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Summary

The rapid transition of a stationary axon into a motile
growth cone requires the recruitment of membrane
and its strategic insertion into the neurolemma. The
source of membrane to support the initial rapid growth
postaxotomy is not known. Using membrane capaci-
tance measurements, we examined quantitative as-
pects of membrane dynamics following axotomy of
cultured Aplysia neurons. Axotomy activates two pro-
cesses in parallel: membrane retrieval and exocytosis.
Unexpectedly, membrane retrieval is the dominant
process in the majority of the experiments. Thus, while
a growth cone is vigorously extending, the total neu-
ronal surface area decreases. We suggest that the
initial rapid extension phase of the newly formed
growth cone postaxotomy is supported by a pool of
intracellular membrane that is rapidly retrieved from
the neurolemma.

Introduction

The stable structure and surface area of adult neurons
can be transiently or permanently altered by external
stimuli of various forms. For example, action potentials
and chemical stimuli that trigger neurotransmitter or hor-
monal release by the fusion of intracellular vesicles with
the plasma membrane transiently increase the cell sur-
face area (Ceccarelli et al., 1973; Heuser and Reese,
1973; Fernandez etal., 1984; Thomas et al., 1990; Lindau
et al., 1992). This increased surface area can spontane-
ously recover by membrane retrieval processes (Cec-
carelli et al., 1973; Heuser and Reese, 1973; Lindau et
al., 1992; Heinemann et al., 1994; Thomas et al., 1994).

During development, the neuronal membrane surface
area increases while endocytotic activity continuously
takes place at the growth cone (GC) level (Wessells et
al., 1974; Matteoli et al., 1992). Under these circum-
stances, the rate of new membrane insertion into the
neurolemma must be faster than membrane retrieval.
Thus, the neuronal surface area continuously increases
(Bray, 1973; Johnston and Wessells 1980, Hochner and
Spira, 1987; Pfenninger and Friedman, 1993). Episodes
of rapid and localized retraction of GCs, which may be
associated with accelerated membrane retrieval, have
been observed in response to external stimuli such as
the application of specific neurotransmitters (Haydon et

al., 1987; Kater and Mills, 1991) or the presentation of
specific antigens (Keynes and Cook, 1992; Bandtlow et
al., 1993). Thus, the balance between membrane re-
trieval and insertion may be fine-tuned by external stim-
uli and thereby modulate the rate of neuronal growth.

Re-growth of adult neurons has been reported to oc-
cur in relation to regeneration after injury (Fawcett and
Keynes, 1990) and in certain forms of learning and mem-
ory (for reviews, see Bailey and Kandel, 1993, 1994).

Axonal injury in the form of axotomy is often followed
by resealing of the cut end (Lucas et al., 1985; Fishman
et al., 1990; Benbassat and Spira, 1993, 1994; Spira et
al., 1993, Ziv and Spira, 1993, 1995; Krause et al., 1994),
the formation of a GC (Shaw and Bray, 1977; Bray et
al., 1978; Wessells et al., 1978; Baas and Heidemann,
1986; Benbassat and Spira, 1993), and vigorous growth
(Bray, 1992). The rapid transition of a differentiated sta-
tionary axonal structure into a motile and actively ex-
tending GC requires, among other processes, the re-
cruitment of membrane and its strategic insertion into
the neurolemma. The sources of membrane to support
the rapid initial growth postaxotomy are not known. The
transition time between axotomy and GC extension is
in some cases so rapid (5-30 min; Bray et al., 1978;
Wessells et al., 1978; and the present report) that it is
unlikely to involve the activation of membrane synthesis
and shipping of vesicles from the cell body. It is more
probable that it utilizes preexisting substrates. This is
supported by the observations that anucleated distal
axonal segments may also extend GCs and neurites
postaxotomy (Shaw and Bray, 1977; Baas and Heide-
mann, 1986; Benbassat and Spira, 1993, 1994). These
observations suggest that GC formation and neurite
extension may be supported for a limited time by mem-
brane stores within the axons, or alternatively by re-
trieval of membrane at some locations and its subse-
quent insertion at others. Another possible source could
be the unfolding of membrane invaginations.

Earlier studies aimed at understanding the membrane
dynamics associated with GC formation and neurite ex-
tension used morphological and biochemical methods
(Bray, 1970; Bunge, 1977; Feldman et al., 1981; Griffin
et al., 1981; Cheng and Reese, 1987; Pfenninger and
Friedman, 1993; Popov et al., 1993). These studies did
not provide any quantitative information as to the bal-
ance between the endo- and exocytotic activity associ-
ated with growth. In fact, it was generally accepted that
during growth cone extension the exocytotic activity
must be the dominant process.

