
reoviruses under controlled conditions of 
host and environment and found that high 
transmission is a genetically determined 
property controlled by the L2 dsRNA seg- 
ment. Release of high levels of vims (shed- 
ding) from the gastrointestinal tract is also a 
property controlled by the L2 segment, 
suggesting that the differences in transmis- 
sion are mediated by the level of shedding. 
These findings indicate that a single reovirus 
gene can influence the capacity of the virus 
to be transmitted in the environment. A 
further understanding of the L2 gene and 
how other genes affect its properties should 
provide new insights into the behavior of 
viruses in the natural environment. 
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Suppression of Neurite Elongation and Growth 
Cone Motility by Electrical Activity 

Electrical activity may regulate a number of neuronal functions in addition to its role in 
transmitting signals along nerve cells. The hypothesis that electrical activity affects 
neurite elongation in sprouting neurons was tested by stimulating individual snail 
neurons isolated in cell culture. The findings demonstrated that growth cone advance, 
and thus neurite elongation, is reversibly stopped duf'ing periods when action 
potentials are experimentally evoked, A decrease in filopodial number and growth cone 
area was also observed. Thus, action potentials can mediate the cessation of neurite 
outgrowth and thereby may influence structure and connectivity within the nervous 
system. 

E LECTRICAL ACTIVITY PLAYS A PROM- 

inent role in communication within 
the nervous system. It has long been 

suggested that electrical activity might also 
play a role in shaping the morphology and 
connectivity of the nervous system both 
during development and in adult neuroplastic 
events (1). One plausible mechanism for 
such regulation is through the control of 
neurite outgrowth. While, in recent years, 
chemical factors have been shown to influ- 
ence neurite outgrowth ( 2 ) ,  a similar role 
for electrical activity has not been unequivo- 
cally demonstrated. However, electrical ac- 
tivity has been shown to regulate many 
other cellular processes including: the syn- 
thesis of acetylcholine receptors (3, 4), the 
synthesis of neurotransmitters and enzymes 
used in the production of neurotransmitters 
and hormones ( 5 ) ,  the formation and pat- 
tern of synaptic connections ( 6 ) ,  and sprout- 
ing at the neuromuscular junction (?). Elec- 
trical fields have been implicated in influenc- 
ing the direction of neurite outgrowth (8) ,  
and shifts in the membrane potential in- 
duced by changes in ion concentrations or 
the addition of ionophores and growth fac- 
tors can cause changes in the state of differ- 

entiation and the amount of neurite out- 
growth in culture (9). By stimulating specif- 
ic neurons growing in cell culture, we di- 
rectly tested the hypothesis that action po- 
tentials can affect neurite outgrowth. Our 
findings show that the generation of action 
potentials is a sufficient signal to halt neurite 
outgrowth abruptly and reversibly. 

We used cultured neurons from the snail 
Helisoma, as they afford a high level of 
resolution in the analysis of neurite out- 
growth. Single identified neurons were re- 
moved from buccal ganglia and plated in cell 
culture (1 0). Within 3 days of plating, these 
neurons extended neurites via large growth 
cones that typically measured 20 p,m in 
width. A direct test of the hypothesis re- 
quired that three experimental conditions be 
met. First, growth cone advance should be 
quantitatively measured during stimulation 
of the neuron. Second, action potentials 
must be evoked at will and their occurrence 
monitored. Third, the techniques used to 
stimulate the neurons and record the re- 
sponses must not interfere with the motile 
properties of the growth cones. We have 
now beeri able to satisfj all of these condi- 
tions in a single set of experiments with a 

total of 143 growth cones from 21 neurons. 
Quantitative measurements of the advance 
of each growth cone were readily obtained 
from photographs taken at constant time 
intervals (1 1).  Direct stimulation was ac- 
complished by extracellularly stimulating 
the somata of individual neurons during the 
period of neurite outgrowth. We initially 
tested two stimulation techniques. Penetrat- 
ing the cell body with an intracellular micro- 
electrode frequently stopped neurite elonga- 
tion; in contrast, extracellular patch pipettes 
(12) attached to the soma membrane by a 
gigohm seal did not alter elongation (see 
below). Consequently, we used extracellular 
patch pipettes in these experiments. Because 
the patch pipette could not reveal the mag- 
nitude of membrane potential change dur- 
ing stimulation, we performed control ex- 
periments to evaluate the effect of current 
pulses delivered through the patch pipette 
by simultaneously recording from the soma 
with an intracellular microelectrode (Fig. 1). 

