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ABSTRACT The development of the putative neuro-
transmitter substance P (SP) in rat dorsal root ganglion (DRG)
was defined in vivo. The sixth cervical DRG of newborn rats
contained 70 pg of SP, and the ganglionic content increased
5.5-fold during the first 5 weeks of life. Forelimb amputation
partially prevented the normal developmental increase of SP
in the sixth cervical DRG destined to innervate that limb.
Conversely, treatment with nerve growth factor (NGF) increased
both ganglionic SP and total ganglion protein. Moreover, NGF
administration prevented the failure of SP development that
followed amputation, suggesting that NGF may mediate the
limb-DRG interaction. However, treatment with antiserum to
NGF failed to significantly inhibit development of ganglion SP.
Consequently, neonatal ganglia may remain responsive to NGF,
without requiring the protein for survival. SP appears to be an
excellent index of the maturation of neurons in dorsal root
ganglia.

The study of dorsal root ganglia has led to the elucidation of a
number of principles governing neuronal ontogeny (1, 2). For
example, normal ganglion maturation is dependent on the in-
tegrity of the peripheral field of innervation. Limb amputation
in the embryo prevents normal growth of the innervating dorsal
root ganglion (DRG) (3, 4). Although the factors mediating this
effect are undefined, several lines of evidence suggest that the
trophic protein nerve growth factor (NGF) may be involved.
NGF stimulates growth of the embryonic DRG (2, 5) and is
transported in a retrograde manner from limb to innervating
ganglion (6). However, it remains to be demonstrated that the
embryonic limb elaborates NGF. Moreover, the effects of limb
tissue or NGF or both on the biochemical development of DRG
neurons are virtually unknown.
The lack of a biochemical marker specific for peripheral

sensory neurons has limited studies of DRG development.
However, recent work suggests that substance P (SP) may be
an excellent marker. SP is an undecapeptide that is widely, but
unequally, distributed throughout the central and peripheral
nervous systems (7-10). It is highly concentrated in some neu-
ronal perikarya of the DRG and in neuronal processes within
the dorsal horn of the spinal cord (7, 10-12). This distribution
suggests that SP may act as a transmitter in primary sensory
neurons, a hypothesis that has recently gained strong physio-
logical and biochemical support (10-14). The high concentra-
tion, intraneuronal localization, and putative transmitter
function of SP in spinal ganglion may make it an excellent index
of ganglion development. Moreover, a reliable and highly
sensitive radioimmunoassay for SP is available (15).
The present study defines the normal development of SP-like

immunoreactivity (henceforth called SP) in the rat DRG and
demonstrates that alterations in ganglion development are re-
flected by changes in ganglion SP content. In addition, the ef-

fects of limb amputation and NGF treatment on SP develop-
ment are defined.

MATERIALS AND METHODS
Experimental Animals. Pregnant Sprague-Dawley rats

(Charles River) were housed in clear plastic and wire cages and
were exposed to 540-810 lux of cool-white fluorescent illumi-
nation from 5 a.m. to 7 p.m. daily. Ralston Purina Lab Chow
and water were offered ad lib. Litter sizes were adjusted when
necessary so that each litter had between 12 and 14 pups.

Surgical Procedures. Amputation. Amputations were per-
formed during the first day of life. Pups were placed in an ether
jar until they became unresponsive to painful stimuli. A single
suture was placed as proximally as possible around the right
forelimb of each pup and tightened until the limb was severed.
Wounds were closed with collodion. Sham-operated animals
were anesthetized but had no surgery performed.

Dissection of the DRG. Animals were placed in an ether jar
until cessation of pulse and respiration. The spinal cord and
paraspinal tissue were removed en bloc from the second cervical
to the second lumbar vertebra. The cervical spine laminae were
removed and the spinal ganglia were exposed. The sixth cervical
(C6) DRG on each side was removed for study.