In the present study, we applied the whole-cell patch-
clamp membrane capacitance measurement technique
(Hamill et al., 1981; Lindau and Neher, 1988; Penner
and Neher, 1989) to examine quantitative aspects of
membrane dynamics following axotomy in cultured
Aplysia neurons. In contrast to what was expected, we
found that axotomy activates, in parallel, membrane re-
trieval and exocytosis. In the majority of the experi-
ments, the processes of membrane retrieval quantita-
tively dominated. Thus, while vigorous extension of GC
lamellipodium was visualized, the total membrane sur-
face area as expressed by its capacitance decreased.
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The presence of extracellularly applied horseradish per-
oxidase conjugated to wheat germ agglutinin (WGA-
HRP) in intracellular organelles revealed that the re-
trieved membrane accumulated at the central region of
the GC. We suggest that the initial rapid extension of
the newly formed GC postaxotomy is supported by a
pool of intracellular membrane that is formed by en-
hanced retrieval of the neuronal membrane and its sub-
sequent insertion into the growth cone membrane.

Results and Discussion

Alterations of Membrane Surface Area of

Cultured Neurons during Continuous

Patch-Clamp Recordings

As a baseline for the present study, we first examined
whether long-term patch-clamp recording from intact
cultured neurons is associated with alterations in the
neurons’ membrane surface area. To that end, neurons
were cultured on glass-bottomed dishes that were not
coated with poly-L-lysine. Under these conditions, the
isolated neurons did not extend long neurites, and
thus some of them were isopotential and suitable for
membrane capacitance measurements. Continuous re-
cording of the membrane capacitance of these neurons
(n = 11) revealed a net averaged decrease of 4.4% in
membrane capacitance over a period of 30 min (Figure
1A). The decrease in membrane capacitance is mono-
tonic over time and might be due to subtle shifts in the
balance of exo- and endocytosis during the perfusion
of the cytoplasm by the patch-pipette solution.

Induction of Membrane Retrieval by Axotomy

in Nongrowing Transected Neurons

To examine the effects of axonal transection on mem-
brane recycling, we measured the membrane capaci-
tance during axotomy and throughout its recovery pe-
riod. For these experiments, a neuron was patched afew
minutes prior to axotomy; its axon was then transected
(Spira et al., 1993; Ziv and Spira, 1993, 1995; Benbassat
and Spira, 1994), while continuously monitoring the
holding current, membrane capacitance, access resis-
tance, and input resistance. In most of the experiments,
prior to axonal transection the cultured neurons were
not isopotential. Therefore, the whole-cell patch-clamp
measurements could not provide accurate membrane
capacitance values. However, axotomy eliminated a sig-
nificant portion of the distal axon, and thus the remaining
proximal part of the neuron became an isopotential
structure. Under these conditions, the membrane ca-
pacitance measurements were reliable.

The alterations in membrane capacitance during axo-
tomy and the recovery period are illustrated in Figures
1B-1D. Axonal transection was associated with a sub-
stantial decrease in the neuronal capacitance (Figure
1B) and a transient increase in the inward holding cur-
rents (Figure 1C). The transient increase in the holding
current corresponds to the rupturing and resealing of
the axonal membrane as was analyzed by current-clamp
and calciumimaging experimentsin our laboratory (Ben-
bassat and Spira, 1993, 1994; Spira et al., 1993; Ziv and
Spira, 1993, 1995). The large decrease in the neuron’s
membrane capacitance monitored immediately after the

resealing of the cut end (from 640 pF to 468 pF; Figure
1B) corresponded to the reduction in the physical di-
mensions of the neuron.

Monitoring of the membrane capacitance following
the formation of a membrane seal over the cut end in
neurons that did not extend GCs revealed a continuous
reduction in the membrane surface area. For example,
in the experimentillustrated in Figure 1B-1D, the capaci-
tance decreased after the formation of a membrane seal
from 468 pF to 350 pF (Figure 1B and 1D), i.e., over 20%
of the membrane surface area underwent endocytosis
within 30 min. In this experiment, as well as in other
experiments of the same kind, the decreased capaci-
tance appeared to occur in two steps. An initial phase
with atime constant of 57 s (ranging in other experiments
between 40 and 600 s; average = 241.7 s; SD = 153;
n = 22) and a second, slower phase with a time con-
stant of 1325 s (ranging between 1000 and 2800 s; aver-
age = 1866 s; SD = 548; n = 21). The rates of membrane
retrieval (fast and slow) postaxotomy are faster than that
monitored in the control experiments (Figure 1A). Thus,
it is reasonable to assume that both phases are directly
related to axotomy.

After the formation of a membrane seal over the cut
end (as indicated by the recovery of the holding current),
the neuron described by Figures 1B-1D gradually “lost”
~120 pF of its membrane surface area. Assuming that
the specific membrane capacitance is 1 wF/cm?, the
neuron lost ~12,000 um? at an average rate of 400 um?/
min. Electron microscopic studies (Figure 2) revealed
that the endocytotic activity postaxotomy is associated
with the appearance of coated pits and vesicles with a
diameter of 70-100 nm. Thus, the retrieval of a single
vesicle (of 100 nm in diameter) decreases the surface
area by 0.03 um?. To account for the observed decrease,
380,000 vesicles should have been pinched-off during
30 min, at an average rate of 210 vesicles per second.
This rate of endocytosis is well within the range of endo-
cytotic activity observed in other cells. For example,
Marsh and Helenius (1980) reported that BHK cells recy-
cle about 100 wm? of the cell’s surface area per minute.

