BDNF and NT3

Figure 3. Discrete DRG neuronal phenotypes arose in culture. A, Two
major DRG neuron classes were present in cultures without target tissues.

4

To determine whether DRG cultures contained multiple neuronal cell
types, E14.5 DRG neurons were grown in culture for 9 d and reacted with
CGRP and NF-H-PO4 antibodies. CGRP (A), neurofilament-H-PO4
(CGRP), phase (C) micrographs. Some neurons were CGRP-IR (16%;
arrows), NF-H-PO4-IR (28%; arrowheads), doubly reactive (0.5%, not
shown), or lacked both markers (55%; asterisk). Scale bar, 40 mm. B, DRG
neurons in vitro had a single size distribution. Neuronal perikaryal cross-
sectional areas of E14.5 DRG cultured for 10 d generally fall into one size
class. The cell body diameters of neurons in NGF-containing cultures had
an average perikaryal cross-sectional area of 658 6 7.9 mm2 (583 neurons
measured, four experiments).
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in addition to NGF do not affect the proportion of CGRP-IR
neurons.

Initial ganglionic cell plating density and the presence of gan-
glionic non-neuronal cells did not affect the proportion of
CGRP-IR neurons that developed in culture. DRG cultures es-
tablished at 10,000, 20,000, or 40,000 cells per coverslip and grown
for 1 week did not differ in the proportion of CGRP-IR neurons
present (20.3% 6 3.8 SEM, 21.4% 6 3.1 SEM, and 19.9% 6 3.4
SEM, respectively). DRG cultures include neurons and non-
neuronal satellite glia and fibroblastic cells. Non-neuronal cells
can alter neuropeptides in peripheral ganglia (Patterson and

Chun, 1974; Nawa and Patterson, 1990; Sun et al., 1994). To test
whether non-neuronal cells affected neuronal CGRP expression,
some E14.5 DRG cultures were treated with antimitotic agents to
remove non-neuronal cells on day 1. Because the bulk of neuronal
precursor division has ceased, this treatment effectively removed
non-neuronal cells (Fig. 7). The overall survival of neurons for 9 d
of culture was the same in control and cytosine arabinoside-
treated cultures (unpaired t test; p 5 0.19). Furthermore, the
percentage of CGRP-IR neurons was the same in control and
non-neuronal cell-free cultures (unpaired t test; p 5 0.18). These
data suggest that the number of CGRP-IR neurons is not affected
by non-neuronal cells and provide further evidence that CGRP
expression is an intrinsic property of some DRG neurons.

Co-culture with target tissues can modulate the
proportion of CGRP-IR neurons
To test the effects of target tissues, dissociated E14.5 DRG were
co-cultured in the presence of serum and NGF with cell lines or
primary cells that approximate features of target tissues, and
analyzed for CGRP expression. CGRP-IR neurons in vivo pre-
dominantly contact skin and visceral smooth muscle and, less
frequently, skeletal muscle peripheral targets. When DRG neu-
rons were co-cultured with 3T3 or skeletal muscle cells, the
percentage of CGRP-IR neurons that developed after 8 d was the
same as that in control DRG cultures without added cells. By
contrast, one physiologically appropriate target cell type, epider-
mal cells, increased the proportion of CGRP-IR neurons, without
affecting overall neuronal survival compared with control (Fig. 8).
Smooth muscle lines also increased the proportion of CGRP-IR
neurons, but total neuronal survival was also decreased in this
condition, suggesting that this tissue had selective effects. These
data support the notion that some target tissues may possess
factors that act to modulate CGRP expression and can increase
the number of CGRP neurons above the permissive level ob-
tained from DRG alone.