Preparation of Antiserum to SP. Anti-SP was prepared by
using a minor modification of the procedure of Powell et al.
(15). Synthetic SP (Peninsula Laboratories) was conjugated to
bovine serum albumin by means of carbodiimide, dialyzed
against distilled water, and lyophilized. Guinea pigs were in-
jected intradermally at monthly intervals with 0.15 mg of the
SP-albumin complex in Freund's adjuvant. All animals devel-
oped antibodies to SP. The anti-SP used in the radioimmuno-
assay bound 104 cpm of '25I-labeled SP (4 ng) at a dilution of
1:100,000. The antibody exhibited less than 1% crossreactivity
at up to 1000-fold molar excess of eledoisin, methionine-en-
kephalin, or leucine-enkephalin.

Preparation of NGF. f3-NGF was prepared from adult male
mouse salivary glands by the method of Mobley et al. (16).

Preparation of Antiserum to NGF. Anti-NGF was prepared
in rabbits as described (17).
Radioimmunoassay for SP. The procedure of Powell et al.

(15) was used with minor modifications. The lowest detectable
quantity of SP was approximately 15 pg. Tissue was prepared
by a modification of the procedure of Chang and Leeman (18).
Recovery of SP was approximately 70% by this procedure.

Protein Determination. Total soluble protein was measured
by the method of Lowry et al. (19).

Statistics. Data were analyzed by Student's t test and, where
applicable, by the paired t test.

Abbreviations: SP, substance P; DRG, dorsal root ganglion; SCG, su-

perior cervical ganglia; C6, sixth cervical; NGF, nerve growth
factor.
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RESULTS
Development of SP and Protein in the DRG. To define the

normal developmental profile for SP, the Cr, ganglia from rats
of different ages were examined (Fig. 1). SP increased over a
5.5-fold range during the first 5 weeks of life, rising from 70 pg
per ganglion at birth. SP increased most rapidly during the first
8 postnatal days, and tended to plateau by 5 weeks. However,
SP continued to rise gradually thereafter, increasing by 150 pg
(37%) between ages 34 and 340 days (Fig. 1). In contrast, total
ganglion protein increased approximately 3fold during the first
5 weeks of life, resulting in a 70% rise in specific SP content.

Effects of Limb Amputation. To determine whether gan-
glion SP content, as well as ganglion size, fails to increase nor-
mally after extirpation of target :, ructures, unilateral forelimb
amputation was performed in neonates. Two weeks later SP was
measured in the ipsilateral C6 DRG, the contralateral control
DRG, and ganglia of sham-operated animals. There was no
difference in SP content between sham-operated control gan-
glia and those contralateral to amputation. However, SP failed
to increase normally in ganglia deprived of the normal field of
innervation (Fig. 2). After amputation, only 58% of the normal
developmental increase occurred in ipsilateral ganglia: The
peptide increased by approximately 130 pg (185%) on the
amputated side, compared to 225 pg (320%) in control gan-
glia.
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FIG. 2. Effects of forelimb amputation on SP in the C6 DRG.
Unilateral forelimb amputation was performed on eight animals on
the first day of life. Two weeks later the C6 ganglia on the side of
amputation and on the contralateral control side were examined for
SP content, which is expressed as mean pg per ganglion (I SEM).
* Differs from day 1 control atP < 0.001. ** Differs from day 1 control
at P < 0.001 and from day 15 control atP < 0.01.

Effects of NGF Treatment. Considerable evidence indicates
that NGF regulates DRG development in the embryo (2, 5, 6).
However, the role of the protein in postnatal ganglion matu-
ration remains to be defined. To determine whether NGF
stimulates postnatal DRG development, neonates were treated
with the factor and C6 ganglion SP was assayed 2 days later.
NGF treatment caused a dramatic increase in SP content to
163% of the saline-treated control values (Fig. 3). The actual
developmental rise in the NGF group of 62 pg was 6-fold
greater than the 11-pg increase in the saline-treated controls
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FIG. 1. Postnatal development ofSP and total protein in dorsal

