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A noninvasive method of electric stimulation was used in
cell culture preparations to determine the effects of pat-
terned electrical activity on the morphology and motility of
mammalian central nervous system growth cones. Neurites
from dorsal root ganglion (DRG) neurons of fetal mice were
aliowed to grow under the barrier of an insert placed in cul-
ture dishes. The insert confined the cell bodies within sep-
arate experimental and control compartments, and provided
a means of exciting action potentials in the growing neurites
by extracellular current pulses delivered across the barrier.
A phasic pattern of stimulation caused immediate retraction
of the filopodia and lamellipodium. Further outgrowth was
halted and in many cases retraction of the neurite ensued.
No changes in morphology or growth cone motility were
evoked by electric stimulation when action potentials were
blocked with 1 um tetrodotoxin (TTX). These effects de-
pended on the rate, pattern, and duration of stimulation.
Phasic stimulation was more effective than stimulation with
the same number of impulses delivered at a constant fre-
quency. An important new observation was that cultures
exposed to phasic stimulation for several hours contained
actively growing neurites with normal growth cones which
were insensitive to the stimulus. This apparent accommo-
dationin neurites exposed to chronic stimulation may involve
processes that regulate calcium conductance or buffering.

Cessation of neurite outgrowth by action potentials could
represent one mechanism linking morphological and func-
tional characteristics in the developing CNS of mammals, by
stabilizing the outgrowth of neurites forming appropriate
synaptic contacts and leading to the retraction of growth
cones from collaterals that have not formed appropriate con-
tacts at the time the neuron enters into a functionally active
circuit.

In forming appropriate connections between neurons during
development, the growth cone of axons and dendrites use phys-
ical and chemical features to seek correct pathways through
tissues and recognize proper targets (cf. reviews by Kater and
Letourneau, 1985; Letourneau, 1987; Dodd and Jessell, 1988;
Harrelson and Goodman, 1988; Patterson, 1988; Fields et al.,
1989b). In addition, the functional activity of a neural circuit
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is critical, particularly in the CNS of mammals, in determining
which connections are retained, lost, strengthened, or weakened
(e.g., Purves and Lichtman, 1983; Changeux, 1985). This in-
terrelationship between structure and functional performance
of the system is likely to involve several mechanisms, but central
to neuronal growth and plasticity is the growth cone, which
guides neurite outgrowth, transforms into a synapse, and sprouts
anew to form additional collateral or preterminal connections
under appropriate conditions. If action potentials can affect the
motility of growth cones, the pattern of synaptic connections
and morphology of the nervous system would be influenced by
the pattern of electrical activity in developing neural circuits.

It has been suggested that influx of calcium ions across the
neuronal membrane during an action potential could impact
second-messenger systems regulating the elongation of neurites
or interact with cation-dependent cytoskeletal components that
modulate the morphology and motility of the growth cone (Co-
han et al., 1987; Mattson and Kater, 1987; Kater et al., 1988).
This is supported by experiments with neurons from the buccal
ganglia of the snail Heliosoma in culture, where it has been
shown that action potentials elicited by intracellular stimulation
cause an immediate cessation of growth cone motility (Cohan
and Kater, 1986). However, similar studies performed on neu-
roblastoma growth cones using intracellular stimulation, potas-
sium-induced depolarization, or the calcium ionophore A23187
produced the opposite result: expansion of the growth cone and
continued neurite elongation in response to calcium influx (An-
glister et al., 1982). More recent evidence suggests that extra-
cellular calcium is not necessary for growth cone motility in rat
superior cervical ganglion neurons {Campenot and Draker, 1989).
In the visual system of vertebrates, evidence from experiments
using tetrodotoxin (TTX) blockade of electrical activity in vivo
does not support a direct effect of action potentials on growth
cones (Schmidt and Tieman, 1989).

We are not aware of any publications concerning the effects
of electrical activity on growth cones of mammalian neurons.
Direct evidence of the possible effects of action potentials on
motility of growth cones from mammalian CNS is desired, be-
cause of structural and developmental differences, as well as
differences in the ionic basis of the action potentials in inver-
tebrate and mammalian nervous systems (cf. Hille, 1984). Un-
fortunately, the small size of mammalian CNS neurons and their
growth cones mitigates against the method of stimulation by
whole-cell patch or microelectrodes that are suitable for large
invertebrate neurons, because mechanical disruption and per-
turbation of normal intracellular ionic and physiological con-
ditions would be more severe. In experiments reported here,
effects of action potentials on growth cone morphology and
motility were studied by a noninvasive method of electric stim-



ulation in dissociated cell cultures of mouse dorsal root ganglion
(DRG) neurons. Noninvasive stimulation of neurites was
achieved with a 3-compartment culture chamber which permits
neurite outgrowth under the barriers separating the center and
side compartments (Campenot, 1977).

This tissue culture chamber has been used previously to in-
vestigate activity-dependent plasticity of synapses between DRG
and spinal cord neurons (Fields et al., 1988; Nelson et al., 1989,
1990). Those experiments indicated that the more active DRG
inputs (i.e., afferents from the side compartment that was stim-
ulated) developed more and stronger synapses compared to DRG
inputs from the compartment that was not stimulated. It is
difficult to understand how more synapses would have formed
from inputs originating from the stimulated side if electrical
activity had inhibited growth cone motility and halted neurite
outgrowth, as it does in the snail buccal neurons (Cohan and
Kater, 1986). On the contrary, the greater number of synapses
from the stimulated side might be interpreted as evidence for
increased growth cone motility or sprouting in the presence of
increased electrical activity, as has been theorized from other
studies (cf. Levy and Desmond, 1985). A resolution to this
paradox is suggested by our results, which indicate that although
electrical activity does induce changes in growth cone mor-
phology and inhibit motility of mouse DRG neurons, a process
of accommodation appears to enable axons to continue out-
growth in the presence of prolonged electrical activity (Fields
et al., 1989a).