We identified the location of membrane retrieval and
accumulation by following the uptake of extracellularly
applied WGA-HRP into intracellular organelles (Figure
2). Serial cross sections of axotomyzed neurons re-
vealed uptake of WGA-HRP by coated pits and vesicles
(Figures 2E-2G) that accumulated at the central region
of the GC (Figures 2A and 2C). Profiles indicative of
membrane retrieval were observed at high frequency in
the neurolemma corresponding to the central region of
the GC and at a lower frequency in more proximal re-
gions. Retrieved membrane intermingled with dense
vesicles accumulated at the central region of the GC
(Figures 2A, 2C, and 2F) but not in regions proximal to
it (Figure 2B) nor in the controlintact axons. Inthe central
region of the GC, WGA-HRP was visible in association
with coated pits, coated vesicles, endosomes of various
forms, and multivesicular bodies (Figures 2C-2G). Thus,
the electron microscopic observation suggested that
axotomy leads to increased endocytotic activity and
that this activity takes place with somewhat higher fre-
quency atthe GC center. The retrieved membrane accu-
mulates together with transported dense vesicles at the
GC center.
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Figure 1. Membrane Capacitance Measurements in a Neuron That Did Not Extend a GC Lamellipodium Revealed That Axotomy Accelerates

Membrane Retrieval

(A) The capacitance values of intact isopotential cultured neurons were normalized in respect to the first value obtained after breaking the
seal. The bars represent SEM (n = 11). Note that the average decrease in membrane capacitance over a period of 30 min was less than 5%.
(B) Axonal transection of a nonisopotential cultured neuron (arrow) resulted in a sharp decrease in membrane capacitance from 640 pF to
468 pF. This decrease corresponds to the reduction of the surface area of the neuron by the elimination of the distal axonal segment.

(C) Axotomy was associated with a transient increase in the holding current that recovered to the control level as soon as a membrane seal

was formed over the cut end of the axon.

(D) After the formation of a membrane seal, a decrease in membrane capacitance from 468 pF to 350 pF over a period of 30 min was recorded.
The decreased capacitance can be described by two time constants of 57 and 1325 s.

Membrane Capacitance Measurements

during GC Extension

In the present series of experiments, only a fraction of
the patched neurons extended GCs postaxotomy (n =
18 out of a total of 47). In these cases, the tip of the
transected axon extended a lamellipodium 5-10 min
postaxotomy (Figures 3 and 4). In six of these experi-
ments, the rapid extension of the lamellipodium was
clearly related to an increase in the neuronal capaci-
tance. In the rest (n = 12), while a GC was extending
and the apparent visible surface area of the lamellipod-
ium was increasing, the neuronal membrane capaci-
tance was unexpectedly decreasing. In the following
paragraphs, we will first describe the results with posi-
tive correlation between membrane capacitance and
visible increase in the lamellipodial surface area and
then the results in which a negative correlation was
recorded.

For the experiment illustrated in Figure 3, the axon
was first transected and 5 min later the neuron was
patched on its cell body. Immediately after breaking the
seal, the membrane capacitance transiently decreased
for 100 s, (Figure 3A). Thereafter, an increase in mem-
brane capacitance was measured while a lamellipodium
was continuously extending at a rate of 120 pum%*min

(Figure 3D). An increase in membrane capacitance and
in the GC’s dimensions was recorded for up to 60 min
postaxotomy.

To examine the relations between the visible increase
in the lamellipodial surface area and the changes in
membrane capacitance, we used the following proce-
dure: First, the increase in the lamellipodial surface area
was measured from video recordings and expressed in
pF (assuming specific membrane capacitance of 1 wF/
cm? Figure 3B). The correlation between the measured
membrane capacitance and the surface area gave a
correlation coefficient of 0.97 (Figure 3C). The slope of
the correlation curve is 0.6; thus, it is reasonable to
assume that in this experiment membrane retrieval was
induced in parallel to exocytosis. The process of mem-
brane retrieval in this case masked ~40% of the exocy-
totic activity.

Itis of interest to note that extension of the GC lamelli-
podium, to reach a surface area of 5000 pwm? within
20-40 min postaxotomy, corresponds to an average in-
crease in GC surface area of 120-240 um?%min. Electron
microscopic observations made in our laboratory (Fig-
ure 2) revealed that 90 nm diameter vesicles accumulate
at the center of the GC. Assuming that these vesicles
serve as the source for the GC membrane and that each
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Figure 2. Cross Sections of Axotomyzed Neurons Revealed Uptake of WGA-HRP

Horseradish peroxidase conjugated to wheat germ agglutinin (WGA-HRP) was taken up into various forms of vesicles that accumulated at
the central region of the GC (A). Accumulation of retrieved membrane was not observed in regions proximal to the growth cone (B). In the
central region of the GC, WGA-HRP-containing organelles intermingled with dense vesicles (F) were visible in association with coated pits
(E-G), coated vesicles (G), endosomes of various forms (C), and multivesicular bodies (D). Bars: in (A) and (B), 5 um; in (C) 1.5 wm; in (D)-(G),

0.5 pm.

vesicle has a membrane surface area of 0.025 pm?, a
total of 200,000 vesicles should have fused with the
neurolemma. Accordingly, the observed rate of growth
corresponds to exocytosis of 80-180 vesicles per sec-
ond. This rate of exocytosis is within the range of exocy-
totic activity that was detected in cells specialized to
vigorously release hormones in response to specific
stimuli (Thomas et al., 1990; Neher and Zucker, 1993;
Heinemann et al., 1994; for a recent review, see Bur-
goyne and Morgan, 1995).

