0270-6474/83/0307-1501$02.00/0
Copyright © Society for Neuroscience
Printed in U.S.A.

The Journal of Neuroscience
Vol. 3, No. 7, pp. 1501-1510
July 1983

INCREASED FORMATION OF PREGANGLIONIC SYNAPSES AND
AXONS DUE TO A RETROGRADE TRANS-SYNAPTIC ACTION OF
NERVE GROWTH FACTOR IN THE RAT SYMPATHETIC NERVOUS

SYSTEM'

T. SCHAFER,? M. E. SCHWAB,’ axnp H. THOENEN

Max Planck Institute for Psychiatry, Department of Neurochemistry, 8033 Martinsried, Federal Republic of Germany

Received June 14, 1982; Revised January 31, 1983; Accepted January 31, 1983

Abstract

The role which postsynaptic target cells play in the development of their presynaptic innervation
has been studied in the superior cervical ganglion (SCG) of the rat using nerve growth factor (NGF),
which selectively acts on the postganglionic sympathetic neurons. In neonatal rats, daily injections
of 10 pug of NGF/gm of body weight for 10 days caused in the SCG the typical increase in neuronal
size and an enhanced differentiation of the ganglionic neurons, as reflected by a 5-fold higher protein
content and by a 3.7-fold higher specific activity of tyrosine hydroxylase.

However, the NGF treatment also had indirect retrograde trans-synaptic effects, so that by 5 to
10 days the number of presynaptic terminals in the SCG was double that in the ganglia of control
animals of the same age, and after 10 days the level of choline acetyltransferase in the ganglion was
increased by 60%. The enhanced formation of synapses was accompanied by an increased number
of axons in the preganglionic nerve: after 10 days of NGF treatment the number of cholinergic axons
in the cervical sympathetic trunk was increased from about 6,000 to 20,000 axons.

This result points to a stabilization of otherwise transitory projections and/or an induction of
additional branching of the preganglionic fibers, produced by the NGF-mediated alterations of the
target structure (the SCG). Increased survival of young preganglionic cell bodies, i.e., prevention of
naturally occurring cell death, could further contribute to the observed increase in axon and synapse
numbers. A direct NGF-mediated sprouting was also seen for the few adrenergic neurons in the SCG

and stellate ganglion, projecting into the preganglionic nerve.

During development, many types of neurons are de-
pendent for their survival and differentiation on the
availability of appropriate target cells (Black, 1978; Land-
messer and Pilar, 1978; Thoenen et al., 1979; Landmesser,
1980; Grinnell and Herrera, 1981). This has been shown
mainly by studying the effects of target organ removal.
In the peripheral sympathetic nervous system, destruc-
tion of the postganglionic neurons by 6-hydroxydopa-
mine, axotomy, or anti-nerve growth factor (NGF) anti-
serum in neonatal rats leads to a corresponding decrease
in the number of preganglionic axons (Aguayo et al.,
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1976) and cell bodies in the spinal cord (Johnson et al.,
1977), and to a failure of the normal increase in choline
acetyltransferase (CAT) (Black et al., 1972). In adult
guinea pigs and rats, synaptic disconnection occurs in the
superior cervical ganglion (SCG) as a consequence of
postganglionic axotomy or blockade of axonal transport
(Purves, 1975, 1976; Matthews and Nelson, 1975). Inter-
estingly, the event leading to this detachment and re-
traction of the presynaptic terminals are counteracted by
NGF and mimicked by anti-NGF antiserum (Nja and
Purves, 1978).

In the normal neonatal rat, NGF enhances the matu-
ration and general growth of postganglionic neurons (for
review, see Thoenen and Barde, 1980), and hence it is
possible to study the effects of these altered postsynaptic
conditions on the development of the innervating pre-
ganglionic neurons. In particular, NGF causes an increase
in the general protein synthesis and an enlargement of
the SCG neurons with a subsequent increase in the cell
division of Schwann and satellite cells and specific in-
creases in the levels of the enzymes involved in the
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synthesis of norepinephrine (tyrosine hydroxylase (TH)
and dopamine S-hydroxylase). In addition, the observa-
tion of an increase of CAT over the normally occurring
developmental increase again indicates a retrograde
transneuronal effect of the NGF treatment (Thoenen et
al.,, 1972).