Materials and Methods

Culture method. Noninvasive stimulation of neurites was achieved with
a 3-compartment culture chamber which permits neurite outgrowth
under the barriers that separate the center and side compartments (Cam-
penot, 1977). Chambers were constructed of Teflon inserts and attached
with silicone grease to collagen-coated plastic dishes (Fig. 14). Neurons
dissociated from the DRG of 13-d-old mouse fetuses were plated into
the side compartments (cf. Nelson et al., 1989, 1990; Neale et al., 1990),
and after 1 week neurites began to emerge from beneath the barrier and
enter the central compartment (Fig. 1B). Extracellular stimulation ap-
plied across the barrier between one of the side compartments initiates
action potentials in the subjacent neurites (Fig. 3D) (Nelson et al., 1989),
while neurites growing into the center from the opposite side serve as
nonstimulated controls. (As described below, action potentials are not
excited in neurons unless processes extend under the barrier.) Campenot
chambers were also attached to culture dishes that had a polylysine and
collagen-coated coverglass cemented to a hole in the bottom. Outgrowth
on this surface was inferior to that on the scratched plastic dish, but
these preparations were used for experiments in which maximal optical
resolution was desired.

Microscopy. Outgrowth of neurites in the center compartment was
observed on the stage of an inverted microscope that was equipped with
temperature and CO, controls (Forsythe and Coates, 1988) and stim-
ulating electrodes fitted into the cover of the culture dish. Temperature
was maintained near 37°C and varied less than 0.2°C during the ex-
periment. Experiments were carried out in the full culture medium
containing 5% horse serum and 30 ng/ml NGF (Nelson et al., 1990),
superfused with a humidified and warmed mixture of 10% CO, in air.
The pH was controlled with a CO,/bicarbonate buffer system and mon-
itored with an indicator, phenol red, added to the culture medium.
Evaporation from the culture dish was prevented by a thin layer of
mineral oil. Neurites with active growth cones bearing a distinct la-
mellipodium or filopodia were selected for investigation. A period of
roughly 20 min was provided to assure temperature and CO,/O, con-
ditions in the culture dish were stabilized before each experiment. Ac-
tively growing neurites could be maintained on the microscope stage
for 4-6 hr or more. Data were generally collected for a period of ap-
proximately 2 hr.

The growth of neurites was monitored with several different tech-
niques to obviate possible effects of photodamage. In early experiments,
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growth of neurites was measured from 8 x 10 in. prints of photomi-
crographs taken at roughly 5 min intervals using Hoffman modulation
contrast microscopy. A 40x 0.55 n.a. long-working-distance objective
was used. Growth cones were not illuminated between photographic
exposures. Later experiments were performed on a videomicroscopy
system, using phase contrast optics (32x 0.40 n.a. objective), with a
low-light-level SIT video camera (Hamamatsu) or a Neuvicon camera
(Hamamatsu) illuminated by a low intensity tungsten light source. Im-
ages were stored on an optical disk recorder (Panasonic model TQ-
2028F) and printed from a Video graphics printer (Sony model UP-
850). The dim illumination and minimal exposure time permitted data
collection at 2 min intervals without detectable deleterious effects. A
total of 128 low-light-level images were rapidly acquired, digitized, and
added by an image analysis computer (Hamamatsu DVS 3000) to re-
move camera noise and intensify the weak signal. Background subtrac-
tion and/or contrast enhancement, accomplished by computer process-
ing, further improved these images. Time-lapsed movies were recorded
and played back for analysis at various speeds from the optical disk
recorder.

Optical resolution and contrast in the live, unstained growth cones
are compromised by the Teflon insert in the plastic culture dish and by
the thick optical path through the culture medium and mineral oil. It
was necessary to use a long-working-distance condenser of relatively
small numerical aperture because of the distance, approximately 4 mm,
between the bottom of the plastic dish and the miniature coverglass
resting on the insert. To supplement observations on living growth
cones, detailed observations on differences in growth cone morphology
associated with stimulation were made on chemically fixed neurites
using phase contrast microscopy in plastic dishes, and after fluorescent
immunocytochemical localization of cytoskeletal proteins or tetanus
toxin binding. Preparations on glass coverslips were fixed, the Teflon
inserts were removed so that a coverglass could be applied, and growth
cones were examined with computer-enhanced, DIC-videomicroscopy.
An oil immersion 63 x 1.40 n.a. plan apochromatic objective was used
with an oil immersion condenser of 1.4 n.a.

Immunocytochemistry. Changes in structure of the cytoskeleton and
plasmalemma of growth cones after stimulation were visualized by rho-
damine-labeled antibodies against actin (Accurate Scientific and Chem-
icon International) and tubulin (Gozes and Barnstable, 1982) and the
C-fragment of tetanus toxin (Neale et al., 1988). Rhodamine-labeled
phalloidin (Molecular Probes) was used to visualize filamentous actin.
Routine immunocytochemical procedures were followed: fixation in 1-
4% paraformaldehyde in phosphate-buffered saline for about 20 min
and a wash with 0.1% Triton X-100 to make cell membranes permeable
to antibodies and phalloidin. Primary antibodies were visualized with
rhodaminated secondary antibodies.