In the second group of axotomized neurons that ex-
tended lamellipodia (n = 12), capacitance measure-
ments revealed that, while the GC lamellipodium was
extending, the membrane capacitance decreased. An
example of such an experiment is illustrated in Figure
4. In this experiment, cutting off the axon resulted in a
decrease in membrane capacitance from an estimated
value of 1250 pF to 396 pF (Figure 4A, inset). In parallel
to the extension of the lamellipodium (Figure 4B), the
membrane capacitance gradually decreased from 400
pF to 330 pF over a period of about 40 min (Figure
4A). The kinetics of decrease in membrane capacitance
followed two time constants: an early fast time constant
of 182 s and a late phase with a time constant of
2434 s.

The gradual decrease in membrane capacitance while
the GC is vigorously extending a lamellipodium can be
attributed to one of the following mechanisms. First,

axotomy induces parallel endo- and exocytotic activity.
In these neurons, an excess amount of membrane is
retrieved at one location, and only a fraction of it is
routed to the lamellipodium. Under these conditions, it
is plausible that while the lamellipodium extends, the
total surface area of the neuron decreases. A second,
alternative explanation to account for the observation
is that while the very flat (0.1-1 pwm) lamellipodium is
extending, the neuron gradually become less and less
isopotential. Thus, the lamellipodium is not voltage
clamped properly, and the capacitance measurements
become progressively inaccurate. To examine this sec-
ond hypothesis, we tested whether the capacitance
measurements accurately record the increase in the la-
mellipodial surface area. This was done by trimming
away parts of the lamellipodium while measuring the
neuron’s membrane capacitance and then by correlat-
ing the decrease in surface area and decrease in capaci-
tance.

The procedure is illustrated by Figure 5 (from the same
experiment as shown in Figure 4). Elimination of the
upper part of the lamellipodium (Figure 5A) led to a
decrease in membrane capacitance from 330 pF to 319
pF, i.e., by 11 pF (Figure 5B, first arrow, open circles).
The elimination of the lower part of the lamellipodium
(Figure 5 A,) was associated with a further decrease in
membrane capacitance from 318 pF to 302 pF, i.e., by
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Figure 3. Correlation between the Visible Surface Area of an Extending Lamellipodium and the Measured Capacitance

For this experiment a neuron was first axotomized and only 500 s later patch clamped. The measured capacitance initially decreased for a
duration of 100 s. Thereafter, the membrane capacitance increased from 282 pF to 310 pF (A). Concomitantly with the increase in membrane
capacitance, the GC extended a lamellipodium (D). The increase in the visible surface area expressed in pF (assuming 1 pF/cm?), is shown
in (B). The correlation between the measured membrane capacitance (Y axis) and visible surface area (X axis) gave a correlation coefficient
of 0.97 with a slope of 0.6 (C). Phase contrast images of the extending lamellipodium 6, 15, 26, and 44 min postaxotomy (D). Part of the cell
body is shown on the right side of the micrographs.

16 pF (Figure 5B, second arrow, open circles). The mea-
sured decrease in membrane capacitance corresponds
well to the expected reduction in the dimensions of
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the lamellipodium. Trimming off the upper part of the
lamellipodium eliminated a surface area that should cor-
respond to about 15 pF (Figure 5A, and open squares

Figure 4. Decrease in Membrane Capacitance as a Function of Time Postaxotomy in a Neuron That Developed a Lamellipodium

Axonal transection resulted in a decrease in membrane capacitance from ~1250 pF to 396 pF (inset). While the GC was extending a
lamellipodium (B), the membrane capacitance gradually decreased from 395 pF to 333 pF over a period of about 40 min (A). (B) Phase contrast
images of the extending lamellipodium 4, 12, 22, and 34 min after axonal transection. Part of the cell body is seen on the right side of each

image.
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Figure 5. Correlation between Lamellipodial Surface Area and
Membrane Capacitance

The membrane capacitance of an axotomized neuron that extended
a GC lamellipodium was measured while parts of the lamellipodium
were trimmed off. The decrease in the visualized surface area (A)
and measured capacitance (B) were correlated. Images of the lamel-
lipodium are shown in control (A, Control), and after trimming away
the upper part of the lamellipodium (A), and the lower part (A). A
step decrease in membrane capacitance was monitored concomi-
tantly with the elimination of the upper part of the lamellipodium
(B, first arrow) and the lower part (B, second arrow). Membrane
capacitance measurement during the elimination of the upper part
of the lamellipodium was associated with a decrease in membrane
capacitance of 11 pF (B, circles). The measured decrease in the
membrane capacitance was in good correlation with the expected
decrease in the lamellipodial surface area expressed in pF, i.e., by
15 pF (square indicated by the firstarrow in B). The second transec-
tion of the lower part of the lamellipodium was associated with a
16 pF decrease in membrane capacitance (B, second arrow). The
decrease in visualized surface area corresponded to a 20 pF de-
crease in membrane capacitance (square indicated by the second
arrow in B).

in Figure 5B), while the second transection eliminated
a surface area that should equal to 20 pF (Figure 5A;,
and open squares in 5B).