In the present morphological study we show pro-
nounced transneuronal effects on the preganglionic in-
nervation of the SCG due to the NGF-induced changes
in the postganglionic neurons: thus, synapse formation is
enhanced and the number of preganglionic axons inner-
vating the SCG is increased.

Materials and Methods

NGF was isolated from the submandibular glands of
adult male mice according to the method of Bocchini and
Angeletti (1969), as modified by Suda et al. (1978). The
biological activity of the preparation was about 200 bio-
logical units/ug of NGF.

Newborn (designated day 0) Sprague-Dawley rats of
either sex were subcutaneously injected daily with 10 pug
of NGF/gm of body weight for 2, 5, or 10 days. Control
animals received saline.

Enzyme assays. At day 0, 2, 5, or 10, animals from
experimental and control groups were killed by exposure
to ether, and their SCGs were removed with the aid of a
dissecting microscope. The ganglia from each rat were
pooled and homogenized at 4°C in 500 pl of 0.05 M Tris-
HCI buffer (pH 7.4) containing 0.1% (v/v) Triton X-100.

TH activity was determined according to the method
of Levitt et al. (1967) as modified by Mueller et al. (1969).
CAT activity was assayed according to the method of
Fonnum (1975). Enzyme activities were linear with time
and with the amount of enzyme protein. Protein concen-
trations were determined according to the method of
Lowry et al. (1951) using bovine serum albumin (BSA)
as the standard.

Histological procedures. At day 0, 2, 5, or 10, animals
from experimental or control groups were anesthetized
with ether and perfused through the heart, first with a
short pre-rinse of Ringer solution containing 1000 units
of heparin (Liquemine, Hoffmann-La Roche, Basel, Swit-
zerland) and 0.1% procaine, and then for 15 min with a
mixture of 2.5% glutaraldehyde and 1% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4) containing 5%
(w/v) sucrose. Control animals were also studied at day
50. The number of animals killed at each time point was
4 to 8 per group.

Both SCGs and both cervical sympathetic trunks
(CSTs) were carefully removed with the aid of a dissect-
ing microscope and were immersed together in the same
fixative for an additional 2 hr. The specimens were sep-
arated into ganglia and CSTs postfixed in OsQO,, dehy-
drated, and embedded in Epon 812. Ultrathin sections
were cut on a Reichert Ultratome and mounted on copper
one-hole grids supplied with carbon-Pioloform films
(Pioloform F, Wacker Chemie, Munich, FRG). After
staining with uranyl acetate and lead citrate, the sections
were examined in a Zeiss EM 10 electron microscope.

For the determination of the number of intrinsic syn-
apses in the SCG of control and NGF-treated rats, four
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animals from each group were anesthetized with ether at
day 10, and the right SCG was decentralized by cutting
the CST 2 to 3 mm from the ganglion. Five days after
the decentralization, the animals were perfused and the
SCGs were processed as described above.

Morphometry. For the determination of synapse den-
sity, sections were cut from the midportions of the ganglia
perpendicular to their long axis. Synapses were counted
from electron micrographs covering an area of about
10,000 yum® and printed at a final magnification of X
13,000. Only synapses with clearly visible asymmetric
pre- and postsynaptic membrane thickenings and with
presynaptic vesicles were counted (Fig. 4). Nerve cell
nuclei and Schwann cell nuclei were counted on the same
sections, but from overlapping electron micrographs cov-
ering an area of about 25,000 um?, and printed at a final
magnification of X 4,100.

The numbers, per unit area of synapses, of nerve cell
nuclei and of Schwann cell nuclei were calculated, and
hence the number of synapses per nerve cell nucleus and
the number of Schwann cell nuclei per nerve cell nucleus
were determined. This approach was found to give the
most reliable results, although the increase in synapse
numbers under the influence of NGF is underestimated
by such determination, because the number of neurons
is more than 20% higher in NGF-treated animals (Hendry
and Campbell, 1976). Ganglionic volume, neuronal vol-
ume, and ganglionic extracellular space were all changed
markedly by NGF treatment.

For the determination of the number of axons in the
CST, ultrathin sections were cut perpendicularly to the
CST at two different levels: near its entry into the SCG
and about 3 mm centrally toward the spinal cord. The
axon number was calculated by first determining the
axon density in randomly chosen regions of the CST that
were photographed and printed at a final magnification
of X 16,000; from this density the total number of axons
was then obtained by extrapolating the total area of CST
composed by axons, as determined with a Hewlett-Pack-
ard 9874A digitizing device from whole cross-section
montages printed at a final magnification of X 4,100.