Electric stimulation. The intensity of stimulation required to elicit
action potentials was determined by recording intracellular responses
of DRG neurons in response to stimulation delivered across the barrier.
Threshold for eliciting action potentials was between 1 and 5 V. A
stimulus of 6 V was chosen to assure supramaximal stimulation. The
resistance under the barrier is approximately 15-20 kQ. Stimulation was
provided by a constant voltage stimulator, equipped with an isolation
transformer on the output to exclude DC voltages. Four patterns of
stimulation were investigated: a phasic pattern identical to that used in
previous studies concerning the effects of electrical activity on the strength
and number of synapses formed during development in vitro (Nelson
et al., 1989), and a tonic (continuous frequency) stimulus at 2.5 Hz, 5
Hz, and 10 Hz. The phasic stimulus was comprised of 5 biphasic pulses
separated by 100 msec, followed by a 1.6 sec rest. Each biphasic pulse
was composed of 0.2 msec duration positive and negative pulses sep-
arated by 4 msec (Fig. 3D). A constant frequency monophasic stimulus
of 0.2 msec pulses was used to investigate the effects of stimulation at
different frequencies. Growth cones conditioned by exposure to the
phasic pattern of stimulation for approximately 24 hr were also ana-
lyzed. Chronic conditioning stimulation was delivered to one of the side
compartments inside the cell culture incubator through electrodes fitted
into the lid of the culture dishes. Adequacy of the phasic 6 V pattern
of stimulation at the end of the conditioning period was verified by
inserting a microelectrode through a hole in the cover of a culture dish
to permit intracellular recordings of action potentials in DRG neurons
while subjected to the chronic stimulation delivered through the same
electrodes used for the conditioning phasic stimulus. The resistance
under the barriers of the Campenot chamber insert was unchanged after
5 d of phasic stimulation.
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Figure 1. A, Campenot chamber for noninvasive stimulation of DRG axons and visualization of responses in living growth cones. A series of
shallow parallel scratches in the collagen-coated 35 mm plastic dish help direct neurite outgrowth into the central compartment from DRG neurons
in the side compartments. Neurites grow under the barrier within a microscopic fluid space beneath a silicone grease seal. This leak-proof seal (15—
20 kQ) is created by applying a drop of 1% methylcellulose to the dish in the area of the scratches before attaching the Teflon insert to the dish.
Neurites traversing this barrier can be stimulated by current delivered from extracellular electrodes in the central and side compartments. One side
compartment is not stimulated as a control. B, The growth cone from a DRG axon that has grown under the barrier is shown after labeling
filamentous actin with rhodaminated phalloidin. Relatively large accumulations of filamentous actin are indicated along the margins of the
lamellipodium and within filopodia (arrows). C, The normal morphology of DRG growth cones is revealed in this micrograph of an unstimulated
growth cone which has been cultured on a coverglass-bottomed Campenot chamber. Following fixation with 1% osmium tetroxide, the growth
cone was imaged using DIC-videomicroscopy, with a 63 x 1.4 n.a. objective. A total of 128 images were digitized, integrated, and computer-
processed for enhanced contrast. Note the numerous slender filopodial extensions (arrow) from the margin of a broad lamellipodium (*). Scale
bars, 10 pm.

Data analysis. Growth rates were calculated as the slope of the linear Results
regression of distance of outgrowth over time. The significance of dif-
ferences in slope before and after the onset of stimulation was assessed Phasic stimulation
with an F-test, and the significance of differences in mean values was Active growth cones with a thin lamellipodium spanning 5-20

tested by a paired ¢-test (Sokal and Rohlf, 1981). Multiple comparisons : :
of growth rates for different types of stimulation were analyzed by one- #m and bearing numerous slender filopodia were observed at

way analysis of variance (ANOVA). Calculations for data analysis were the ends of neur_ites growing under the l?arrier into the central
performed with the assistance of a computer program (Minitab). compartment (Fig. 1, B, C). These neurites grew at a constant




rate throughout the period of observation (more than 4 hr in
some experiments). Within minutes of switching on the phasic
stimulus most filopodia contracted, and the lamellipodium
withdrew into the end of the neurite, leaving a blunted terminal
(Fig. 2). These changes were seen with several forms of mi-
croscopy (Hoffman modulation, phase contrast, and DIC-vid-
eomicroscopy, and with extremely low-light-level images de-
tected by computer addition of 128 images from a SIT camera).
These morphological changes seen in living, unstained prepa-
rations were confirmed by comparing the morphology of growth
cones from the stimulated and nonstimulated sides of dishes
fixed with OsO, and observed with phase contrast or DIC-video-
microscopy (Fig. 3, B, ), or fixed with paraformaldehyde and
processed for visualizing the cytoskeletal protein actin (Fig. 1B),
tubulin (data not shown), or the membrane receptor for the
tetanus toxin binding fragment-C (data not shown). The effects
of stimulation were not necessarily restricted to the growth cone.
Varicosities in the preterminal axon also showed retrograde
displacement and the diameter of the axonal terminal often
decreased.

Accompanying the changes in growth cone morphology was
an abrupt inhibition of outgrowth. Outgrowth was arrested im-
mediately in some growth cones, or within 15 min of stimulation
in others. Some retraction of the neurite usually occurred, and
in some cases this progressed to complete resorption of the
neurite. Figure 34 illustrates 3 typical responses to the onset of
phasic stimulation. Although there was some variability in re-
sponses of individual growth cones to the phasic stimulus, in
the time required to stop outgrowth, or in the extent of axonal
retraction, all growth cones exhibited an abrupt retraction of
the filopodia and lamellipodium to various degrees with stim-
ulus onset. Without exception, the phasic stimulation halted
axonal outgrowth completely (or initiated retraction) within 15
min of stimulation (Table 1). Stopping the stimulus after this
period did not restore axonal outgrowth or lead to recovery of
normal growth cone morphology within an additional 30 min.

For quantitative analysis, the rate of outgrowth was compared
before and after the onset of stimulation using the slope of a
linear regression of distance grown over time. These growth rates
are summarized in Table 1, which indicates a reproducible re-
sponse to the stimulus from a positive slope (representing growth)
prior to the stimulus to a negative or horizontal slope after
stimulation. In most cases this change in slope for each growth
cone was statistically significant with an F-test, but outgrowth
showed no correlation with the time the preparation had been
maintained prior to stimulation. In some experiments growth
cones from the experimental side and the control side were
visible in the same microscope field. Phasic stimulation in-
variably stopped the growth cone from the stimulated side, but
did not affect the growth cone from the control side. Subsequent
stimulation of growth cones from the control side caused them
to stop or retract. The mean growth rate for all growth cones
measured before stimulation was not significantly different from
the growth rate of controls (i.e., neurites from the barrier op-
posite the one stimulated), but after stimulation growth rates
changed significantly, from a mean of +0.29 um/min to —0.43
pm/min (p < 0.02; ¢-test) (Fig. 4). This indicates that inhibition
of growth rate was associated with electrical activation of neu-
rites, rather than a generalized change in conditions brought
about by electrical stimulation or degradation over time. More-
over, neurite outgrowth continued in the presence of electrical
stimulation, provided 1 uMm TTX was included in the incubation
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medium (Fig. 5). Thus, activation of voltage-dependent sodium
channels was necessary to initiate the inhibitory response of
growth cones to stimulation.