Neurons were stimulated under current- 
clamp conditions with 20-msec pulses (am- 
plitudes of 1 to 6 nA, depending on the seal 
resistance). Current pulses delivered 
through the patch pipette produced small 
depolarizations (approximately 10 mV in 
amplitude), which evoked action potentials 
(Fig. 1) as measured intracellularly (13). 
Furthermore, we could monitor these action 
potentials with the patch pipette as a result 
of capacitive coupling between the pipette 
and the cell. Thus, individual neurons could 
be stimulated extracellularly and the evoked 
action potentials could be recorded through 
the same noninvasive pipette. 
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To assay the effect of action potentials on 
neurite elongation, we compared the rate of 
growth cone advance and morphology dur- 
ing a 2- or 3-hour observation period for 
identified neuron B19. A single extracellular 
patch pipette was used for stimulation and 
recording of action potentials. The first hour 
always sewed as a control period during 
which the extracellular patch pipette was 
sealed to the soma membrane but no current 
pulses were delivered. ~ u r i n ~  the entire 
second hour, 20-msec current pulses at 4 per 
second were applied through the patch pi- 
pette, and action potentials were evoked. In 
some experiments, a third period without 
current pulses was used to monitor recovery. 
Growth cone advance during the control 
period prior to cell stimulation (Fig. 1) 
proceeded at a constant rate [mean, 
8.7 t 0.7 +mihour for 64 growth cones in 
seven neurons (14)]. 

During the period when action potentials 
were evoked, growth cone advance ceased. 
Advance often stopped withip 15 minutes of 
the onset of stimulation. The reduction in 
growth rate resulting from stimulation was 
significant (mean, -0.08 * 0.7 *mihour 
for 64 growth cones in seven neurons; 
P < 0.001, matched-pair t test). During 
stimulation, 92 percent of the growth cones 
showed a decrease in their growth rate. 
Furthermore, over half of the growth cones 
showed either zero growth rate or a slight 

retraction. During the third period when 
the stimulus was turned off, growth cone 
advance resumed with growth rates return- 
ing to their prestimulation values (mean, 
8.7 t 0.8 for 17 growth cones). All growth 
cones recovered; the amount of time neces- 
sary for recovery, however, varied among 
neurons from 15 minutes to 2 hours. Taken 
together (Fig. 2), these data demonstrate 
that the generation of action potentials re- 
versibly suppresses neurite elongation. 

The changes in neurite elongation caused 
by stimulation were accompanied by 
changes m growth cone structure (Fig. 3). 
Stimulation caused a significant decrease in 
the number of growth cone filopodia (un- 
stimulated mean, 8.6 t 0.9, and stimulated 
mean, 5.2 ? 0.6, for 51 growth cones in six 
neurons; P < 0.001). The number of filo- 
podia decreased ~ontinuously during the 
stimulation period. Other changes in 
growth cone morphology also occurred. 
Growth cones of unstimulated Helzsoma 
neurons are characteristically broad, flat, 
phase-dark structures. In contrast, stimulat- 
ed neurons had growth cones that were 
phase-bright with retracted lamellipodla 
that caused a decrease in the surface area of 
the growth cone (Fig. 3B). The changes in 
growth cone morphology produced by stim- 
ulation were reversed when stimulation end- 
ed. Growth cones resumed their growing 
morphology within 2 hours after stimula- 

T i m e  ( m i n )  

Fig. 1. The effect of action potentials on growth cone advance. Inset: control experiment to determine 
stimulus parameters. An extracellular patch pipette through which stimulus pulses were applied under 
current-clamp conditions was sealed to the soma of neuron B19, and an intracellular microelectrode 
(top trace) was used to monitor membrane potential. A 20-msec current pulse (bottom trace; amplitude 
1.0 nA in this example) through the extracellular pipette (voltage recording on middle trace) caused a 
small depolarization that evoked an action potential in the soma, as recorded by both electrodes. 
Calibration: 45 mV, 10 msec. Generation of action potentials (with only the patch pipette present) 
reversibly suppressed growth cone advance. During the first hour (control period), no pulses were 
passed through the patch pipette, and neurite elongation proceeded at a constant rate (8.7 pdhour ) .  
Action potentials evoked by current pulses during the second period stopped neurite elongation. Pulses 
were turned off during the third period and neurite elongation resumed. Data from two growth cones 
are shown. 

B e f o r e  During A f t e r  

Fig. 2. Mean rates ofgrowth cone ad\.ance before, 
during, and after stimulation with extracellular 
patch pipettes. During the stimulation period the 
rate of elongation was significantly less than that 
for the other periods (see text). 

tion stopped. Thus, action potentials gener- 
ated in the cell body not only suppress 
neurite elongation but also change growth 
cone structure. 