This experiment and others of the same kind (n = 12)
demonstrated that capacitance measurements corre-
spond to 50%-90% of the expected lamellipodium sur-
face areawhen expressed in picofarads. The differences
between the measured values and the calculated values
from the lamellipodial surface area could be due to inac-
curacies in the measurements of the surface area from
the video recordings, or in the assigned value for the
specific membrane capacitance.

To get a deeper insight into this problem, we used
the EV-Pspice program to construct an electrical circuit
simulation model of the growing transected neuron (Fig-
ure 6; see Experimental Procedures for more details).
The model simulated a cell body connected through
an axon to a large lamellipodium. Using this simulation
model, we examined whether the neuron, along with
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Figure 6. The Structure and Calculated Values of the Membrane
and Cytoplasmic Properties Used in the Computer Simulation Model

(A) Each compartment is represented by a closed circle: the elec-
trode resistance is represented by compartment 1 (Ra); the cell
body, by compartment 2; the axon, by compartment 3; and the
lamellipodium, by compartments 11-54. The connecting lines be-
tween compartments represent longitudal (RIn) or lateral resistance
(RIt) as indicated in Figure 6B. The values assigned to each com-
partment are detailed in (C).

The thickness of the lamellipodium is represented by t; circumfer-
ence at the middle of each compartment, by Cr; axon length, by I;
axon radius, by r; and cell body radius, by r,. Input resistance
(Rn), membrane capacitance (C), longitudal resistance (RIn), lateral
resistance (RIt).

its GC, is isopotential. This was done by analyzing the
capacitance currents and the voltage drop along the
modeled lamellipodial compartments. The neuron con-
sisted of a 50 wm radius cell body, an axon with a diame-
ter of 14 um and length of 60 um, and a lamellipodium
with a radius of 40 wm, using the following parameters:
specific membrane resistance of 50 KQ/cm? (Spira, et
al., 1993), specific axial resistance of 250 }/cm (Shelton,
1985), and specific membrane capacitance of 1 wF/cm?
(Shelton, 1985).

The simulations revealed that there is no significant
voltage drop over the lamellipodial membrane and that
the capacity current can be fitted by one exponential.
Thus, based on the experimental results and the com-
puter simulation model, we conclude that the decrease
in membrane capacitance recorded in parallel to the
lamellipodial extension accurately reflects the values of
membrane retrieval rather than being a measurement
artifact.
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Figure 7. The Rate of Membrane Insertion during GC Extension and the Difference among the Nongrowing and the Growing Axotomized
Neurons

The rate of membrane insertion (exocytosis) into the neurolemma during GC extension was estimated by subtracting the averaged decrease
in membrane capacitance measured in axotomized neurons that extended lamellipodia from that in neurons that did not extend lamellipodia.
(A) Average decrease in membrane capacitance of growing neurons (squares) and nongrowing neurons (circles). The graph demonstrates
that the average membrane capacitance decrease is significantly faster in the nongrowing neurons. Bars represent SD.

(B) Subtraction of the curves shown in (A) reveals the fraction of increased membrane capacitance in the growing axotomized neurons.
Approximately 7% of the total area was inserted into the plasma membrane over 30 min.

(C) The correlation coefficient between the average increase in lamellipodial capacitance and the average increase in the visualized surface
area of the neurons is 0.98 with a slope of 0.86.

(D) The ordinate of the horizontal line of the graph is set to the average decrease in membrane capacitance of 44 axotomized neurons 30
min postaxotomy at —7.2% (irrespective of GC extension). The net percentage changes in membrane capacitance of each of the 44 neurons
was calculated and plotted. Closed columns represent the decrease in membrane capacitance of nongrowing neurons, and open columns
represent the growing neurons. Note that the membrane capacitance of most of the nongrowing neurons decreased in excess of the averaged
7.2%, while the membrane capacitance of the growing neurons decreased less than the average.

Membrane Recycling Dynamics in Growing end of the axon. Figure 7A illustrates the average de-
and Nongrowing Axotomized Neurons crease in membrane capacitance of growing neurons
In the majority of the experiments, axotomy was fol- (closed squares, n = 3) and the average decrease in
lowed by decrease in membrane capacitance. The de- capacitance of nongrowing neurons (closed circles,
creased capacitance was recorded in axotomized neu- n = 14). The kinetics of the decrease in membrane ca-
rons that did not extend lamellipodia (n = 29), as well pacitance of the two groups of neurons is significantly
as in axotomized neurons that did extend lamellipodia different (by two-way analysis of variance, p <.001), and
(n = 12). Examination of the curves describing the nor- the nongrowing neurons reveal a faster rate of mem-
malized averaged values of neuron capacitance postax- brane retrieval.