At each time point, the differences between the values
in NGF-treated animals and in controls were tested for
statistical significance using the Student’s ¢ test.

Immunohistochemical procedure. For the determina-
tion of the number of adrenergic axons in the CST, 10-
day-old NGF-treated and untreated rats were perfused
through the heart with 4% formalin in 0.1 M phosphate
buffer, pH 7.4, for 5 min, then with 4% formalin in 0.1 m
borate buffer, pH 11, for 10 min. The SCG with CST and
postganglionic trunks were removed and immersed for
an addition hour in the second fixative (Berod et al,,
1981). After washing in 0.1 M phosphate buffer, pH 7.4,
containing 5% sucrose, the tissue was embedded in pol-
yethylene glycol 600 (Fluka, Buchs, Switzerland). Blocks
were hardened and stored at 4°C, and 15-um sections
were cut parallel to the long axis of the trunks. The
following incubation steps were carried out at room tem-
perature in 0.1 M phosphate buffer, pH 7.4, containing
5% sucrose, 5% BSA, and 0.2% Triton X-100. Anti-TH
antiserum or rabbit nonimmune serum was diluted 1:500
(gift from Dr. J. Thibault, Paris) and incubated over-
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Figure 1. Developmental increases in (a) protein content,
(b) TH total activity, and (¢) TH specific activity in rat SCGs
under the influence of NGF. Animals were injected daily, sub-
cutaneously, with 10 pg of NGF/gm of body weight or with
saline for 2, 5, or 10 days. Results are expressed as percentage
(mean £ SEM) of the values for newborn animals: 100% = 113
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night. The antiserum was raised against TH purified
from rat pheochromocytoma tumors (Thibault et al.,
1981). After washing for 2 hr, sections were incubated in
peroxidase-coupled anti-rabbit 1gG antibodies (Miles-
Yeda, Rehovot, Israel) that were diluted 1:100 and were
reacted using diaminobenzidine (Sigma Chemical Co., St.
Louis, MO) as a substrate, and a heavy metal intensifi-
cation (Adams, 1981). Sections were treated with osmium
and embedded in Epon 812. Ultrathin sections were cut
perpendicularly to the 15-um section to give cross-sec-
tions through the axons in the trunks. The proportion of
labeled, adrenergic axons was determined on micro-
graphs printed at a final magnification of X 12,000.

Retrograde labeling with horseradisch peroxidase
(HRP). HRP was applied to the right CST of 10-day-old
NGF- or saline-treated rats by placing the cut ends of
the CST into a polyethylene tube containing 30% (v/v)
HRP, type VI (Sigma) in a 15% polyacrylamide gel
(Griffin et al., 1979). In addition, a dry pellet of crystalline
enzyme was put on top of the tubing. The total quantity
of HRP applied was about 1 mg. After 40 hr, the animals
were perfused with 3% glutaraldehyde in 0.1 M cacodyl-
ate buffer at pH 7.4. SCGs, stellate ganglia, CSTs, and
cervical and thoracic spinal cord segments were removed
and stored in the same buffer at 4°C. Thirty-micrometer-
thick cross-sections of ganglia and spinal cord were cut
on a freezing microtome at —15°C. Sections were reacted
with tetramethyl benzidine according to the procedure of
Mesulam (1978), counterstained with thionin (Adams,
1980), and examined in a Leitz microscope using polar-
izing filters.

For control experiments, 10-day-old animals either re-
ceived a tail vein injection of 1 mg of HRP in saline or
were sham-operated with the application of 1 or 5 mg of
HRP to the intact CST, and processed as described
above.

Results

Effects of NGF on postganglionic neurons in the SCG

In control animals, the fotal protein content of the
SCG increased 2-fold from birth (day 0) to day 10; NGF
treatment resulted in a 10-fold increase in total protein
content (Fig. 1a). This increase was in sharp contrast to
the rise in body weight: NGF-treated animals consist-
ently showed a slower than normal increase in body
weight (87% of control values at day 2, 75% at day 5, and
77% at day 10).

