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Abstract

Long term (2- to 3-week) cultures of superior cervical ganglia (SCG) were established from rats
and rat embryos ranging in age from 15 days of gestation (K15) to 279 days postnatal (P279).
Cultures were grown on a collagen substratum and fed a serum-containing medium with added nerve
growth factor. Radial outgrowth of neurites was measured as a function of time for up to 2 to 3
weeks. Computer-aided analysis generated estimates of onset time, initial rate, and subsequent
changes in the rate of growth of these neurites. The explants from perinatal rats showed the fastest
growth onset time (5 to 13 hr), fastest initial rate of growth (370 to 660 ym/d), and a decline in
growth rate during the first 2 weeks in culture. The outgrowth from these perinatal explants was
composed of many small fascicles. Neurites from the prenatal explants (E15 to E20) began to grow
within 22 hr in vitro. Their rate of growth was lower initially (150 to 300 pm/d) but increased to
equal the perinatal explant initial rate before again falling to an intermediate level (200 to 300
pm/d). The outgrowth from prenatal explants contained fewer larger fascicles. Postnatal explants
had low initial rates of growth (70 to 176 um/d) but exhibited an increasing growth rate in vitro,
again approaching an intermediate rate of 200 to 250 um/d after 2 to 3 weeks. Neurite outgrowth
from the postnatal explants was delayed by an amount roughly correlated with the age of the animal
from which they had come (up to 68 hr for P49). The initial rate of growth also decreased with
advancing postnatal age but reached an asymptote of about 50 to 150 um/d at about P30. The
outgrowth was initially sparse but became denser with time in culture. Thus, in a culture system in
which medium composition and growth substratum are held constant, marked differences can be
observed in pattern, latency, initial rate, and subsequent changes in rate of neurite extension among

SCG explants from different ages of rats and rat embryos.

The growth of neurites from newly differentiating neu-
rons as well as from regenerating proximal stumps has
been of interest since the axon was recognized as a direct
extension from the neuronal soma (Ramon y Cajal, 1917).

' We wish to thank Drs. Mary B. Bunge, Richard P. Bunge, and
Patrick Wood for help and advice and Ms. Lisa Wartels and Mrs.
Artree James for technical assistance. We are grateful for the use of
computer facilities generously provided by Dr. Calton C. Hunt of the
Department of Physiology and Biophysics and for the assistance and
advice of Dr. Robert S. Wilkinson in the application of these facilities.
Some of the analysis was completed with a microcomputer system
funded in part by a grant from the Department of Pediatrics authorized
by Dr. Philip R. Dodge. This work was supported by Grants NS14416
and NS15070 to M. B. Bunge from the National Institutes of Health.
V. A. is supported on National Institutes of Health Training Grant
GMO07564.

2To whom correspondence should be addressed at Department of
Anatomy and Neurobiology, Box 8108, Washington University School
of Medicine, 660 South Euclid Avenue, St. Louis, MO 63110.

503

A number of the early investigations provided data on
the rate of growth (Harrison, 1910; Ramon y Cajal, 1928;
Speidel, 1933). Subsequent studies have provided growth
rates for nerve fibers both in vivo (Gutmann, 1942) and
in vitro. Bray (1973), for example, noted that superior
cervical ganglion (SCG) neurons explanted from newborn
rats extended neurites at the rate of 30 to 40 um/hr on a
collagen substratum during the initial days of culture.
Many of these studies were short term and the growth
rates were derived from observations over not more than
several hours or days. In addition, few workers studied
the rate of growth as a function of the age of the animal.

During studies on the development of neurotransmit-
ter function in SCG neurons in culture, methods were
developed to grow explants from rats of all ages in long
term culture (Ross et al., 1977; Johnson et al., 1980).
During this study, it was observed that, at a given time
in culture, the length of neurites appeared to vary as a
function of the age of the animal from which the neurons
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were taken. It also was noted that explants taken from
older animals showed a delay in their onset of growth.
Because of our interest in regeneration and the underly-
ing basis of these age dependencies, we have pursued
these observations. The studies reported here were aimed
specifically at quantitating and describing the patterns
of neurite extension from both embryonic and postnatal
animals. A preliminary report of these findings has ap-
peared in abstract form (Johnson and Argiro, 1979).