otomy over time revealed that the rate and extent of Assuming that in the nongrowing neurons the exocy-
decrease in membrane capacitance is significantly totic activity occurs at a much slower rate than mem-
larger innongrowing transected neurons than in growing brane retrieval, and that in growing neurons exocytosis
neurons. This isillustrate in Figures 7A-7C, which depict is more vigorous yet not a dominant process, then the
only experiments in which the neurons were patched subtraction of the two curves should provide an esti-
prior to axonal transection and the lamellipodial surface mated rate of new membrane incorporation into the ex-
area could be measured from video images throughout tending lamellipodium. As shown in Figure 7B, ~6.6%
the experiments (n = 17). This allowed us to normalize new membrane is incorporated into the neurolemma
the capacitance values obtained postaxotomy with re- over a period of 30 min at an averaged rate of 0.25%/
spect to the first capacitance value that was measured min in the neurons that extended lamellipodia. For the

after the completion of membrane sealing over the cut neurons in Figure 7A, the increase in lamellipodial sur-
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face area was measured from video recording, and the
average increase in lamellipodial surface area was cal-
culated. The correlation coefficient between the average
increase in the visualized lamellipodial surface area
and the calculated increase in membrane capacitance
shown in Figure 7B is 0.98 with a slope of 0.86
(Figure 7C).

To emphasize the difference in membrane capaci-
tance measurements among the nongrowing and grow-
ing axotomized neurons, we used the following presen-
tation. The average changes in membrane capacitance
postaxotomy of all the neurons (n = 44) was calculated
and found to be 11.6%. As mentioned earlier (Figure
1A), 4.4% of the decreased capacitance is attributed to
the subtle increase in endocytosis following the ruptur-
ing of the cell membrane by the patch electrode; thus,
axotomy induced on the average a 7.2% decrease in
membrane capacitance over a period of 30 min (ordinate
of the horizontal line of Figure 7D). Most of the nongrow-
ing neurons lost more than 7.2% of their membrane
capacitance (average decrease of 10.3%; SD = 4.6;
n = 29; Figure 7D, closed columns). The growing neu-
rons, except fortwo, lost less than 7.2%, i.e., an average
of 1.7% (SD = 4.9; n = 15; Figure 7D, open columns).
This presentation of the data clearly illustrates the differ-
ences between the populations of nongrowing and
growing axotomized neurons and supports the interpre-
tation that, although membrane retrieval is the dominant
process in both groups, in the growing neurons exocy-
totic activity contributes to the overall changes in the
surface membrane area.

Earlier studies of transected axons revealed structural
indications for enhanced endocytotic activity at the re-
gion of the sealed end of the transected axon (Fishman
etal., 1990). Likewise, structural and biochemical experi-
ments suggested that endo- and exocytotic activities
simultaneously take place in GCs (Bray, 1973; Wessells
et al., 1974; Bunge, 1977; Cheng and Reese, 1987). The
membrane capacitance measurements of the present
study are consistent with these observations in demon-
strating that both membrane retrieval and exocytosis
occur simultaneously in the regenerating cut end during
the initial period following axotomy and GC extension.
Furthermore, our study revealed the surprising fact that,
shortly after axotomy and during the initial phases of
lamellipodial extension, membrane retrieval rather than
the addition of new membrane to the neurolemma is the
dominant process. Thus, while the visible surface area
of the GC increases, the total surface area of the tran-
sected neuron decreases. The simultaneous recordings
of decreased membrane surface area and vigorous ex-
tension of the GC lamellipodium imply that the sites of
membrane retrieval and exocytosis must be spatially
remote. Electron microscopic observation suggests that
endocytotic activity occurs mainly (but not exclusively)
at the GC center and that the retrieved vesicles accumu-
late together with transported dense vesicles at the GC
center. The precise site of intracellular membrane fusion
with the axolemma was not determined yet.

The excess membrane retrieval over exocytosis fol-
lowing axotomy may play an important role in the early
response of neurons to axotomy. Thus, the rapidly re-
trieved membrane might establish an immediate reser-
voir for rapid growth after injury. Retrieved membrane

in the form of vesicles can also carry “injury”-related
signals from the injured site to the nucleus (Gunstream
et al.,, 1995). It is of interest to note that accelerated
endocytotic activity was documented by electron micro-
scopic observations following the exposure of cultured
Aplysia sensory neurons to serotonin (Bailey etal., 1992).
Bailey and Kandel and their coworkers (Bailey et al.,
1992; Hu et al., 1993) suggested that serotonin-induced
endocytosis down-regulates the density of membrane
adhesion molecules and thereby promotes the detach-
ment of neurites from the substrate. This detachment
is an essential step in a cascade of events that leads
to re-growth of adult neurons in relation to long-term
neuronal plasticity induced by serotonin (Bailey and
Kandel, 1993).

The mechanisms that trigger membrane retrieval and
addition of membrane postaxotomy are not known. Re-
cent studies suggest that an increase in the intracellular
calcium concentration to 50-200 uM in chromaffin cells
and melanotrophs accelerates membrane retrieval,
whereas at low micromolar calcium concentrations exo-
cytotic activity is induced (Thomas et al., 1990; Neher
and Zucker, 1993; Heinemann et al., 1994; Thomaset al.,
1994; Burgoyne and Morgan, 1995). Axotomy of cultured
Aplysia neurons elevates the free intracellular calcium
concentration from ~100 nM to the millimolar range for
a duration of a few minutes (Ziv and Spira, 1995). Since
membrane retrieval was monitored postaxotomy for
over 30 min, it is unlikely that the elevated calcium con-
centration is necessary for the perpetuation of the pro-
cess. Itis, however, possible that the transient elevation
in the free intracellular calcium concentration triggers
the process.