In control animals, ¢yrosine hydroxylase total activity
increased 3.4-fold and the specific activity increased 1.7-
fold during the first 10 days of postnatal development
(Fig. 1, b and ¢). NGF treatment led to a 66-fold rise in
TH total activity, causing a 6.3-fold increase in the spe-
cific activity of TH (Fig. 1, & and ¢). This is in good
agreement with earlier results (Thoenen et al., 1971).

Morphological observations. At birth, most of the
SCG neurons were still typical young neurons having a

ug of protein/pair of ganglia; 1.0 pmol of dihydroxyphenylala-
nine (DOPA) formed/min/pair of ganglia (TH total activity),
and 9 pmol of DOPA formed/min/mg of protein (TH specific
activity); n = 8 animals. ==, p < 0.01; ***, p < 0.001.
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large nucleus and a relatively small rim of cytoplasm
(Fig. 2a), as described by Erdanko (1972). Non-neuronal
cells were small, covering only minor portions of the
nerve cell bodies and fibers. The size of the nerve cell
bodies was markedly increased from birth to day 10 (Fig.
2b), and non-neuronal cells increased in number (Fig. 4b)
and began to ensheath the neurons and their fibers. All
of these processes were markedly enhanced by NGF.
After 10 days, the diameters of neurons in NGF-treated
ganglia were nearly double those of neurons in 10-day-
old controls, and the neurons in NGF-treated animals
were totally surrounded by Schwann cells (Fig. 2¢).

Development of the preganglionic SCG innervation
and its modification of NGF

Choline acetyltransferase showed a 14-fold increase in
total activity during the first 10 days postnatally in
controls (Fig. 3). NGF treatment during these 10 days
caused a further increase by about 60%. However, after
2 or 5 days of NGF treatment, the total CAT activity
was significantly lower than in controls (77% at 2 days
and 68% at 5 days).

In the electron microscope only few distinct synapses
were found at the day of birth. Their morphology closely
resembled that of classical ganglionic cholinergic syn-
apses: asymmetric thickenings, clear 50-nm vesicles, and
occasional large dense-core vesicles. The number of syn-
aptic vesicles was, however, smaller at birth than at 10
days or in adult animals. Both axosomatic and axoden-
dritic synapses were present. No “vacant” postsynaptic
thickenings (Smolen and Raisman, 1980) could be ob-
served in the ganglia of either NGF-treated or control
animals.

For a quantitative assessment of synapse formation,
synapses were counted in a given field and their number
was related to that of nerve cell nuclei in the same field
of observation (see Morphometry under “Materials and
Methods”). In the controls, the developmental increase
in synapse numbers determined by this procedure cor-
responded closely to that reported by Smolen and Rais-
man (1980) for the total number of synapses per SCG. In
saline-injected animals, there was a steady rise from 0.4
synapses/nerve cell nucleus at birth to 1.3 synapses/
nerve cell nucleus at 10 days (Fig. 4a). NGF produced an
additional 1.5-fold increase in synapse numbers over
control values by day 2, and a 2-fold increase by days 5
and 10 (Fig. 4a).

As the surface area of a peripheral neuron covered by
one Schwann cell has been reported to be constant
(Pannese et al., 1972), the relative neuronal surface area
present in the SCG was estimated by determining the
number of Schwann cell nuclei per nerve cell nucleus in
a given field of observation. For control and NGF-treated
animals, the increase in the number of Schwann cell
nuclei per nerve cell nucleus was similar to the corre-
sponding increase in the number of synapses (Fig. 4, a
and b), indicating that the formation of synapses in the
SCG is roughly proportional to the increase in the neu-
ronal surface area.

The true preganglionic nature of these synapses was
established by decentralization of the SCG after 10 days
of NGF or saline treatment. Five days after decentrali-
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zation, the number of synapses remaining in the ganglion
was only 7% in NGF-treated animals and 10% in saline-
treated animals as compared to nonoperated control
animals.

The total number of axons in the preganglionic CST
close to the SCG drops from 13,000 at birth to 7,700 at 10
days in control animals, confirming the earlier data of
Aguayo et al. (1973). NGF treatment not only prevented
this loss, but even increased the number of axons above
control levels as eatly as after 2 days of treatment (21,000
axons), and to a maximal number of 37,000 axons after
10 days of treatment (Figs. 5 and 6). This proliferation of
axons was not restricted to the immediate vicinity of the
target cells, as axon numbers in the CST were reduced
by only 10 to 20% several millimeters closer to the spinal
cord at all time points tested. This small difference was
also observed in control animals.