Materials and Methods

Culture procedures. SCG were dissected from rats and
rat embryos ranging in age from 15 days of gestation
(E15) to 279 days of postnatal life (P279). Rats of both
sexes were used at random. The ages of all rats were
determined on the basis of sperm-positive dates. The
management of breeding was such that embryos were
actually up to 0.5 day older than the ages cited. Embryos
were removed from pregnant females under ether anes-
thesia. Postnatal animals were etherized and the SCG
were removed under sterile conditions. The connective
tissue capsule was removed from all ganglia except those
taken from E18 or younger embryos. The capsule, if
present on these ganglia, is too delicate to manipulate.
The tissue removed from SCG of animals older than 10
to 14 days postnatal is not a true capsule but a connective
tissue sheath common with the carotid and jugular ves-
sels as well as the vagus nerve. Each ganglion was divided
into explants of roughly equal size, 0.5 to 1.0 mm in
diameter. Adult ganglia yielded 8 to 12 explants; E21
ganglia yielded 3 or 4 explants; E15 ganglia were left
intact; intermediate ages were handled accordingly.

For all experiments reported here, an E21 ganglion
explant was co-cultured with 1 or 2 explants from rats of
different ages. The E21 explant thus was used to monitor
the presence of uncontrolled variables from one experi-
ment to the next, but no attempt was made to normalize
the measurements to those from the E21 explants. The
cultures were contained within unsealed all glass 35-mm
culture dishes (Bellco Glass, Inc., Vineland, NJ). Before
plating the explants, the dish bottoms were coated with
a double film of reconstituted rat tail collagen. The
bottom layer was polymerized by exposure to ammonia
vapors; the top layer, on which the explants were grown,
was air dried, yielding a highly fibrous and long lasting
growth substratum. The cultures were fed every 3 to 5
days with a medium containing 85% Eagle’s minimum
essential medium (Grand Island Biological Co.), 10%
human placental serum, 1% chick embryo extract, 0.6%
glucose, 1% L-glutamine (200 mm), and 10 biological
units/ml of nerve growth factor (NGF; Varon et al.,
1972). The cultures were incubated at 35°C in a 5% CO.
in air-humidified atmosphere.

Neurite measurement procedure. Neurite outgrowth
from the SCG explants is visible as a radial halo with a
distinct front or leading edge. Observations of living
cultures at high magnification indicate that the out-
growth is quite synchronous and that the majority of
growth cones are at the front. It is therefore possible to
estimate the progress of neurite extension by monitoring
the distance between this front and the explant border.
The halo was visualized by low magnification (X 10 to
20) bright-field light microscopy. Initially, this image was
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recorded photographically and the positions of the ex-
plant border and growth cone front then were traced
onto paper from the projected negative. In later experi-
ments, the image of the living culture was projected
directly onto paper, utilizing a low power inverted micro-
scope designed for this purpose. The positions of the
growth cone front for each explant were accumulated on
a common sheet of paper as a series of irregularly shaped
concentric rings (Fig. 1). Only sections of the halo edge
unobscured by non-neuronal cell overgrowth and where
the neurites were growing straight toward the periphery
were traced. The measurements were taken at intervals
of 1 to 3 days for the 1st week in vitro and at intervals of
3 to 5 days during the 2nd and 3rd weeks. The measure-
ments were ended when the neurite front reached the
edges of the dish, collided with the fronts of the other
explants in the dish, or became unrecognizable amid the
carpet of proliferating non-neuronal cells.