The present study demonstrates that axotomy rapidly
alters the balance between endo- and exocytotic activi-
ties of cultured adult neurons. The immediate response
of the neuron to axotomy is the parallel activation of
membrane retrieval and exocytosis. The rapid and domi-
nant activation of membrane retrieval mechanisms es-
tablishes an available membrane store that might sup-
port the rapid initial stages of GC formation and
extension.

Experimental Procedures

Cell Culture

Either juvenile specimens of Aplysia californica or adult Aplysia ocul-
ifera collected from the northern section of the Gulf of Eilat, Israel,
were used. Culturing procedures were carried out as previously
described (Schacher and Proshansky, 1983; Benbassat and Spira,
1993; Spira et al., 1993; Ziv and Spira, 1993, 1995). In brief, abdomi-
nalganglia wereisolated and incubated for 1.5-2.5 hrin 1% protease
(Sigma type IX) at 35°C. The ganglia were then desheathed, and
the cell body of the Rb neurons (Kandel, 1976) with their long axons
were pulled out with sharp micropipettes and placed on poly-L-
lysine- (Sigma) coated glass-bottomed culture dishes. For some of
the experiments, we grew the neurons on anoncoated glass bottom.
Under these conditions, the isolated neurons did not extend neu-
rites; the main axon shrank; and thus many of the neurons became
a compact isopotential structure. The culture medium consisted of
equal parts of filtered hemolymph from Aplysia faciata collected
along the Mediterranean coast and L-15 supplemented for marine
species (Spira et al., 1993; Ziv and Spira, 1993, 1995).

Axotomy

Axonal transection was performed, as previously described, by
applying pressure on the axon with the sharpest shaft of a micropi-
pette under visual control (Benbassat and Spira, 1993, 1994; Spira
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et al., 1993; Ziv and Spira, 1993, 1995). The experiments were per-
formed after replacement of the culturing medium by artificial sea
water composed of 460 mM NaCl; 10 mM KCI; 10 mM CacCl,; 55
mM MgCl,; 10 mM HEPES (adjusted to pH 7.6).

Membrane Capacitance Measurement

Capacitance measurement were made with the EPC-9 (Heka Elec-
tronics, Lambrecht, Germany) using the time-domain technique in
the whole-cell configuration (Hamill et al., 1981, Lindau and Neher,
1988). Boralex pipettes (Rochester Scientific) were pulled with a PP-
83 Narashige puller and fire polished to get a 1 MQ resistance.
Pipette solutions contained 400 mM Cesium Glutamate, 20 mM
NaCl, 2 mM MgCl,, 80 mM CsCl, 60 mM HEPES, 0.250 mM EGTA,
10 mM ATP, 0.5 mM GTP (adjusted to pH 7.15). Under these condi-
tions the free intracellular calcium concentration was between 50
and 100 nM. Neurons were patched on the cell body. After obtaining
a gigaohm seal, the pipette capacitance was compensated. The
membrane under the patch was ruptured to get a low access resis-
tance (2-5 MQ) to the inside of the cell.

The neurons were voltage clamped to values near their resting
potential (—50 mV), and the membrane capacitance was automati-
cally compensated every few seconds by the EPC-9 Cslow compen-
sation mode. Pulse data were stored on an Atari STE-4 computer,
filtered at 2.3 KHz, and analyzed with the Review program (Heka
Electronics, Lambrecht, Germany).

Prior to axonal transection, most neurons were not isopotential.
Thus, the membrane capacitance values prior to axotomy are an
underestimate of the real value. Only after axotomy, when a large
portion of the neuron was trimmed away, did the neurons become
an isopotential structure. Isopotentiality of the neuron was verified
as follows: a square hyperpolarization pulse with a duration of 30
ms and an amplitude of -10 mV was applied to the cell while the
auto-Cslow was not operating. The corresponding current was then
analyzed by fitting the transient current (which is basically a capacity
current) by one exponential. This procedure was repeated through-
out the experiment to assure that the neuronal structure remained
isopotential even when a GC lamellipodium was extending. The
holding current, the input resistance of the neuron, and the access
resistance of the patch electrode were continuously monitored
throughout the experiments. Changes in these parameters were not
in correlation with changes in membrane capacitance and are not
shown. Whenever the changes exceeded the following parameters,
the experiment was discontinued and excluded from analysis: input
resistance <100 M(), access resistance >5 M(), and holding cur-
rent >—400 pA. The experiments were carried out at room tempera-
ture ranging between 20°C and 24°C. Experiments were performed
on neurons 7-24 hr after culturing.