Nature of CST axons. A substantial proportion of
postganglionic axons (11% in adult rats; Brooks-Fournier
and Coggeshall, 1981) is present in the CST, and the
corresponding adrenergic neurons in the SCG and the
stellate ganglion (Bowers and Zigmond, 1979, 1981) can
also be expected to sprout in response to NGF. Therefore,
the nature of the axons in the CST had to be determined.
Immunohistochemical experiments using an antiserum
against TH, an enzyme specifically located in adrenergic
neurons, resulted in the staining of 20% of the axons in
cross-sections through the CST of 10-day-old control
animals. This proportion of TH-positive axons increased
to 45% following NGF treatment (Fig. 7a). In cross-
sections through the postganglionic trunk, assumed to be
purely adrenergic, more than 95% of all postganglionic
axons were stained positively in both control and NGF-
treated animals, confirming that TH immunoreactivity
is a reliable marker for young adrenergic axons (Fig. 7b).
In cross-sections through the CST that were treated with
nonimmune serum, no labeled axons were found.

In a preliminary study using retrogradely transported
HRP, the cells of origin of the CST axons were identified.
In control animals, in agreement with the small propor-
tion of TH-positive axons in the CST, only few adrenergic
neurons were labeled in the SCG, which is similar to the
adult situation in the rat (Bowers and Zigmond, 1979).
Despite the increase in the number of adrenergic axons
in the CST, this number was not affected by NGF treat-
ment for 10 days. In addition, a minor number of stellate
ganglionic neurons project axons into the CST (Bowers
and Zigmond, 1981); but, again, this number was not
increased in NGF-treated as compared to control animals
in this study. In contrast to this constant number of
labeled adrenergic neurons, the number of preganglionic
sympathetic neurons labeled retrogradely in the spinal
cord of treated animals seemed to be increased markedly
(about 1.5-fold), although their rostrocaudal distribution
along the spinal cord segments was the same as for
control and adult animals. (segments C8 to T'6; Rando et
al., 1981; data not shown).

Discussion

The present results demonstrate that the effects of
NGPF in the neonatal rat are not restricted to the post-
ganglionic sympathetic neurons, but extend also to the



Figure 2. Electron micrographs of rat superior cervical ganglia (3CG). a, SCG of a newborn animal, showing typical neuroblasts
with small rims of cytoplasm and relatively large nuclei. Cell membranes of neighboring cells are often seen in close contact.
There are only few non-neuronal cells, which have mostly short processes. b, SCG of a 10-day-old control animal. Neurons are
larger and are partially ensheathed by Schwann cell processes. ¢, SCG of a 10-day-old animal, injected with NGF. This treatment
caused an enhanced growth of neurons, a prominent increase of the ratio of cytoplasmic area to nuclear area, and an increase in
the number of Schwann cells, which totally ensheath the neurons and their processes. All micrographs are printed at a final
magnification of X 3000. NC, adrenergic neuron; SCN, Schwann cell nucleus; Ax, axons.
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Figure 3. Developmental increase of choline acetyltransfer-
ase (CAT) total activity in rat CSGs under the influence of
NGF. Animals were subcutaneously injected with 10 pg of
NGF/gm of body weight or with saline for 2, 5, or 10 days. The
results are expressed as percentage (mean + SEM) of the values
for newborn animals: 100% = 42 pmol of acetylcholine formed/
min/pair of ganglia; n = 8 animals. *#, p < 0.01; **=, p < 0.001.

preganglionic innervation of these cells: there is a 2-fold
increase in the number of synapses per neuron, a corre-
sponding increase in CAT, and an increase in the number
of preganglionic axons (about 3-fold) innervating the
sympathetic ganglionic cells of the SCG.