Computer-aided data analysis. The paper tracings
were digitized with the aid of a magnetostrictive graphic
tablet (Houston Instruments, Inc., Austin, TX) inter-
faced to a TI-980B mini computer (Texas Instruments,
Inc., Austin, TX). The validity of the digitizing process
was checked by displaying the digital map of the tracing
on a graphics cathode ray tube as each perimeter was
entered. A sampling of the neurite lengths around the
extent of the traced halo was obtained with a simple
geometric algorithm: for each of approximately 128
points digitized on the growth cone front, the minimum
distance to a point on the explant border was calculated.
Thus, for each time point, a statistical population was
obtained whose mean reflected the “neurite extent” or
average radius of the growth cone front and whose stan-
dard deviation reflected the variability in the outgrowth
from a single explant. These mean halo radii at each time
point were obtained for each of the 4 to 9 explants of a
given in vivo age surviving the experiment. Again, mean,
standard deviation, and standard error of the mean
(SEM) were calculated. For this secondary statistical
population, the mean reflects the behavior of the neurites
from all explants of a given age sample, and the standard
deviation and SEM reflect variability from one culture
to the next. It should be noted that these measurements
are estimates of neurite lengths; it is the mean distance
between the explant border and the growth cone front
which is calculated.

The rate of neurite extension was calculated by two
methods. The first method utilized the linear regression
equations applied to overlapping sets of three time points
to calculate growth rates throughout the experimental
period. The time in vitro quoted for each rate so obtained
is the mean of the three times of measurement. In this
way, changes in the rate of neurite extension over the
culture period could be studied. The variability in these
rate measurements for a given population of explants was
indexed by computing a 95% confidence interval (Re-
mington and Schork, 1970).

In addition, a nonlinear regression analysis was per-
formed on the neurite length data from the whole cultur-
ing period by an adaptation of the method of least
squares (see Bennett, 1976). The equation fitted is:

L = R()/R](l _ eAR, - zm)



Figure 1. One superior cervical ganglion explant from an E21 rat embryo photographed in the living state at 1.2, 2.2, 2.8, 3.8,
and 4.8 days in culture. On the right are the tracings of the neurite front at these times. Tracings such as these were used to
determine neurite extension kinetics. Scale bar, 1 mm.
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where ¢ is the time in vitro in days, L is neurite length in
micrometers, and the three adjustable parameters &, R
and R, are the onset time (days), initial growth rate
(micrometers per day), and first order rate constant
(days™'), respectively. The above equation was chosen
because changes in the rate of neurite outgrowth ap-
peared to take an exponential form at least for the
postnatal explants (see “Results”) and particularly for
the perinatal explants. The first derivative of the above
equation, which gives the rate of growth as a function of
time, is an exponential of the sign opposite to that of the
original function. This procedure permitted a curvilinear
extrapolation of the neurite growth function to the time
of onset in lieu of the linear extrapolation obtained by
the linear regression method. As the rate of neurite
extension appears to change most rapidly during the
initial period of growth, the values for initial growth rate
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obtained with the nonlinear fit may be better estimates
of the actual values during the first hours of growth.

Results

General observations on patterns of growth. The data
reported here derive from a series of eight experiments,
including a total of approximately 600 SCG explants.
Stereotyped patterns of neurite growth and behavior of
accompanying non-neuronal cells (primarily Schwann
cells and fibroblasts) were noted for embryonic, perinatal,
and postnatal explants.

Embryonic explants began to manifest neurites within
the 1st day of incubation. The initial outgrowth was web-
like in appearance due to a reticular sheet of non-neu-
ronal cells which were spread among and restricted to
the area occupied by the neurite fascicles. The fascicles
were very large (50 to 200 pm) in diameter (Fig. 2a) in

Figure 2. SCG explants after 6 days in culture. These three explants from
E16 (a), E21 (b), and P49 (c) rats were cultured in the same dish and
photographed in the living state. Scale bar, 1.5 mm.
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comparison to those extending from perinatal explants
(Fig. 2b). In many cases, there were only 5 to 10 fascicles
around the entire explant, compared with hundreds of
small fascicles around a similarly sized perinatal explant.
As the growth of these neurites accelerated (see below),
they appeared to leave behind the halo of non-neuronal
cells surrounding the explant and grow out onto the
collagen substratum. Only later, during the 2nd or 3rd
week in vitro, did a confluent monolayer of fibroblasts
cover the dish. The embryonic explants themselves re-
mained lucent throughout the culturing period, probably
indicating a fairly high rate of cell survival and lack of
necrosis.