None of the above changes were observed 
in parallel control experiments in which a 
patch pipette (i) remained in contact with 
the soma for a period of time equal to 
observation periods used above but current 
pulses were not applied (15) or (ii) was 
situated directly above but not touching the 
soma and current pulses passed at m70 to 
three times the amplitude (10 nA) used 
above to test for possible field effects (12 
growth cones). Furthermore, we verified 
that the patch of soma membrane through 
which stimulus pulses were applied had not 
ruptured during our experiments by obsenl- 
ing the capacitance from pulse transients 
under voltage-clamp conditions at the end 
of each experiment. In all cases only the 
small amount of capacitance associated with 
the pipette was evident. Capacitance was 
greatly increased when additional suction 
was applied to the pipette to break the 
membrane patch. 

The experiments described above were 
repeated with a second method of stimula- 
tion and recording (16) in which whole-cell 
current-clamp conditions were obtained by 
rupturing the membrane patch (1 7). Under 
these conditions, we again found that 
growth cone advance in neuron B19 was 
significantly inhibited during the generation 
of soma action potentials just as was shown 
for extracellular stimulation. Growth rates 
decreased from 12.5 ? 1.1 +&hour before 
stimulation to 4.7 * 1.4 +mihour after 
stimulation (P  < 0.002; 18 growth cones). 
The whole-cell clamp method also allowed 
us to use other identified neurons that could 
not be stimulated with an extracellular patch 
pipette because the membrane patch rup- 
tured when currents sufficient to evoke ac- 
tion potentials were delivered. We used the 
whole-cell stimulation protocol with a dif- 
ferent identified neuron, B5,'and found that 
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Fig. 3. Stimulus-evoked changes in growth cone morphology occur concomitantly with changes in 
neurite elongation. (A) Bcfore stimulation, a growing growth cone has a characteristic broad, flat 
lameIlipo&um from which 27 i i l o w a  project. (B) After 1 hour of stimulation of the soma, the 
lamellipodium has retracted and the numbet of filopodia has decreased to 8. (C) Several hours aftcr 
stimulation has ended, the growth cone has resumed its normal growing morphology. Scale bar, 20 pm. 

growth cone advance in this neuron w q  also effects of action potential activity might be 
inhibited during the stimulation period. Be- caused by changes in intracellular ion con- 
fore stimulation the grow& rate was centrations, perhaps in a fashion analogous 
20.4 a 1.4 umlhour. whereas after stimula- to the mechanism of release of neural trans- 
tion the rate dropped to 2.3 r 1.7 pndbour mitters. This interpretation is reipforced by 
(P < 0.001; 11 growth cones). The effects our recent findings that the generation of 
of action potentials on neurite elongation in action potentials results in large calcium 
neurons B19 and B5 when the whole-cell influxes in the growth cone, just as expected 
current-clamp method was used were indis- at the presynaptic terminal (21). In addition 
tinguishable from those obtained with the to the efTect of action potentials it is also 
&acellular patch pipette. Thus, action po- 
tential generation suppresses neurite elonga- 
tion in different identified neurons. A recent 
report now demonstrates what we interpret 
as the inverse of the present studies. Tetro- 
dotoxin blockade of action potenti* in 
tadpole retinal ganglion cells increased arbo- 
rization at the terminals (18). Therefore, 
electrical activity must normally suppress 
outgrowth, just as we have shown. 

It is important to consider our findings 
within the context of normal activity levels. 
Within the buccal ganglion, the average 
action potential frequency in B19 varied 
from 4 to 6 per second; peak rates exceeded 
25 per second during single bursts of activi- 
ty. In contrast, in the above experiments the 
frequency of spontaneous activity in neuron 
B19 isolated from its synaptic partners in 
cell culture was very low (mean, 0.2 + 0.2 

possible that more subde changes in mem- 
brane potential may have effects (22). DifFu- 
sion, axoplasmic transport, and even pro- 
gressive depolacization of the cell body, 
while undoubtedly important in other con- 
texts, are all unlikely to be relevant here, 
given the time course of the response to 
action potentials and the considerable &s- 
tance h e e n  the site of stimulation and the 
location of the growth cones (often greater 
than 250 pm). 

An implication of our results is that elec- 
trical activity in neural circuits may prevent 
W e r  ned t e  outgrowth from- Synaptic 
partners. Accordingly, electrical interactions 
between neurons during the formation of 
coqnections may inhibit outgrowth and 
thus influence the consolidation of function- 
al circuitry. 

per second for 17 neurons). Although we 
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