The additional increase in synapse numbers and CAT
content over the normal developmental increase substan-
tiates earlier biochemical reports on such a retrograde
transneuronal effect of NGF (Thoenen et al., 1972; Hill
and Hendry, 1977). However, whereas in control rats
there was a close correlation between synapse numbers
and CAT levels at all ages (an observation reported also
for mice, Black et al., 1971), at days 2 and 5 total CAT
activity was significantly lower in NGF-treated animals
as compared to controls. The time course of the increase
in CAT synthesis in the spinal cord is not known, and it
must be considered that CAT is transported from the
spinal cord to the SCG over a distance of several milli-
meters by slow axonal transport (Saunders et al., 1973;
Wooten and Coyle, 1973).

The preganglionic nature of these additional synapses
was verified by cutting the preganglionic nerve. After 5
days, in both NGF-treated animals and controls, the
number of synapses had dropped to 7% and 10%, respec-
tively. These residual synapses may represent intragan-
glionic connections by axonal collaterals (Kondo et al,,
1980). The drop in the number of synapses correlates
with the drop in CAT activity which falls to less than
10% of normal levels after decentralization (Thoenen et
al,, 1972; Hill and Hendry, 1977).

The increase in the number of synapses was paralleled
by a hypertrophy of the postsynaptic SCG neurons and
by a corresponding increase in the number of Schwann
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cells. Under the assumption that the surface area of a
sympathetic neuron covered by one Schwann cell is
constant, as has been reported for sensory neurons
(Pannese et al., 1972), the increased formation of syn-
apses in the SCG is roughly proportional to the increase
in the neuronal surface area. Analogously, in ciliary gan-
glia, the number of axons making contacts with a given
neuron correlates with the size of its dendritic tree
(Purves and Hume, 1981). NGF reaches the SCG mainly
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Figure 4. Time courses of the increase in (@) the number of
synapses and (b) the number of Schwann cells per nerve cell
nucleus in rat SCGs under the influence of NGF. The numbers
of synapses, nerve cell nuclei, and Schwann cell nuclei were
estimated as indicated under “Materials and Methods.” The
results are expressed as percentage (mean + SEM) of the values
of newborn animals: 100% = 0.41 synapses/nerve cell nucleus
and 1.0 Schwann cell nucleus/nerve cell nucleus; n = 6 ganglia.
*, p < 0.05; #+, p < 0.01.
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{F‘igure 5. Montages of cross-section through the rat CST at its entry into the SCG. A, Newborn animal; B, 10-day-old control
animal; C, 10-day-old NGF-treated animal. Magnification X 80. The numbers of axons counted on these sections are presented in
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Figure 6. Time course of the increase in the total number of
axons present in the rat CST under the influence of NGF. The
number of axons was estimated as indicated under “Materials
and Methods.” The results are expressed as the mean = SEM.
ek p < 0.001.

by retrograde axonal transport in the postsynaptic neu-
rons (Stockel et al., 1975) and is not transferred to the
preganglionic endings terminating on these neurons, in
contrast to tetanus toxin (Schwab and Thoenen, 1977;
Schwab et al., 1979). Evidence for a direct effect of NGF
or for the presence of receptors for NGF on preganglionic
neurons has not been found so far. One therefore has to
assume an indirect mechanism,; e.g., increased production
of a “factor” regulating synapse formation by the adre-
nergic neurons under the influence of NGF. Such a
regulatory molecule could be soluble or a membrane
constituent. Since only about 1% of the neuronal surface
in the SCG is covered by synapses (Yokota and Yamau-
chi, 1974), membrane-bound “synaptogenic signals” must
be more specific than just the availability of space. It is
most significant that such a retrograde transneuronal
signal or factor which is under the control of NGF has
already been postulated for the maintenance of adult
SCG synapses. Postganglionic axotomy or blockade of
axonal transport not only has pronounced effects on the
corresponding cell bodies in the SCG but leads also to a
disconnection of the preganglionic input by synapse re-
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Figure 7. Cross-sections through (&) the preganglionic CST and (b) the postganglionic trunk of a 10-day-old NGF-treated rat.
The immunohistochemical labeling with peroxidase was performed with an antiserum against TH as described under “Materials
and Methods.” The CST of the NGF-treated animal contains labeled adrenergic axons (arrowheads) as well as unlabeled,
presumably cholinergic axons (stars). In contrast to the CST, all of the axons are labeled in the adrenergic postganglionic trunk,
which serves as a positive control for the immunohistochemical procedure. Magnification X 15,000. SCN, Schwann cell nucleus.

traction (Matthews and Nelson, 1975; Purves, 1975,
1976). These effects are counteracted by NGF and mim-
icked by anti-NGF antiserum (Nja and Purves, 1978).