Perinatal explants also produced a visible outgrowth
within the 1st day in culture (see Fig. 25). In this case,
however, the outgrowth was composed of small anasto-
motic fascicles and was relatively free of non-neuronal
cells. The front of growth cones remained well in advance
of the front of migrating non-neuronal cells until the 2nd
or 3rd week in culture when, again, a confluent carpet
of Schwann cells and fibroblasts often developed. The
perinatal explants generally remained lucent but more
often than the embryonic explants developed a dark
center probably indicative of necrotic cell loss at the core
of the explant.

Explants from animals 1 week postnatal or older ex-
hibited yet a third growth pattern (Fig. 2¢). Initiation of
neurite extension was delayed for several days (see be-
low) and outward migration of a number of non-neuronal
cells always preceded the appearance of extending neu-
rites. Fascicles were moderate in diameter in comparison
to the other two groups but, at least initially, were few in
number. The density of the outgrowth appeared to in-
crease during the culturing period and the fronts of
growth cones and migrating non-neuronal cells advanced
at about the same rate. These postnatal explants are
more opaque when placed in culture but may become
more so with time; thus, it is not clear to what extent
this opacity is due to necrosis.

Neurite length as a function of time. The first stage in
the quantitative analysis consisted of plotting the mean
distance between the growth cone front and explant
border as a function of time for each group of explants of
a given age from each experiment. Such data from a
representative experiment are plotted in Figure 3. Note
that the neurite extension from the embryonic explants
(E15 in this case) is first behind that from the perinatal
(E21) group but becomes more rapid after several days.
The pattern for the perinatal (E21) group is different.
The neurite extension proceeds first very rapidly but
gradually slows. The two older postnatal groups (P16 and
P279) show a common pattern differing only quantita-
tively. Neurite outgrowth is slow at first, relative to the
E21 group, but the curves turn upward with time in
culture. The P2 explants show a pattern intermediate
between the E21 and older postnatal groups. Note that
the rate of growth early in culture and the total length
that the neurites achieved are related directly to the in
vivo age of the postnatal explants. These plots suggested
to us three parameters whose age dependence we might
specifically characterize: neurite growth onset time, ini-
tial rate of neurite growth, and changes in growth rate as
a function of time in culture.

Neurite Extension of Sympathetic Neurons in Culture
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Figure 3. Neurite extent (distance between explant border
and growth cone front) as a function of time in culture for five
ages. Each point represents a mean for 4 to 9 explants. Error
bars are for +SEM.

Neurite growth onset time. As it was not practical to
observe all of the cultures directly during their initial
period of incubation, we adopted a method for estimating
the time of onset of neurite extension utilizing an extrap-
olation of the neurite length versus time data. We chose
the nonlinear fit parameter ¢, for the estimate. In Figure
4, this estimate of onset time is plotted as a function of
the age of the rat from which the explants were taken.
Note the close agreement among the five values plotted
for E21 explants. This agreement among values derived
from experiments conducted over a pertod of more than
a year is an index of the repeatability of the culture
preparation. As indicated qualitatively above, the onset
of neurite extension from embryonic and perinatal ex-
plants is prompt, occurring within 6 to 24 hr of explan-
tation. The onset of regeneration of postnatal explants,
on the other hand, is delayed approximately 20 to 70 hr.
There appears to be a weak correlation between postna-
tal age and the magnitude of this effect.

Initial rate of neurite extension. When the nonlinear
fit parameter R, the estimate of the initial rate of neurite
extension, is plotted as a function of in vivo age (Fig. 5),
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Figure 4. Delay before onset of neurite growth as a function
of the age of the animal. The values were derived by nonlinear
fit to the data for 4 to 9 explants in each case. Error bars are
for +tSEM.
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Figure 5. Initial neurite growth rate as a function of the age
of the animal. The values were derived by nonlinear fit to the
data for 4 to 9 explants in each case. Error bars are for *£SEM.

a strikingly smooth function emerges. Again, an indica-
tion of the relative lack of systematic errors from one
experiment to the next is provided by the agreement of
values for E21 explants. All but one value is close to 500
pm/d. Note that these values are also the highest ob-
tained for any age. Values obtained for the embryonic
explants begin with a minimum of about 140 um/d for
E15 and tend to increase approximately linearly with
advancing age toward the maximum at E21. The initial
neurite extension rate for postnatal explants, on the other
hand, declines with advancing age. The decline is very
steep from E21 to P16 but becomes more gradual there-
after, appearing to approach an asymptote of about 100
um/d for explants from rats older than P30.