Effects of different patterns of stimulation

When the same number of impulses were delivered in a constant
frequency stimulus (tonic stimulation at 2.5 Hz), the inhibition
of neurite outgrowth was more variable (Fig. 6). In some in-
stances outgrowth was stopped, but in others a delayed inhi-
bition was seen or no inhibition occurred (Table 2). Two growth
cones stimulated at 5 Hz also failed to stop their outgrowth, but
the growth cones did exhibit some of the regressive changes in
morphology described above. At 10 Hz tonic stimulation, neu-
rites retracted in 3 out of 4 cases after stimulation. A one-way
ANOVA on growth rates at different patterns and frequencies
of stimulation (n = 73) showed a significant difference in growth
rate after phasic stimulation or stimulation at 10 Hz, compared
to lower frequency or no stimulation (Fig. 7). This analysis
represents the mean response of a population of growth cones
to different stimulus patterns. Inspection of Table 2 shows that
greater variability of response was associated with tonic stim-
ulation at lower frequencies. Qutgrowth of all 11 growth cones
was inhibited by the phasic stimulus, but only half of those
stimulated with the same number of impulses delivered in a
tonic 2.5 Hz pattern were inhibited (The responses to these 2
types of stimuli were significantly different, p < 0.025, using a
chi-square comparison of the number of growing axons before
and after phasic versus tonic stimulation at 2.5 Hz.) Thus, to
initiate roughly the same inhibition of growth rate seen following
phasic stimulation, 4 times as many impulses had to be deliv-
ered at a constant frequency. Taken together, these results in-
dicate that it is not merely the number of impulses delivered in
a given time which is important in inhibiting neurite outgrowth,
but that the pattern and frequency of the impulses are relevant.

Changes in morphology of the growth cone described follow-
ing phasic stimulation were also observed immediately follow-
ing tonic stimulation. Even at the lower frequency stimulation,
where outgrowth persisted in some cases, retraction of the fil-
opodia and lamellipodia was often initiated by the stimulus. In
2 instances stimulation at 2.5 Hz and 5 Hz caused a transient
retraction and outgrowth resumed after 30 min of continuous
stimulation.

Accommodation

Cultures stimulated with the phasic pattern in an incubator for
approximately 24 hr were found to contain numerous actively
growing neurites (Fig. 84) with normal-appearing growth cones
(Fig. 8B) in the presence of this normally inhibitory stimulus.
The number of lanes in the culture dish with neurites extending
under the barrier was not significantly different on the stimulated
or unstimulated sides after 24, 48, or 72 hr of continuous phasic
stimulation, and there was no significant difference in the num-
ber of DRG neurons in the stimulated or nonstimulated side
compartments after 72 hr of continuous stimulation.

These electrically conditioned cultures were placed on the
microscope stage and the rate of outgrowth of neurites that
apparently had normal growth cones was monitored while the
phasic stimulus was maintained. Figure 8C illustrates that the
growth rate of these conditioned growth cones was normal even
in the presence of continuous phasic stimulation. Outgrowth of
these conditioned neurites was not halted by switching the stim-
ulus off or on again within the intervals tested (Fig. 84 and Fig.
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Table 1. Effect of electrical stimulation on neurite outgrowth: phasic pattern of electrical stimulation

Prestimulus Poststimulus
growth rate growth rate Difference

Stimulus condition (um/min)  Corr. r (um/min}  Corr. r in rates
Phasic +0.54 +0.976 -0.064 -0.807 —0.60
Phasic +0.14 +0.401 —0.034 —0.294 -0.17
Phasic +0.17 +0.641 -3.02 —0.838 -3.2
Phasic +0.35 +0.924 -0.33 -0.764 —0.68
Phasic +0.17 +0.918 -0.19 -0.859 —0.36
Phasic +0.067 +0.883 —0.052 -0.755 —0.12
Phasic +0.75 +0.991 -0.022 -0.279 -0.77
Phasic +0.14 +0.469 -0.24 —0.968 -0.38
Phasic® +0.34 +0.959 -0.27 -0.987 -0.61
Phasic? +0.24 +0.822 —0.41 -0.938 —0.65
Phasic? +0.34 +0.647 —0.15 —0.506 —0.49
Mean +0.29 —0.43 -0.73p < 0.01
SD +0.202 +0.867 +0.842

Phasic + TTX (1 um) +0.39 +0.977 +0.70 +0.931 +0.31

Phasic + TTX (1 um) 0.00 0.000 +0.81 +0.942 +0.81

Phasic + TTX (1 um) +0.59 +0.962 +0.54 +0.930 —0.050

Phasic + TTX (1 um) +0.18 +0.980 +0.51 +0.933 +0.33
Mean +0.29 +0.64 +0.35 n.s.
SD +0.256 +0.141 +0.353

Control +0.21 +0.768

Control +0.45 +0.952

Control +0.75 +0.841

Control +0.15 +0.985

Control +0.69 +0.959

Control +0.31 +0.952

Control® +0.16 +0.995

Control +0.33 +0.959

Control +0.34 +0.998
Mean +0.38
SD 0.217

<In 10 mm HEPES buffered balanced salt solution, without horse serum, in room atmosphere.

* Cultured on glass coated with collagen and polylysine.

Growth rates are measured as the linear regression of distance (um) grown over time in minutes. Statistics are paired

t-tests.

9, A, B). No consistent change in morphology of the growth
cone or rate of outgrowth (Table 3) was associated with the
change in stimulus conditions in ¢lectrically conditioned growth
cones (Fig. 9C). Intracellular recordings verified that action po-
tentials were being activated in these conditioned DRG neurons
in response to the phasic stimulus (Fig. 8D). Stimulating the
control side of the same dishes with the same extracellular elec-
trodes caused the unconditioned growth cones to collapse.

