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and plan of the experiment and asked about their
age, medical history, and any recent drug use.
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Plasticity of Substance P in Mature and Aged

Sympathetic Neurons in Culture

Abstract. The effect of age on the plasticity of the putative peptide neurotrans-
mitter substance P (SP) was examined in the rat superior cervical sympathetic
ganglion. Explantation of ganglia from 6-month-old rats to serum-supplemented
culture resulted in a tenfold increase in SP concentration, reproducing results
previously obtained for ganglia from neonatal rats. Veratridine prevented the
increase in SP concentration in adult ganglia, and tetrodotoxin blocked the
veratridine effect, suggesting that membrane depolarization and sodium influx
prevented the rise in the SP content of adult ganglia as well as of neonatal ganglia.
However, the time courses of the increase in the amount of the peptide differed in
neonatal and mature ganglia, suggesting that some aspects of regulation may differ
in the two. The effects of aging on neural plasticity were further analyzed by
explanting ganglia from 2-year-old rats. No significant increase in SP concentration
was observed in these ganglia. Remarkable plasticity thus seems to persist in mature
neurons but may be deficient in aged sympathetic neurons.

Evidence indicates that developing neu-
rons are remarkably plastic, altering
transmitter metabolism and even pheno-
typic expression in response to extracel-
lular stimuli (/-3). Sympathetic neurons,
long regarded as noradrenergic, may ex-
press cholinergic characters or the puta-
tive peptide transmitter substance P (SP)
in vivo and in vitro during the neonatal
period (2-5). However, whether trans-
mitter plasticity is restricted to the devel-
oping neuron or whether it persists dur-
ing maturity is unclear (6). Transmitter
plasticity may play a role in the function
of the adult nervous system.

To investigate this issue, we examined
sympathetic neurons in the adult rat su-
perior cervical ganglion (SCG). Details
of the preparation and characteristics of
antiserum to SP as well as the radioim-
munoassay procedure have been de-
scribed (7); the authenticity of immuno-
reactive SP was documented by high-
performance liquid chromatography (3).
Earlier studies have indicated that dener-
vation (decentralization) of the neonatal
rat SCG in vivo or its explantation to
culture (with consequent denervation)
markedly increased the amount of SP in
principal sympathetic neurons (3). To
determine whether explantation also in-
creased SP in the adult rat SCG, we grew
ganglia from 6-month-old rats under a
variety of conditions for 1 week (Fig. 1).
All groups of adult ganglia exhibited at
least an eightfold increase in SP concen-
tration, whether they were cultured in

fully defined or serum-supplemented me-
dium on buffer- or ammonia-reconstitut-
ed collagen (Fig. 1).

Depolarization of neonatal ganglia in
culture is known to prevent the increase
in SP concentration upon explantation
(3). To determine whether depolarization
similarly affects adult ganglia, we ex-
posed explants to the depolarizing agent
veratridine (8). Veratridine exposure
completely blocked the increase of SP
concentration in adult ganglia, reproduc-
ing the effect observed in neonatal gan-
glia (Fig. 2). Moreover, tetrodotoxin,
which prevents the transmembrane sodi-
um influx elicited by veratridine (9, 10),
completely blocked the effect of veratri-
dine (Fig. 2). Thus depolarization with
attendant sodium influx prevented the
increase in SP concentration in mature
ganglia as it did in developing ganglia.

To characterize more fully the regula-
tion of SP concentration in adult ganglia,
we compared the time courses of the
increases of the SP content of adult and
neonatal ganglia. Although both adult
and neonatal ganglia exhibited approxi-
mately tenfold increases in SP concen-
tration after 7 days in culture, the tempo-
ral profiles of these increases differed
markedly. In the neonatal ganglia the
rise in SP concentration began virtually
immediately, attaining a plateau after
only 48 hours in culture (Fig. 3). In
contrast, the amount of SP in adult gan-
glia increased relatively gradually,
reaching only 18 percent of its final con-



centration after 3 days. Most of the in-
crease in SP concentration occurred be-
tween 3 and 7 days in culture. Therefore,
although the amount of SP increased in
adult as well as in neonatal ganglia, some
aspects of regulation may differ with age.