Argiro and Johnson
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Changes in neurite growth rate in culture. It is evident
from the data presented in Figure 3 that the neurite
growth rates of all ages of explants do not remain con-
stant during the culturing period but in fact change in a
predictable manner. To study these effects in more detail,
growth rates were computed by linear regression of the
length versus time data throughout the culture period. A
complete catalogue of these data is presented in Table L.

Examination of these data yielded a set of trends for
the various stages of explants. These trends are, however,
better indicated by plotting the neurite growth rate as a
function of time in culture with the age of the animal as
a parameter (Fig. 6). The growth rate of neurites from
embryonic explants typically increases from a lower level
(150 to 250 pm/d) to a maximum (300 to 500 pum/d)
during the 1st week in culture before decreasing again
(200 to 300 um/d) during the balance of the culture
period. Perinatal explants (including P2 to P5) exhibit a
progressive decline from an initial maximum (500 to 600
um/d) to an apparent asymptote (200 to 300 um/d) by
the 3rd week. Neurites from postnatal explants grow
initially at their minimum rate (50 to 150 um/d) but
increase their rate considerably (150 to 250 um/d) during
the 1st week in culture. A decrease in the growth rate
sometimes follows during the 2nd and 3rd weeks.

If, instead of following the changes occurring over time
in culture for a given age group, we plot neurite growth
rate as a function of the age of the animal, with time in
culture as a parameter, we can note changes in age
dependence for fixed times in culture (Fig. 7). We see, in
this way, that the striking age dependence of initial
neurite growth rate illustrated for the nonlinear fitting
method in Figure 5 and for the earliest three-point linear
regression in Figure 7 is greatly attenuated later in the
culturing period. That is, regardless of the age of the
tissue at the time of explantation, neurite extension is
proceeding at a common rate of 150 to 250 um/d by the
3rd week in culture.

Discussion

This study characterizes and quantitates the age de-
pendency of several parameters of neurite growth in
explant cultures of rat superior cervical ganglia. The
onset of growth occurs within hours in embryonic and
perinatal explants, while 1 to 4 days elapse before neu-
rites emerge from postnatal explants. The initial rate of
growth of the embryonic neurites is one-half to three-
quarters that of the perinatal neurites (see Table I; Fig.
5). The postnatal explants are not only delayed in onset
of growth but initially grow at a markedly lower rate
than either the embryonic or perinatal explants. Changes
in growth rate over time in culture for a given explanta-
tion age were observed consistently. Growth rates of
perinatal neurites decline rapidly from an initial maxi-
mum. The rates of neurite extension from both embry-
onic and adult explants accelerate during the 1st week in
vitro but may decline thereafter. Therefore, at explan-
tation, the perinatal neurons may be in a state more
supportive of neurite extension than the neurons from
older or younger neurons.

It is unlikely that the differences in initial growth rate
can be explained by less optimal conditions for health
and survival in the explants from the embryonic or adult
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TABLE 1