Discussion

Electrical activity provided by phasic stimulation initiates rapid
structural changes in the growth cone of rat DRG neurons in
culture, and it inhibits growth cone motility, stopping neurite
outgrowth within minutes. Withdrawal of the growth cone is
typically followed by retraction of the neurite for several mi-

—

crons. Recovery did not ensue within 1-4 hr after termination
of the stimulus, but in view of uncertainties associated with
maintaining cultures on the microscope stage for prolonged pe-
riods and the apparent accommodation of chronically condi-
tioned growth cones, further experiments on this question are
warranted. The dynamics of the recovery processes were not
explored systematically. A conditioning period of 24 hr was
chosen for pragmatic reasons, and because the phenomenon was
fully expressed by the end of this treatment period.

The morphological changes initiated by phasic stimulation
include an immediate retraction of filopodia and withdrawal of
the lamellipodium into the nerve terminal, leaving a blunted or
pointed neurite ending. Both the actin cytoskeleton of the growth
cone and the growth cone membrane show these pronounced
morphological changes within 15 min of phasic stimulation.

Figure 2. A time-lapsed record of a living, unstained growth cone visualized with Hoffman modulation contrast microscopy. A phasic pattern of
stimulation rapidly inhibited growth cone motility and caused neurites to stop growing or retract. Changes in morphology of the growth cone,
including retraction of the lamellipodium and consolidation of filopodia, are evident within minutes of stimulation. Time with respect to the onset

of stimulation is indicated in minutes.
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Figure4. Mean growth rates were similar before stimulation compared
to controls (neurites from the barrier opposite the one stimulated) (n.s.,
t-test; n = 11 and 9 growth cones). The negative mean growth rate
following stimulation, which is statistically significant from the rate
before stimulation (p < 0.02), indicates retraction of the neurites (n =
11; p < 0.003, one-way ANOVA).

Experiments in the presence of TTX and with stimulation at
different patterns and frequencies show that the response de-
pends on activation of voltage-dependent sodium channels at
a critical frequency. This important control was not possible in
experiments on Heliosoma neurons because they are insensitive
to TTX (Cohan and Kater, 1986). Tonic stimulation at 10 Hz
was more effective in inhibiting neurite outgrowth than stim-
ulation at 5 or 2.5 Hz, but bursting stimulation rapidly inhibited
neurite outgrowth in all growth cones investigated. It has been
suggested that calcium influx through voltage-gated channels
could initiate cytoskeletal changes that would affect the out-
growth of neurites (Cohan and Kater, 1986). Bursting and higher-
frequency stimulation may cause greater calcium influx by slow-
ing the recovery of normal membrane potential, which could
increase the duration of the action potential or cause a greater
imbalance in processes maintaining the internal calcium ho-
meostasis. This suggests that the inhibitory effects of electrical
activity would depend on the particular pattern of spontaneous
activity arising in developing neural circuits, and on individual
differences in growth cone structure or physiological condition
{as is evident from the variable responses shown in Fig. 6 and
Table 2). According to this view, electrical activity should not
be regarded simply as a “stop signal” for neurite outgrowth, but
as an added dimension of richly complex coordination between
developing neural circuit activity and the emerging structure of
interconnecting neurons. The physiological effects of electrical
activity would interact with those impelled by many other fac-
tors (neurotransmitters, substrate specificity, trophic influences)
to orchestrate development of the nervous system with a spec-
ificity and resiliency not attainable through genetic instruction
alone.

The evidence that stimulation can increase calcium influx is
compelling, and there are many possible effects of increased
intracellular free calcium on the axonal cytoskeleton. Action

—
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Figure 5. Neurite outgrowth continues in the presence of 1 um TTX
and phasic stimulation, indicating that the stimulation-induced inhi-
bition of neurite outgrowth requires activation of sodium channels.

potentials are accompanied by increased calcium conductance
in many different types of neurons (cf. Hagiwara and Byerly,
1981; Kaczmarek and Strumwasser, 1981; Hagiwara, 1983;
Reuter, 1983; Tsien, 1983; Strong, 1984; Strong and Kaczma-
rek, 1986), and calcium conductances have been detected in the
growth cone membrane (Anglister et al., 1982; Bolsover and
Spector, 1986) together with other voltage-sensitive ion chan-
nels (Grinvald and Farber, 1981; Freeman et al., 1985; MacVicar
and Llinas, 1985; Belardetti et al., 1986). Many biochemical
reactions essential for growth cone motility and neurite out-
growth are sensitive to internal calcium concentration, which is
normally very low in DRG neurons, as in other nerve cells (ca.
10-7 M) (Miller, 1987). An increase in calcium ion concentration
in growth cones might alter the rate of microtubule assembly
or disassembly (Schliwa et al., 1981), which is a major com-
ponent of the neurite cytoskeleton and is essential for axoplas-
mic transport. An inhibitory action of stimulation on axoplas-
mic transport would be consistent with the regression of axoplasm
observed in the terminal segments of axons in response to stim-
ulation. Increased intracellular calcium in the growth cone could
also cause a reorganization of the actin microfilaments [Adel-
stein and Eisenberg, 1980; Bernstein and Ramburg, 1985; Smith,
1988 (review)]. Effects on actin are suggested by the rapid re-
traction of filopodia following stimulation, as the core of filo-
podia is formed of filamentous bundles of actin (Letourneau,
1983, 1985). Interactions with other components of the cyto-
skeleton through calcium-dependent or calcium/calmodulin-de-
pendent mechanisms (Purich et al., 1981; Yamamoto et al.,
1983; Vallano et al., 1985; Bramberg et al., 1986) or calcium-
dependent modifications in the axoplasmic fluidity (Llinas, 1979)
could also influence growth cone motility in association with
increased calcium conductance during action potentials.