To analyze further the effect of aging
on neural plasticity, we examined gan-
glia from 2-year-old rats. Basal peptide
content of these ganglia was indistin-
guishable from that in adults, 30 pg per
ganglion. However, in contrast to neona-
tal and mature ganglia, those from 2-
year-old rats did not exhibit a statistical-

ly significant increase in SP concentra-
tion (Fig. 4). Mature ganglia attained a
significantly higher (fourfold) increase in
SP content than did aged ganglia after 1
week in culture (Fig. 4). The lack of an
increase in SP in aged ganglia does not
appear to have reflected a general defi-
cit, because neuritic elaboration and
immunocytochemistry of tyrosine hy-
droxylase (data not shown) were normal.
Thus aged ganglia exhibited an apparent-
ly specific defect in the plasticity of the
SP response.

Our observations indicate that striking
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SM DM Fig. 1 (left). Accumulation of SP in adult rat

ganglia. Superior cervical ganglia from rats
older than 6 months were divided into 8 to 12 pieces and grown as explants on two substrates
and in two media. After 1 week they were examined for their content of SP, which is expressed
as the mean = standard error of the mean for eight ganglia. All ganglia were grown at 37°C in an
atmosphere of 95 percent air and 5 percent CO, at nearly 100 percent relative humidity.
Collagen 1: single layer, air-dried, buffer-reconstituted; collagen 2: double layer, air-dried,
ammonia-reconstituted; SM: Ham’s nutrient mixture F-12 supplemented with human placental
serum (10 percent), chick embryo extract (1 percent), glutamine (2 mM), glucose (0.6 percent),
penicillin (50 unit/ml), and streptomycin (50 wg/ml); DM: Ham’s nutrient mixture F-12
supplemented with transferrin (100 pg/ml), insulin (5 pg/ml), putrescine (100 pM), sodium
selenite (30 nM), progesterone (20 nM), penicillin (50 unit/ml), and streptomycin (50 pg/ml).
Statistical analysis (difference from time zero) was by one-way analysis of variance (ANOVA)
and Newman-Keuls test. Fig. 2 (right). Effect of membrane depolarization on SP content of
adult rat ganglia. Ganglia were cultured in serum-supplemented medium in the presence of
veratridine (VTD) (5 X 107°M) or tetrodotoxin (TTX) (107’M) or both. After 48 hours the
ganglia were examined for their content of SP, which is expressed as the mean * standard error
of the mean for eight ganglia. Statistical analysis (difference from time zero and veratridine) was
by one-way ANOVA and Newman-Keuls test.
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Fig. 3 (left). Time course of SP accumulation in adult (O) and neonatal (@) rat ganglia. Ganglia
were grown in serum-supplemented medium for varying periods of time and examined for their
content of SP, which is expressed as the mean * standard error of the mean for 16 ganglia per
point. Fig. 4 (right). Accumulation of SP in adult (older than 6 months) and aged (older than
2 years) rat ganglia. Ganglia were grown in serum-supplemented medium. After 1 week their
content of SP was determined and expressed as the mean *+ standard error of the mean for 16
ganglia. Statistical analysis (difference from all other groups) was by one-way ANOVA and
Newman-Keuls test.

1500

transmitter plasticity, exemplified by an
increase of an order of magnitude in SP
concentration, occurs in adult as well as
developing sympathetic ganglia. Since
the peptide is contained within sympa-
thetic neurons in the ganglia (3, 11),
mature neurons must be profoundly mu-
table. Therefore, neuronal transmitter
plasticity is not restricted to the develop-
mental period but may be expressed dur-
ing adulthood as well. Moreover, depo-
larization and transmembrane influx of
sodium decreased the SP content of both
adult and neonatal ganglia. A number of
common molecular regulatory mecha-
nisms therefore govern transmitter me-
tabolism during development and matu-
rity. More generally, mature neurons ap-
parently remain intrinsically plastic.
Nevertheless, the different time courses
of the increases in SP concentration in
adult and neonatal ganglia suggest that
there are underlying differences between
the two.

Although mature neurons remain
markedly plastic, advanced age appears
to interfere with this potential. We have
not defined the basis of this difference
between aged and mature (or develop-
ing) neurons. However, these observa-
tions raise the intriguing possibility that
some deficiencies in the senile nervous
system may be attributable to attenua-
tion or loss of plastic responses.

J. E. ADLER

I. B. BLack
Laboratory of Developmental
Neurology, Cornell University Medical
College, New York 10021
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