root ganglia. The C6 DRG was removed from animals at different ages
and examined for SP content and total soluble protein. Each point
represents seven or eight animals. SP is expressed as mean pg per
ganglion (+ SEM); protein is expressed as mean Ag per ganglion (i
SEM).
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FIG. 3. Effects of NGF on SP and total protein in the C6 DRG.
Neonates were injected subcutaneously with 100 ,d of either NGF (103
units) in saline (eight animals) or saline (eight animals). Two days
later the C6 dorsal root ganglia were examined for SP content and total
protein. SP is expressed as mean pg per ganglion + SEM; protein is
expressed as mean mg per ganglion (± SEM). * Differs from respective
control at P < 0.001. ** Differs from respective control at P <
0.025.
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FIG. 4. Effects of combined amputation and NGF treatment.
Unilateral forelimb amputation was performed in neonates (16 ani-
mals). Animals were then injected subcutaneously with 100 kl ofeither
NGF (103 units) in saline (8 animals) or saline (8 animals) daily for
9 days. The C6 ganglia on both the amputated side and the contrala-
teral control side were examined for content of SP, which is expressed
as mean pg per ganglion (i SEM). * Differs from saline control at P
< 0.01. ** Differs from saline control at P < 0.001.

(Fig. 3). In contrast, total ganglion protein increased to only
115% with NGF administration, resulting in a significant ele-
vation of specific SP content from 1.03 to 1.45 pg/,ug of pro-
tein.

Effects of Combined Amputation and NGF Treatment.
To determine whether NGF affects the response to limb ex-
tirpation, rats were treated with the factor after surgery. Sub-
sequent to unilateral forelimb amputation, one group of rats
was treated daily with saline and another group received NGF.
Nine days postoperatively the four sets of ganglia were assayed
for'SP, the ganglia contralateral to amputation serving as con-
trols in each group.

DRG

As expected, amputation reduced ipsilateral ganglion SP
content to 65% in the saline-treated rats (Fig. 4). In contrast,
NGF treatment prevented the amputation-induced decrease
in ipsilateral ganglion SP: in the NGF-treated group there was
no significant difference between ipsilateral and contralateral
ganglion SP. However, NGF treatment significantly increased
SP on both the control and amputated sides, compared to
ganglia of saline-treated rats, reflecting the growth response
to the protein. In the NGF-treated group, control ganglia
contained 2.3-fold more SP than did saline-treated control
ganglia, whereas ganglia on the amputated side contained
3.4-fold more SP than did experimental ganglia from the saline
group.

Effects of Anti-NGF. To determine whether endogenous
NGF is essential for normal postnatal DRG development,
newborn pups received daily injections of anti-NGF. Seven days
thereafter C6 dorsal root ganglia were assayed for SP, and the
superior cervical sympathetic ganglia (SCG) were assayed for
tyrosine hydroxylase activity. The inhibitory effect of anti-NGF
treatment on the development of SCG enzyme activity is well
documented (20, 21), and we used this effect to ensure adequate
anti-NGF treatment.
Anti-NGF administration lowered SP in the DRG by 15%,

but this decrease did not attain statistical significance (Fig. 5).
Moreover, SP did increase significantly over the 7-day anti-
NGF treatment period, although the rise was only 75% of that
in the controls. In contrast, anti-NGF completely abolished the
developmental increase in SCG tyrosine hydroxylase ac-
tivity.