Figure 3. A, A phasic pattern of electrical stimulation stops neurite outgrowth and often initiates retraction of the nerve terminal. Cessation of
neurite outgrowth is accompanied by withdrawal of the growth cone into the axon terminal (compare B and C). B, Growth cones from axons
extending under the barrier from the unstimulated side exhibit broad lamellipodia (¥) with numerous filopodia (arrows). C, In the same culture
dish, axons from the side that had been stimulated for 15 min terminate in slender endings that lack growth cones. (Refer to Fig. 1C for microscopic
technique.) D, Intracellular recordings from DRG neurons in the side chamber confirm that the phasic stimulation applied across the barrier excites
action potentials in axons that traverse the barrier. Time in seconds is indicated on the lower trace. Scale bars, 10 um.
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Table 2. Effect of electrical stimulation on neurite outgrowth: constant frequency stimulation

Stimulus Prestimulus Poststimulus
condition growth rate growth rate Difference
(tonic) (um/min) Corr. r (um/min) Corr. r in rates
10/sec +0.55 +0.874 -25 —0.543 -3.0
10/sec +0.32 +0.805 —0.54 -0.915 -0.86
10/sec +0.60 +0.982 -0.10 —0.642 -0.70
10/sec +0.48 +0.993 +0.58 +0.995 +0.10
Mean +0.49 —0.64 —1.13
SD 0.122 1.32 1.35
S/sec +0.25 +0.927 +0.093 +0.541 -0.16
5/sec +0.080 +0.835 +0.17 +0.394 —-0.090
5/sec +0.31 +0.971 -0.10 -0.965 -0.41
Mean +0.21 +0.054 -0.159
SD 0.119 0.139 +0.250
2.5/sec +0.64 +0.975 ~0.92 -0.787 -1.56
2.5/sec +0.12 +0.730 +0.31 +0.901 +0.19
2.5/sec —0.36 -0.320 -0.87 -0.901 -0.51
2.5/sec +0.91 +0.989 +1.68 +0.957 +0.77
2.5/sec +0.73 +0.991 +0.79 +0.924 +0.060
2.5/sec +0.69 +0.984 +1.2 +0.968 +0.51
2.5/sec +0.13 +0.899 -0.99 -0.980 -1.12
2.5/sec +0.14 +0.841 -0.77 -0.995 -0.91
2.5/sec +0.91 +0.989 +1.7 +0.957 +0.79
Mean +0.43 +0.24 -0.198 n.s.2
SD 0.441 +1.15 +0.862

< Paired t-test.

Although the mechanisms by which calcium may interact
with the cytoskeleton of the growth cone and axonal terminal
are not fully understood, there is no question of the importance
of intracellular calcium in regulating growth cone motility in
many different types of neurons and in nonneuronal cells (Bray,
1973; Llinas, 1979; Gunderson and Barrett, 1980; Anglister et
al., 1982; Kostenko et al., 1983; Bixby and Spitzer, 1984; Con-
nor, 1986; Cohan et al., 1987). In cultured mammalian neurons,
intracellular free calcium concentration is elevated in neurons
that are actively extending neurites compared to quiescent neu-
rons, and within active neurites, the concentration of calcium
is higher in the growth cone than in the proximal neurites or
soma (Connor, 1986). In the same study, motility was observed
only in neurons with calcium levels within a range of about 100-
300 nMm, and different types of treatments applied to change the
internal calcium concentration above or below this range in-
hibited neurite outgrowth (Cohan et al., 1987). Pharmacological
manipulations that increase intracellular calcium in Heliosoma
neurons in culture, such as the calcium ionophore A23187,
suppress elongation and motility of filopodia and lamellipodia,
and high concentrations of inorganic calcium channel blockers
(La**, Cd*, Co*) (Weiss, 1974; Hagiwara and Byerly, 1981)
also suppress elongation and growth cone movements, presum-
ably by reducing intracellular free calcium below critical levels
(Cohan et al., 1987; Mattson and Kater, 1987). Neurite out-
growth can also be suppressed from Heliosoma neurons in cul-
ture by certain neurotransmitters, which also cause a measurable
increase in intraneuronal calcium levels (Haydon et al., 1984;
Cohan and Kater, 1986; Cohan et al., 1987; McCobb et al.,
1988). Recent experiments with Heliosomaneurons using fura-2
to measure intracellular calcium show definitively that electrical

stimulation is accompanied by a sudden increase in intracellular
calcium, which returns to normal levels rapidly after stimulation
is stopped (Cohan et al., 1987). In rat DRG neurons, similar
calcium localization methods show that depolarization induced
by elevated external potassium causes a rapid increase in in-
ternal calcium, which is elevated for 30 min or more (Thayer
et al., 1988).

In contrast to Heliosoma neurons, where growth cone motility
is inhibited during the period of electrical stimulation but re-
covers rapidly after stimulation is stopped, growth cones of
mouse DRG neurons did not recover motility soon after the
stimulus ceased, and in many cases the neurite was resorbed
into the nearest branch point. This difference in response be-
tween these snail neurons and mammalian sensory neurons may
reflect an inability of DRG neurons to recover from increased
intracellular calcium following substantial depolarization. Al-
ternatively, more extensive cytoskeletal collapse may follow el-
evated [Ca?*]; in the smaller delicate growth cones and axon
terminals of mammalian DRG neurons. Microfluorimetric
measurements of intracellular calcium concentration using fura-2
indicate that calcium transients in rat DRG neurons, induced
by potassium depolarization, are buffered extraordinarily slowly
(Thayer et al., 1988). A slow rate of calcium buffering in DRG
neurons has also been suggested by Jia and Nelson (1986) to
account for the pronounced synaptic rundown following repet-
itive stimulation in high external calcium, which is characteristic
of synapses from DRG neurons. Intracellular free calcium mea-
surements (Thayer et al., 1988) show that following potassium-
induced depolarization, the intracellular calcium concentration
increases rapidly from normal values below 100 nm to over 500
nM in the cell body, but after repolarizing the cells, the concen-
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tration of intracellular calcium remains elevated. Internal cal-
cium concentration then returns to normal levels very slowly
(in about 30 min) compared to other types of neurons. Similar
responses were measured in neuronal processes, although cal-
cium transients were less extreme there than in the cell soma,
which suggests a somewhat better calcium homeostasis or lesser
calcium influx in the neurites. Responses might differ to elec-
trically evoked depolarization, however. This question could be
investigated in this tissue culture system using fura-2 imaging.
Thus, the persistent block of growth-cone motility in DRG neu-
rons may derive from a sustained elevation of intracellular cal-
cium, which could have persistent effects on the integrity of the
cytoskeleton and encumber other calcium-sensitive mecha-
nisms necessary for neurite outgrowth. Resorption of neurites
may be a catastrophic result of this calcium imbalance in the
extreme.