Summary of neurite growth rates

Neurite Extension of Sympathetic Neurons in Culture
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Experiment Time in Culture Ages of Explants and Growth Rates
days um/d
SR 0976 E2]1 P33 P71
3.7 413 + 52 143 + 31 117 + 84
6.7 348 + 80 195 + 50 168 + 46
10.0 252 + 81 233+ 71 245 + 48
SR 1077 E17
3.6 297 + 36
6.3 533 + 101
9.5 504 + 105
SR 1102 El5 E21 P2 P16 P279
3.1 144 + 15 374 + 36 284 + 45 106 = 25 71.7 £ 51
5.0 195 + 29 254 + 34 252 + 46 142 + 23 84.2 £ 35
7.9 286 + 43 154 + 24 211 + 34 161 + 24 108 + 31
11.0 282 x 47 159 + 22 185 + 33 158 = 30 142 + 39
21.0 267 £ 118 189 + 49 179 £ 77 157 £ 76 175 + 102
SR 1118 E20 E2]1 P68
34 308 £ 53 417 + 43 99.3 £ 21
5.8 240 + 56 297 = 50 111+ 16
8.9 293 + 59 196 + 54 162 + 41
12.0 282 + 65 206 + 57 194 + 54
15.0 321+ 72 275 £ 92 246 + 94
SR 1135 El15 E21 Pl P9 P22
3.2 234 + 50 471 £ 30 422 + 95 176 + 164 121+ 75
54 31170 348 + 38 349 + 122 200 £+ 90 137 + 44
8.0 375 £ 75 255 + 43 272 + 98 243 + 104 169 + 47
12.0 357 £ 69 241 + 45 186 + 47 186 + 92 261 + 62
17.0 225 + 39 191 = 32 195 + 24 131 = 49 187 £ 43
SR 1142 El16 E21 P49
34 200 = 34 423 £ 43 119 £ 61
5.6 232 + 49 345 + 68 132 + 33
8.4 447 £ b5 290 £ 79 182 + 42
12.0 347 + 89 253 + 88 215 £ 51
17.0 304 + 25 208 + 105 224 + 66
SR 1248 E16 E21 P17 P27 P41
3.9 294 + 48 458 + 55 165 + 64 160 + 64
7.1 381 + 41 368 + 60 189 + 47 172 + 37 106 + 44
12.0 490 * 46 344 £ 79 169 + 74 297 + 95 204 + 47
17.0 518 + 88 347 £ 115 259 + 104 370 £+ 154 250 + 72
SR 1280 E18 E21
2.2 390 + 62 661 + 129
3.2 363 = 90 626 + 202
4.2 304 + 114 493 + 256
5.7 263 + 119 365 = 196
7.7 199 £+ 133 340 = 201

¢ Values represent the mean + 95% confidence interval.

animals. Embryonic explants tended to flatten onto the
substratum and appeared as healthy or healthier than
the thicker explant of the perinatal explants. Prior studies
have shown that after 4 to 5 weeks in culture, the
percentage of cell survival in adult explants equals that
of perinatal explants (Johnson et al., 1980). The adult
explants, despite the initial delay and initial low rate of
growth, have a vigorous neuritic halo by several weeks in
culture and continue to grow for months.

Many factors, undoubtedly inter-related, are impor-

tant for nerve fiber growth (for recent reviews, see Bunge
et al,, 1982; Letourneau, 1982). We will consider several
in interpreting our present results.

Differences in growth cone motility and cell surface

properties probably play an important role in the ob-
served differences in neurite growth. Interaction of the
growth cone with its substratum (collagen, extracellular
matrix, other neurites, or non-neuronal cells) may either
promote or inhibit its advancement, depending on the
adhesiveness of the contact (Letourneau, 1975a, b;
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Schubert and Whitlock, 1977). Direct light microscopic
observation and quantitative time lapse analysis of
growth cones from explants and dissociated neurons are
currently in progress in our laboratory (Argiro et al.,
1981). Whether individual growth cones move steadily
along the substratum or whether their translation is

Argiro and Johnson
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wandering or interrupted by instances of detachment and
retraction could explain the differences in the long term
rate of advance of a front of growth cones measured in
this study. In addition, we hope to gain information on
the form, size, and kinetics of generation and collapse of
the lamellipodial and filopodial extensions (Chen, 1981).

We have observed a tendency for the neurites of cells
of embryonic origin to remain confined initially to the
region of outwardly migrating non-neuronal cells. Their
initial growth rate therefore may be limited by the out-
ward migration of non-neuronal cells and their apparent
preferential adhesion to such cells. However, after several
days in culture, at the same time that their growth rate
is increasing, they leave the non-neuronal cell carpet
behind and grow onto the collagen substratum. Early in
culture, the membrane properties of the neurites and/or
non-neuronal cells from E15 to E17 explants may be such
that the neurites prefer the non-neuronal cellular sub-
stratum. With time in culture, surface properties may
change such that the neurites now prefer the collagen
substratum and grow rapidly upon it. The striking fascic-
ulation of the neurites from embryonic explants also may
offer an explanation for their slower initial growth. Ru-
tishauser and Edelman (1980) recently have demon-
strated that extensive fasciculation tends to slow linear
growth in cultures of chick spinal ganglia. Fasciculation
is related to the presence of “cell adhesion molecule”
(CAM) on the neurite surface. Antibodies to CAM reduce
fasciculation and promote the linear growth of neurites.
The interactions among non-neuronal cell migration,
substrata, and fasciculation are being studied further in
our laboratory (Roufa et al., 1981). The presence of non-
neuronal cells cannot totally explain differences in the
pattern and kinetics of growth. When the growth of non-
neuronal cells is prevented using an antimitotic agent
(fluorodeoxyuridine), the age differences remain. Be-
cause these results are complicated by a direct effect of
the drug on neurite extension, these results will be pub-
lished separately. A preliminary report has appeared
(Argiro and Johnson, 1981).