DISCUSSION
The proportion of CGRP- and substance P-IR neurons at several
ages both in culture and in vivo was similar, suggesting that
neurons did not require an intact DRG or connections with other
tissues to regulate neuropeptides often expressed by nociceptive

Figure 4. Continued culture was sufficient to elicit changes in CGRP-IR
neurons that occur in vivo. CGRP immunoreactivity in vivo was not
apparent at E14.5, but the percentage of DRG neurons with the peptide
rapidly increased from E18 (7.6% 6 1.0 SEM; three ganglia, nine sec-
tions) to birth (19.5% 6 1.2 SEM; nine ganglia, 37 sections) to 1 week
after birth, P8 (27.2% 6 2.97 SEM; eight ganglia, 51 sections). The
proportion of CGRP-IR neurons seemed stable after the first postnatal
week, because adult values (32.8% 6 3.3 SEM; six ganglia, 52 sections)
were not statistically different from P8 (unpaired t test; p 5 0.23). The
proportion of CGRP-IR neurons was similar in vitro and in vivo (E14 1 3
was similar to E18, and E14 1 6, 1 9, and 1 12 was similar to P0; unpaired
t test; p , 0.05). Therefore, changes in the number of CGRP-IR neurons
do not depend on an intact DRG or sustained contact with target tissues.

Figure 5. A subpopulation of neurons from
the neurogenic E12.5 DRG develop CGRP in
vitro. Dissociated immature neurons from
E12.5 lumbar DRG were grown for 10 d and
assayed for CGRP expression. CGRP immu-
nocytochemistry was performed with a horse-
radish peroxidase-linked second antibody and
a visible diaminobenzidine substrate. CGRP
was detected both in cell bodies and in pro-
cesses of a small number of neurons (arrows).
In first antibody (No 1°Ab) controls, CGRP
antibody was omitted, but second antibody
and diaminobenzidine reaction was applied.
Scale bar, 50 mm.
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neurons. Similarly, neurofilament-IR neurons were also present in
the absence of targets. These data suggest that two major DRG
neuronal classes are phenotypically specified before contact with
peripheral target tissues.

Peripheral target tissue contacts occur early in the rat hindlimb,
but are unlikely to contribute to the quantitative appearance of
neuropeptides observed in this study. DiI injection and growth-
associated protein-43 immunolabeling indicates some sensory af-
ferents in the epidermis of the proximal hindlimb quite early,
around E14, and some fibers reach the paw by E14.5–E15 (Rey-
nolds et al., 1991; Coggeshall et al., 1994; Mirnics and Koerber,
1995), but it is not possible to quantify their prevalence. Physio-
logical assays indicate that the first afferent terminals are formed
later, at E17–E18 in hindlimb muscles (Kudo and Yamada, 1985;
Kucera et al., 1988, 1989), and cutaneous plantar reflexes appear
at E17.5 (Kudo and Yamada, 1985). It is unlikely that neurons
have been influenced by cutaneous targets, because epidermis
does not differentiate until E15–E17 (Kopan and Fuchs, 1989).
The few processes that enter proximal leg early cannot quantita-

tively account for the proportion of neurons that develop neu-
ropeptides and neurofilament in culture. Many DRG axons at
E14.5 have not contacted target tissues and thus could not have
been “instructed.” Similarly, spinal cord sensory innervation also
occurs after the stage at which the DRG neurons were removed in
these studies (Fitzgerald, 1987). Yet, cultures established from
E14.5 ganglia at this age developed CGRP, substance P, and
neurofilament expression in numbers of neurons appropriate for
postnatal DRG. Furthermore, some neurons from E12.5 DRG
developed CGRP expression in culture. Thus, it is clear that
continued exposure to any potential target influences is not
needed for CGRP expression.