The insensitivity of DRG neuron growth cones to long-term
stimulation suggests some accommodating process related to cal-
cium influx, efflux, or buffering, enabling continued outgrowth
during action potential activity. This accommodation may be
achieved by reducing the calcium conductance in the neurite
membrane, or by increasing the calcium-buffering capacity in
neurites of electrically active neurons. The calcium-buffering
capacity could include mechanisms that regulate internal cal-
cium stores or the rates of transmembrane cationic exchange
processes. Modulation of calcium homeostatic physiology by

potentials as the 2.5 Hz tonic stimulus
(cf. Fig. 34).

patterned electrical activity could have a significant impact on
development, by interacting with other factors that control cell
death, neurite outgrowth, and synaptogenesis through changes
in intracellular calcium.

The period of time required for this accommodation (hours)
allows the possibility of compensatory responses requiring syn-
thesis and transport of proteins, membrane channels, ion pumps,
or organelles involved in maintaining calcium homeostasis at
the nerve terminal in the presence of electrical activity. Internal
calcium ton concentration of neuronal processes is regulated in
part by mitochondria and other vesicular organelles, such as the
smooth endoplasmic reticulum (cf. Andrewsetal., 1987). Trans-
location of calcium-buffering organelles into the growth cone
could be a possible mechanism for increasing the intracellular
calcium-buffering capacity of electrically conditioned growth
cones, which are resistant to the inhibitory effects of stimulation.
The movement of organelles along microtubules is influenced
by calcium ions and second-messenger regulation [Allen et al.,
1985; Koonce and Schliwa, 1985; Bridgman et al., 1986; Schnapp
and Reese, 1986 (review)]. Changes in distribution and transport
of organelles into growth cones of Aplysia bag cell neurons have
been described following treatments that elevate intracellular
cAMP (Forscher et al., 1987). By affecting the organelle-micro-
tubule interactions, calcium may increase the probability of
transient organelle associations with microtubules or the mi-
crotubules themselves may be less linearly organized in the
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Figure 7. Activity-induced inhibition of neurite outgrowth depends
on the pattern and frequency of stimulation (i.e., there are significant
differences in growth rate among the 8 different patterns of stimulation
tested; p < 0.008). Outgrowth was less inhibited at the lower frequencies,
although some contraction of the lamellipodium and withdrawal of
filopodia was usually apparent. Mean growth rates following phasic
stimulation, or tonic stimulation at 10 Hz were significantly slower (p
< 0.03) than tonic stimulation at 2.5 Hz, or the following controls: (1)
growth rates before phasic stimulation (prephasic), (2) axons growing
from the side opposite the one stimulated (0 Hz), (3) phasic stimulation
in the presence of 1 um TTX (TTX and phasic), or (4) after continuous
phasic stimulation for 24 hr (cond. and phasic). Growth rates for all
categories before stimulation were not significantly different by an AN-
OVA (mean = +0.36, SE = 0.0428, n = 40).

presence of calcium (Forscher et al., 1987). Such a process,
which increases the calcium-buffering capacity, could help sta-
bilize growth cones in electrically active neurons or make axon
terminals that have formed synapses resistant to stimulus-evoked
increases in [Ca?*].

Alternatives to the interpretation that accommodation re-
stores normal free internal calcium levels cannot be ruled out by

the experiments reported here. Other possibilities are that the
accommodation may involve compensation in the reactions
maintaining the integrity of the cytoskeleton and motility of the
growth cone in the presence of elevated intracellular calcium
concentration, or that the conditioning stimulus may have se-
lected for growth cones that are not inhibited by electrical ac-
tivity. This seems unlikely because no neurites were insensitive
to an acute phasic stimulus. Moreover, the 2 instances of re-
covery in the presence of continuous low-frequency tonic stim-
ulation (Fig. 6 and Table 2) support the feasibility of the ac-
commodation hypothesis. However, not all neurites in these
cultures are actively growing at any given time, and many neu-
rites terminated without a growth cone bearing a lamellipodium.
The internal calcium level may differ in different neurites. Se-
lecting for examination those actively growing neurites that had
a well-developed lamellipodium or active filopodial extensions
may have led to the selection of those with intracellular calcium
levels within a concentration range conducive to growth cone
motility, but which could be readily perturbed beyond this range
by electrical activity. In contrast, axons inhibited by abnormally
low [Ca?*]; might be transformed into an actively growing state
by stimulation that raises the [Ca?*]; to levels that are permissive
to growth cone motility. Experiments are in progress to inves-
tigate these alternatives.

Cessation of neurite outgrowth by action potentials could help
consolidate a functional circuit during development by stabi-
lizing the outgrowth of neurites that form appropriate synaptic
contacts and leading to the retraction of growth cones from
collaterals that have not formed appropriate contacts at the time
the neuron becomes electrically active. The timing of events,
such as cell migration, differentiation, growth, synaptogenesis,
and so forth, is critical in establishing the ultimate structure of
the nervous system. Even a transient inhibition of growth cone
motility could have significant developmental consequences for
dendritic arborization, the pattern of axonal terminals, and syn-
aptogenesis. In the context of competition between neurons for

Table 3. Effect of electrical activity on neurite outgrowth in growth cones conditioned to electrical
stimulation: phasic stimulus to conditioned growth cones

Stimulus ON Stimulus OFF Stimulus ON

growth rate growth rate growth rate

(um/min) Corr. r (um/min) Corr. r (um/min) Corr. r
+0.43 +0.943 +0.52 +0.948 +0.44 +0.813
+0.56 +0.974 +1.1 +0.966 +0.72 +0.969
+0.12 +0.939

+0.81 +0.938 +0.071 +0.327

+0.28 +0.694 +0.71 +0.974

+1.6° +0.961

+0.15 +0.892 ~0.029 0.000

+0.24 +0.985 0.000 0.000

+0.61 +0.922

+0.62 +0.893

+0.78 +0.993

+0.74 +0.990

+0.58 = mean +0.40 = mean +0.58 = mean

+0.403 = SD +0.459 = SD +0.198 = SD

¢ 10 mm HEPES buffered balanced salt solution, without horse serum, in room atmosphere, at 37°C. Growth rates are

not significantly different (ANOVA).