Electron Microscopy

The sites of membrane retrieval and the accumulation of retrieved
membrane postaxotomy were identified by the uptake of extracellu-
larly applied WGA-HRP into intracellular organelles (Watson and
Burrows, 1981). For the experiment, the cultured neurons were incu-
bated in 2% WGA-HRP artificial sea water solution for 30 min. Then,
after a thorough wash of the excess WGA-HRP by 50-80 ml artificial
sea water, the axon was transected and maintained in artificial sea
water for a period of 30-40 min. During this period, the cut end
recovered and extended a lamellipodium. The transected neuron
was then fixed and processed to allow the production of an electron-
dense deposit by the HRP as previously described (Watson and
Burrows, 1981). Control experiments in which cultured neurons were
exposed to the above-mentioned procedures revealed that intact
neurons do not show endogenous HRP activity and that the rate of
WGA-HRP uptake by intact axons is negligible in respect to that
seen after axotomy.

Simulation Model for GC Extension

A computer simulation program to model the passive electrical prop-
erties of a transected neuron was designed using the EV-Pspice
program (MicroSim Corp.). The model was designed to represent
the cell body and an axon that extends from its tip a large lamellipod-
ium. The simulation model was constructed from 54 compartments
(Figure 6A, closed circles). The input resistance and capacitance of

each compartment was represented by a resistor (Rn) and capacitor
(C) in parallel. Each compartment was connected to its neighboring
compartments by a resistor representing the cytoplasmic resistance
(RIn and RIt; see Figures 6A and 6B, lines). The structure of the
model is given in Figures 6A and 6B, and the values of each compart-
ment are detailed in Figure 6C. The electrode’s access resistance
of 5 MQ is represented by compartment 1 (as Ra); the cell body,
by compartment 2; the axon, by compartment 3; and the lamellipod-
ium, by compartments 11-54. The values of resistance (Rn) and
capacitance (C) assigned to each compartment were calculated to
correspond to the morphological dimensions of each compartment
(Figure 6C) using specific membrane resistance of 50 K{)/cm? (Shel-
ton, 1985; Spira et al., 1993), specific axial resistance of 250 M/cm
(Shelton, 1985), and specific membrane capacitance of 1 wF/cm?
(Shelton, 1985). The cytoplasmic resistance between compartments
was calculated to correspond to the thickness of the lamellipodium
as revealed by electron micrographs obtained in our laboratory (data
not shown).

The values for a cell body of 50 um radius, an axon with a diameter
of 14 pm and length of 60 wm, and a lamellipodium with a radius
of 40 um are given in Figure 6C and were calculated according to
the following formulas:

Cell body: surface area: S = 4nr2, r.represents cell radius; mem-
brane capacitance: C = C,‘S ; input resistance: R, = Rm/S.

Axon: surface area: S = 2m,l, | represents the axon length and
r, represents the axon radius; membrane capacitance: C = C,‘S;
input resistance: R, = Rm/S; longitudal resistance: RIn = (Ri-l)/a, a
represents the axon cross section (a = mr29.

Lamellipodium compartments: surface area: S = (wx?)-2/8, x repre-
sents the compartment radius changing from 10-50 um; membrane
capacitance: C = C,'S; input resistance: Rn = Rm/S; longitude
resistance (between points 11-12, 12-13, etc.): RIn = (Ri-10 pm)/a
(10 pm length of each compartment), a is the cross section in the
middle of each compartment, which is determined according to
the circumference (Cr) in the middle of each compartment (a = Cr-t),
and t is the thickness of each compartment (as detailed in Fig-
ure 6C).

The lateral resistance (between point 11-21, 12-22, etc.): RIt =
(Ri-Cr)/a’, a’ represents the lateral cross section (@’ = t-:10 um).

For the simulation we applied a 10 mV square voltage pulse to
the cell body and analyzed the capacitance currents and the voltage
drop along the compartments representing the lamellipodium. We
analyzed to what extent the model deviates from isopotentiality by
examining whether a transient capacitance current follows a single
exponent and to what extent the voltage applied to the cell body
decays over the modeled lamellipodium.

For a 10 mV voltage pulse delivered to the cell body, the voltage
was attenuated between the axon (compartment 3) and the most
distal compartment of the lamellipodium (point 34) by 0.01 mV. The
capacity current could be fitted by one exponential (data not shown).
The calculated capacitance from the current integral corresponds
to 91% of the actual neuron’s capacitance. Using the above-men-
tioned experimental parameters, the neuron is isopotential for as
long as the lamellipodial diameter is <80 pm.

When the same procedure was applied assuming that Ri = 1000
Q/cm, the simulation model indicates that the neuron maintains
isopotentiality when the lamellipodium reaches a diameter of
40 pm.

Video Microscopy

To correlate between the dimensions of the lamellipodium and the
membrane capacitance, video images were continuously recorded.
The images were collected with a Vidicon video camera (Hama-
matsu) and stored during the experiment to a video cassette re-
corder (Sony). Still images were formed after the experiments by
averaging 7 video frames with a frame grabber (Imaging Technolo-
gies), followed by the subtraction of an out-of-focus image of an
empty area of the culture dish, and the contrast was adjusted using
software written in our lab. The final images were prepared using
commercially available software (Adobe Photoshop). GC surface
area was measured every 2 min from the video images.
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