The transneuronal effects of NGF were not restricted
to the terminal parts of the preganglionic fibers. After 10
days of NGF treatment, the number of cholinergic axons
in the CST was increased from 6,000 in controls to 20,000
in treated animals, in regions of the CST close to, and
more distant from, the SCG. It has to be pointed out,
however, that the axonal population of the CST is not
purely cholinergic. In agreement with Brooks-Fournier
and Coggeshall (1981), who found 11% of the CST axons
to be postganglionic on the basis of selective lesions in
adult rats, immunohistochemical localization of TH as a
marker for adrenergic axons showed that around 20%
(about 1,500 axons) of the CST axons were adrenergic in
10-day-old control animals, and that this proportion was
increased to 45% (about 17,000 axons) by the NGF treat-
ment. Since NGF elicits fiber outgrowth from adrenergic
neurons by a direct action (Thoenen and Barde, 1980),
this increased adrenergic contribution was not unex-
pected.

Preliminary experiments using retrogradely trans-
ported HRP for identification of neurons projecting ax-
ons into the CST showed that the proportion of labeled
adrenergic SCG and stellate neurons was unchanged in
NGF-treated animals. This suggests that the large in-
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crease in the number of adrenergic axons in the CST is
due to collateral sprouting. Although all SCG and stellate
neurons probably sprout in response to NGF, no
“misrouting” into the CST seems to occur.

Having found a marked positive effect of NGF on the
number of cholinergic synapses and preganglionic axons,
the determination of the number and location of their
cells of origin in the spinal cord would be of great interest.
Our preliminary results showed labeled preganglionic
sympathetic neurons located in the spinal cord segments
C8 to T%6, a distribution identical to that found in adult
rats (Rando et al., 1981), as well as in adult guinea pigs
(Nja and Purves, 1977; Dalsgaard and Elfvin, 1979; Rubin
and Purves, 1980) and in newborn and adult hamsters
(Lichtman and Purves, 1980). Whereas this rostrocaudal
distribution was not affected by 10 days of NGF treat-
ment, the number of labeled spinal cord neurons in-
creased about 1.5-fold. This increased number of labeled
cell bodies could result from an increased branching and
projection to the SCG, or, alternatively, from an in-
creased survival of young neurons due to an alteration in
their target structure (the SCG). In fact, in the 8- to 10-
day-old chick embryo the prevention of naturally occur-
ring cell death in the preganglionic sympathetic column
of the spinal cord by NGF has recently been demon-
strated (Oppenheim et al., 1982). Developmental over-
production of neurons and a subsequent reduction to
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match the available target organ(s) constitute a wide-
spread phenomenon in the developing nervous system
(for review see Oppenheim, 1981); this phenomenon has
also been described for motoneurons in the spinal cord
of postnatal rats (Nurcombe et al., 1981; Rootman et al.,
1981). However, no data are available concerning the
occurrence and time course of these events for pregan-
glionic sympathetic neurons in the rat.

In addition to survival of cholinergic preganglionic
nerve cells themselves, the NGF treatment could affect
the maintenance of axonal branches or even induce
sprouting by the changes in the adrenergic target neu-
rons. Electrophysiological data in the hamster SCG
(Lichtman and Purves, 1980) as well as in the rat sub-
mandibular (Lichtman, 1980) and rabbit ciliary ganglion
(Johnson and Purves, 1981) gave evidence for a pro-
nounced rearrangement of the preganglionic-postgan-
glionic synaptic connections during development: in par-
ticular, a reduction of the number of preganglionic axons
contacting a given ganglion cell. NGF-induced changes
in the postganglionic neurons stabilizing early transitory
connections could thus make an important contribution
to the phenomena observed in the present study.

Our results show that the changes produced by NGF
in the postganglionic adrenergic neurons of the SCG
trigger a series of changes in the input system to these
neurons: more cholinergic synapses are formed, and more
preganglionic axons project to the SCG. Whether NGF
causes an increased availability of synaptic sites, which
then leads to a stabilization of axonal sprouts and/or
survival of preganglionic neurons, or whether synapse
formation and axon number are regulated independently
by soluble or membrane-bound factors produced by the
NGF-responsive SCG neurons, remains an open question.
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