The metabolic status and response to axotomy of the
SCG neurons from rats of different ages are likely to be
different. Many cells in the embryonic (E15 to E19) SCG
are still dividing at the time of explantation (Hendry,
1977). Growth from neurons “born” in vitro is in fact
initial growth and not regeneration. In contrast, the
neurons of the perinatal explants were actively growing
at explantation and therefore are regenerating in the
culture setting in response to NGF. The adult neurite is
regenerated from a mature neuron which, for some weeks
or months, was in contact with its target and now has
undergone a chromatolytic response. Evidence that these
cells may in fact be in different states of metabolic
activity or gene expression is provided by previous work
in our laboratory which demonstrated that the accrual
of cholinergic properties by these neurons is also age
dependent (Ross et al., 1977). The function relating the
activity of the enzyme choline acetyltransferase after 1
month in culture to the age of the animal at the time of
SCG explantation (Fig. 2 of Ross et al., 1977) is strikingly
similar to the function relating the initial neurite growth
rate and the age of the animal (Fig. 5).

Recent studies by Skene and Willard (1981a, b) have
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shown that several specific proteins are synthesized in
the soma and axonally transported in regenerating neu-
ronal systems but are absent in non-regenerating sys-
tems. They hypothesize that these “growth-associated
proteins” (GAPs) are critically involved in axonal growth.
The perinatal neuron may be fully equipped in this
regard and therefore grow well at the time of explanta-
tion. The embryonic neuron may not yet have begun to
express the genes for these GAPs; the adult neurons may
require the period of chromatolysis to reactivate them. It
is known that peripheral neurons show increases in RNA
and protein synthesis during chromatolysis (see Veraa et
al., 1979, for review); expression of growth-essential genes
and their products may be involved.

The SCG neuron is known to be dependent on NGF
for survival and maintenance during development (Levi-
Montalcini and Angeletti, 1963; Chun and Patterson,
1977) and the adult neuron is also responsive to NGF
(Levi-Montalcini and Booker, 1960; Thoenen et al., 1971;
Gorin and Johnson, 1980). Studies in the chick have
shown a correlation between the presence of cell surface
receptors for NGF and NGF responsiveness (Herrup and
Shooter, 1975; Godfrey and Shooter, 1979). It is therefore
possible that the slower initial growth rate of the embry-
onic neurites is due to a lower density of NGF receptors
and lower responsiveness to NGF. The observed increase
in the growth rate might be due in part to an increase in
responsiveness to NGF.

An in vive study by Black and Lasek (1979) has pro-
vided evidence that the rate of nerve fiber regeneration
in the sciatic nerve of the rat is age dependent. The age
range studied was 3 to 4 weeks to 6 to 9 months postnatal.
The measured rates, ranging from 4.7 to 2.4 mm/d,
manifested the same decline in growth rate with advanc-
ing age seen for postnatal neurons in culture in our study.
The rates are all several times greater than those seen in
culture, but this is consistent with many previous culture
and in vivo studies and probably represents a systematic
deficiency in the culture environment. The artificial sub-
stratum is certainly a candidate for this deficiency. The
advantages of the present study over in vivo approaches
include the capability of studying neurons at much earlier
stages of development and of continuous monitoring of
the growth from a given explant over many days. Further
application of these techniques should provide informa-
tion on the inter- and intracellular mechanisms which
govern the extension of neuronal processes during devel-
opment and regeneration.
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