DISCUSSION
The study of relatively simple well-defined systems has defined
a number of mechanisms governing neuronal ontogeny.
However, investigation of one such system, the DRG, has been
hampered by lack of a suitable biochemical index of neuronal
maturation. The present studies indicate that SP is a specific
and convenient biochemical marker for growth and develop-
ment of DRG neurons in viwo.
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FIG. 5. Effects of anti-NGF on content of SP in the C6 DRG and on content of tyrosine hydroxylase in the SCG. Neonates were injected
subcutaneously with 100 ,ul of either anti-NGF (approximately 750 units) (eight animals) or saline (eight animals) daily for 7 days. SP is expressed
as mean pg per ganglion (± SEM); tyrosine hydroxylase is expressed as mean pmol per ganglion per hr (+ SEM). * Differs from respective control
atP < 0.001.
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SP content in the C6 DRG increased over a 5.5-fold range
during the first 5 weeks of life. Moreover, this represented a
developmental rise in specific SP content, because total DRG
protein increased only 3-fold. These observations are consistent
with the well-documented localization of SP to sensory neurons
in DRG (10-12) and suggest that the increase of SP faithfully
reflects neuronal maturation. Consequently, the development
of the putative transmitter in DRG is analogous to development
of transmitter enzymes in sympathetic ganglia (22, 23). How-
ever, SP is not present in all DRG neurons (11), suggesting that
its developmental accretion reflects maturation of only a sub-
population of ganglion neurons. Consequently, the increase in
specific activity may reflect either the selective survival and
development of SP-containing neurons or an actual increase
in SP content in each individual neuron.
The response of SP development to a number of experimental

manipulations supports the contention that it reflects sensory
neuron development and also provides a number of insights
regarding regulatory interactions. It is well documented that
target structures regulate survival and development of motor
(24, 25), parasympathetic (26), and sensory neurons (1, 3), to
cite only some examples. In the case of the DRG, limb ampu-
tation results in decreased ganglion volume and a reduction in
neuron numbers (1). In our studies, limb extirpation prevented
the normal development of ipsilateral ganglion SP, suggesting
that this index can be used to quantitate abnormal as well as
normal development. The failure of SP to increase normally
may have reflected direct damage to peripheral nerve fibers
as well as loss of the field of innervation. Regardless of the
mechanism involved, it was possible to discern that a reduced
but significant degree of development occurred even after
amputation, suggesting that targets are not the sole determinant
of DRG maturation. Finally, the contralateral DRG, possessing
a normal field of innervation, developed normal SP levels after
amputation, suggesting that limb-ganglion interactions do not
occur through humoral mechanisms.
One clearly defined factor that does influence DRG devel-

opment prenatally is NGF (2, 5). However, previous work has
failed to indicate whether NGF regulates sensory neuron
maturation postnatally (27-29). The dramatic increase in SP
elicited by treatment of neonates with NGF in our studies in-
dicates that postnatal sensory neurons are responsive to the
protein. Moreover, NGF increased specific SP content in the
DRG, indicating that NGF specifically affects sensory neurons,
and suggesting that the trophic molecule may selectively reg-
ulate SP content. It may be tentatively concluded that postnatal
sensory neurons retain NGF receptors, the stimulation of which
results in the increase of SP content. Consequently, NGF may
continue to play a role in sensory development after birth.
The endogenous source of DRG-stimulating NGF has yet to

be defined. It may be relevant that NGF treatment prevented
abnormal DRG development consequent to limb amputation.
It is possible, then, that limb extirpation deprived the ipsilateral
ganglion of a source of NGF, and that, consequently, NGF
mediates the limb-DRG interaction. This contention is con-
sistent with the observation that DRG neurons can transport
NGF from periphery to perikaryon in a retrograde manner
(30).

Whereas the foregoing experiments indicate that SP in the
developing DRG can respond to NGF, they do not necessarily
indicate that endogenous NGF normally plays a critical reg-
ulatory role. Anti-NGF administration did not prevent devel-
opment of SP in the DRG, whereas development of tyrosine
hydroxylase in the SCG was completely inhibited. This result

is subject to a number of interpretations. Postnatal sympathetic
neurons may simply require greater quantities of NGF for
development, and higher doses of anti-NGF may prevent DRG
maturation. Alternatively, NGF may, in some manner, be
transferred to DRG neurons in an antibody-resistant form. The
possibility remains, of course, that although postnatal sensory
neurons are sensitive to NGF, they do not require the factor for
normal development.
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