Neurotrophins maintain sensory neuron survival during the
period of cell death, and there is a good correlation between
neurotrophin support and particular sensory functional subtypes,
but it is unlikely that neurotrophins instruct some DRG neurons
to become CGRP-IR. Neuronal death occurs in the rat DRG
between E15 and P5, with a peak at E17–E19 (Coggeshall et al.,
1994). NGF acting via its receptor trkA seems important for the
survival of cutaneous and visceral afferents, whereas NT3 and its
receptor trkC may be more important for muscle afferents (Hory-
Lee et al., 1993; Crowley et al., 1994; Klein et al., 1994; McMahon
et al., 1994; Smeyne et al., 1994). The embryonic sensory neurons
assayed in the present studies, however, were obtained before
segregation of neurotrophin responses occurred. In E14.5 rat
lumbar DRG, the majority of neurons express most trk genes and
polypeptides (McMahon et al., 1994; S. Memberg and A. Hall,
unpublished observations), and neurons in this population re-
spond to NGF, NT3, and NT4 almost equivalently for short-term
survival (Memberg and Hall, 1995). Thus, although functional
subtypes in mature animals show significant neurotrophin speci-
ficity, the embryonic neurons used in the present experiments do
not display those subtypes. NGF is thought to regulate the level of
neuropeptides already expressed by the neuron rather than to
induce de novo expression of those neuropeptides (Kessler and
Black, 1980; Otten et al., 1980; Kessler and Black, 1981; Adler et
al., 1984; Lindsay and Harmar, 1989; Inaishi et al., 1992; Davies,
1994; Snider, 1994; Bothwell, 1995). Furthermore, although the
NGF receptor trkA is downregulated in many small DRG neurons
postnatally, the CGRP-IR neuronal phenotype is specified before
the downregulation occurs (D. Molliver and W. Snider, personal
communication). The present experiments provide strong evi-
dence that neurotrophin activity does not establish neuronal phe-
notypic subtypes in the DRG.

Target tissue regulation of neuronal phenotype has been dem-
onstrated in sympathetic neurons whose adrenergic or cholinergic
neurotransmitter fate can be modified in vivo and in vitro by
altering environmental cues (Patterson and Nawa, 1993; Schotz-
inger and Landis, 1994). Thus, sympathetic neurons can alter their
neurotransmitter to match target tissue effectors. Some cranial
sensory ganglia can be similarly modified (Fan and Katz, 1993).
One indication of the plasticity of sympathetic neurons was ob-
tained when non-neuronal cells were shown to alter their classical
neurotransmitters and neuropeptides (Nawa and Patterson, 1990;
Patterson and Chun, 1974; Sun et al., 1994). By contrast, non-
neuronal cell removal did not affect the number of neuropeptide-
containing neurons in the present studies.

There is some evidence for phenotypic plasticity in sensory
neurons. When embryonic amphibian sensory afferents were re-
directed, their central projections were appropriate for the new
target (Frank and Westerfield, 1982; Smith and Frank, 1987,
1988). Rerouting of sensory afferents from muscle to skin alters

Figure 6. NT3 does not regulate the number of CGRP-IR neurons. A,
Antibody dose–response. To determine the amount of antibody required
to neutralize NT3 activity, a short-term neuronal survival assay was used.
E14.5 DRG neurons were supported for 2 d by NT3 (10 ng /ml) and serum,
and that survival activity was neutralized by the addition of 50, 100, or 200
mg /ml anti-NT3. Twenty-five hundred cells, of which about half are
neurons, were plated /96 well, with duplicates for each condition, and the
experiments were performed twice. The mean number of neurons and
SEM are shown. The lowest effective antibody concentration, 50 mg /ml of
anti-NT3, was used for subsequent neutralization experiments in co-
cultures. B, Anti-NT3 had no effect on CGRP expression. Dissociated
E14.5 DRG neurons were grown for 10 d in the growth medium contain-
ing RS and 25 ng /ml NGF in the presence or absence of 50 mg /ml
anti-NT3. Cells were processed for CGRP and neuron-specific tubulin
immunocytochemistry. The percentage of CGRP-IR neurons and overall
neuronal survival were equivalent in control and anti-NT3 conditions
(unpaired t test; p . 0.1).
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histochemical properties of the afferents (McMahon and Moore,
1988). In addition, cross-anastomosing cutaneous and muscle
nerves in the hindlimb in adult rats alters substance P expression
(McMahon and Gibson, 1987). The addition of a novel visceral
target tissue in the path of a cutaneous nerve from the trigeminal
ganglion increases the number of CGRP-IR fibers within that
nerve (Horgan and van der Kooy, 1992). There is little informa-
tion on a cellular level relating the fibers that interact with target
to the number of neuronal perikarya that express neuropeptides
in these studies. Target-derived factors may also affect the initial
expression of neuronal phenotypes in the chick DRG in vitro. In
DRG neurons cultured before the establishment of functional
connections with target tissues, the addition of muscle, skin, brain,
or spinal cord reduced the number of substance P-IR neurons
(Barakat-Walter et al., 1991). NGF given to newborn rats stimu-
lates a dose-dependent increase in substance P content in DRG in
vivo (Otten et al., 1980) and in adult DRG cultures (Lindsay et al.,
1989), but NGF does not seem to alter significantly the number of
sensory neurons that express the peptide (Adler et al., 1984;
Lindsay et al., 1989). In combination, these observations suggest
that target-derived signals can influence some sensory phenotypic
properties.