Cultures were conditioned to stimulation by approximately 24 hr exposure to a phasic pattern of electrical stimulation.
Test stimulus was also phasic (see Methods).
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Figure 8. Phasic stimulation does not inhibit growth cone motility in neurons conditioned by chronic stimulation. Conditioned neurites were
produced by stimulating cultures with the phasic stimulus for approximately 24 hr inside an incubator. B, The morphology of growth cones in
conditioned cultures was similar to normal (cf. Fig. 1C), both of which display a flattened lamellipodium (*) and numerous filopodia (arrow).
(Microscopic technique as in Fig. 1C.) Scale bar, 10 um. A4, Time-lapsed recordings of growth cones from conditioned cultures demonstrate that
in cultures conditioned by 24 hr phasic stimulation, growth cone motility and neurite outgrowth (C) continues during the phasic stimulation. This
series of micrographs, made with Hoffman modulation contrast microscopy, shows a growth cone from a conditioned culture advancing along a
scratch that delineates one of the lanes of the Campenot chamber. D, Intracellular recordings from DRG neurons confirm that action potentials
are being evoked by the phasic stimulus after 24 hr continuous stimulation.

postsynaptic sites, the consequences of a delayed rate of growth  active neurons, a capability that must be retained to allow growth
cone motility or the timing of transformation into a synapse and restructuring in the electrically active nervous system of
would be particularly acute. Yet the process of accommodation postnatal animals. This process might also be important during
would provide the possibility of neurite outgrowth in electrically regeneration. Scanning electron microscopy (Torigoe, 1988) and
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Figure 9. Outgrowth persists in cultures conditioned with chronic phasic stimulation, during periods when the stimulus is on or off. 4 and B plot
the outgrowth of 2 growth cones from the preparation shown in C during periods in which the phasic stimulation was on or off. After the time-
lapsed records were made, the culture was fixed and processed to localize filamentous actin using rhodaminated phalloidin. Even after several hours
of experimentation, conditioned cultures contain numerous neurites with relatively normal growth cones that are resistant to the inhibitory effects

of stimulation. Scale bar, 50 pm.

light level immunohistochemistry (Robbins and Polak, 1988)
have revealed sprouting of growth cones from the neuromus-
cular junction of normal or denervated rat muscle, and inactivity
is known to lead to preterminal sprouting from the frog neu-
romuscular junction (cf. Diaz and Pecot-Dechavassine, 1989).
Activity-dependent suppression of growth cone motility might
be one mechanism inhibiting such sprouting from functional
synapses. In the event that activity is impaired, as a result of
injury, for example, sprouting of growth cones from synapses
would become permissible.

The results demonstrate that moderate electrical activity can
have pronounced inhibitory effects on mammalian neurite out-
growth; however, the functional significance of activity-depen-
dent inhibition of growth cone motility needs to be determined

from experiments in vivo. The degree of inhibition of growth
cone motility would depend on the frequency and pattern of
spontaneous and evoked electrical activity arising during de-
velopment and the dynamic aspects of calcium homeostasis in
different growth cones or different types of neurons. It may be
significant in this regard that DRG neurons show no sponta-
neous activity in dissociated cell culture, Also, the responses of
growth cones to electrical activity might vary with other extra-
cellular factors that regulate neurite attachment and outgrowth
in vivo, which are not duplicated in culture preparations. Finally,
electrical activity might have different effects on the motility of
dendritic and axonal growth cones.

There is some controversy from in vivo studies on the im-
portance of electrical activity in nervous system development.



In many experiments significant alterations in synaptic archi-
tecture are produced by activity blockade (cf. Shatz, 1990), but
in others no change is detectable (cf. reviews by Harris, 1981;
Schmidt and Tieman, 1989). The results of this paper show that
DRG growth cone motility and morphology are unaffected by
TTX (Fig. 5), vet a direct action of electrical activity on growth
cone motility was also documented.

The apparent accommodation to continuous stimulation helps
explain how continued outgrowth of axons from electrically
active neurons might be possible in vivo. In addition, this re-
solves the apparent paradox from our previous results in which
an increase in synaptic number and strength developed in af-
ferents exposed to long-term stimulation (Nelson et al., 1989).
These new findings on the inhibitory effects of electrical activity
on neurite outgrowth are contrary to the hypothesis that in-
creased presynaptic activity alone is responsible for the in-
creased number and strength of synapses from the stimulated
convergent afferents, but suggest that postsynaptic factors must
be incorporated into models of activity-dependent increase in
synaptic efficacy seen in this preparation (Hebb, 1949; Stent,
1973). Finally, recognition that internal calcium levels and cal-
cium homeostatic capacity may be dynamic, dependent on the
pattern of electrical activity, and differing in different types of
neurons may resolve the apparently contradictory results from
different experiments on the role of internal calcium concen-
tration in growth cone motility (e.g., Anglister et al., 1982; Kater
et al., 1988; Campenot and Draker, 1989). Thus, accommo-
dation to the inhibitory effects of electrical activity would enable
further outgrowth, after a period of quiescence in growth cone
motility, from neurons that enter a functional circuit during
development. The consequences of this pause and the resump-
tion of outgrowth could have a major developmental influence
on the structure of developing neuronal circuits in the brain.
Electrical activity appears to offer an important, functionally
dependent mechanism of developmental control, in which the
timing and pattern of electrical impulses, balanced against the
dynamic calcium homeostatic capacity of growth cones, interact
with other processes that also influence development through
changes in intracellular calcium.

These results confirm and extend observations on the effect
of electrical stimulation on neurite outgrowth reported initially
in experiments with Heliosoma neurons (Cohan and Kater, 1986).
This indicates that the mechanisms responsible for this inhi-
bition are fundamental to neurite outgrowth in vertebrate and
invertebrate neurons. By affecting the motility of growth cones,
electrical activity in neural circuits could influence the pattern
of connections formed during development. This may be one
mechanism linking morphological and functional aspects of
neural circuits in the developing CNS of mammals.
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