By contrast, the present study provides strong evidence for the
early specification of mammalian sensory neurons to subsequently
use CGRP or substance P or to express abundant neurofilament.
Similarly, sympathetic neuroblasts cultured in the absence of
target tissues develop appropriate proportions of neuropeptide
Y-expressing neurons, with timing precisely like that in vivo (Hall
and MacPhedran, 1995). These studies provide an important
demonstration that multiple neuronal phenotypes in several pe-
ripheral ganglia can be temporally and spatially regulated in the
absence of target tissues. Such early, target-independent develop-
ment of neuronal phenotype has also been demonstrated in the
avian retina (Yamagata and Sanes, 1995). Thus, although synaptic
contacts in some systems can modify neuropeptide expression,

they may do so on neurons that already possess the ability to
regulate their own phenotype.

The present data suggest that the temporally and quantitatively
appropriate initial expression of specific DRG neuronal pheno-
types is unlikely to require target tissues. We assume that the
neurons that express CGRP, substance P, and neurofilament in
vitro are the same neurons that would express these phenotypes in
vivo. This interpretation suggests that these neurons are specified
as to neuropeptide before target contact. Mature neuronal func-
tion requires the matching of neurotransmitter and receptor at the
synapse; such matching by prespecified neurons may be achieved
by several means. Prespecified neurons could match with appro-
priate target through the growth of exuberant projections, fol-
lowed by pruning of processes that contacted inappropriate tar-
gets. When one peripheral nerve is labeled in embryonic
hindlimb, however, little label is detected in another nerve, sug-
gesting that there is little branching of DRG afferents in the chick
and rat (Honig, 1982; Payne et al., 1991; Mirnics and Koerber,
1995). Alternatively, neurons could send processes to various
target tissues, and those that contacted inappropriate targets
might be eliminated during the period of neuronal cell death.
Although complete data do not exist, it seems that sensory fibers
generally project correctly from the start. Another possibility is
that prespecified neurons could precisely innervate appropriate
target tissues. This hypothesis would predict that CGRP-IR axons
that contact muscle and CGRP- and substance P-IR axons that
contact skin would be segregated within appropriate nerves. In-
deed, embryonic spinal nerves include bundles that remain fas-
ciculated into the distal parts of the hindlimb, with a high degree
of physical segregation (Honig, 1982; Mirnics and Koerber, 1995).
Such segregated projection patterns do not necessarily mean that
the sensory neurons are specified as to function, and additional
studies are necessary to evaluate the phenotype of segregated
axons. Finally, it is possible that although DRG neurons can
express neuropeptides in the absence of target cues, interactions

Figure 7. Non-neuronal cell removal
did not affect the proportion of
CGRP-IR neurons that developed
from embryonic DRG. Dissociated
E14.5 DRG neurons were untreated in
control (A, C) or incubated with 1025 M
cytosine arabinoside (B, D) for 24 hr on
day 1 to remove non-neuronal cells,
and assayed for CGRP-IR neurons at
day 9 in vitro. Antimitotic treatment
removed non-neuronal cells from the
cultures (compare A and B), but did
not alter the percentage of CGRP-IR
neurons in the cultures (compare C and
D). Scale bar, 30 mm.
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with target tissues could subsequently modify the initial pattern of
neurotransmitter expression in sensory neurons. Whatever mech-
anisms allow for appropriate interactions with target tissue, the
present study provides strong evidence that DRG neurons are
specified early in embryogenesis, independent of their target
tissues, and that physiologically appropriate target tissues such as
skin can increase CGRP-IR-containing neurons above that intrin-
sic percentage.
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