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Cell Membrane Resealing by a Vesicular
Mechanism Similar to Neurotransmitter Release

Richard A. Steinhardt,* Guogiang Bi, Janet M. Alderton

After injury to the cell membrane, rapid resealing of the membrane-occurs with little loss of
intracellular contents. This process has been studied by measurement of the rate of dye loss
after membrane puncture in both the sea urchin embryo and 3T3 fibroblasts. Resealing of
disrupted cell membranes requires external calcium that can be antagonized by magnesium.
Block of multifunctional calcium/caimodulin kinase, which regulates exocytotic vesicle avail-
ability at synapses, and of kinesin, which is required for outward-directed transport of vesicles,
inhibited membrane resealing. Resealing was also inhibited by botulinum neurotoxins B and
A, suggesting that the two synaptosomal-associated proteins synaptobrevin and SNAP-25 also
participate in resealing. This pattern of inhibition indicates that the calcium-dependent mech-
anisms for cell membrane resealing may involve vesicle delivery, docking, and fusion, similar

to the exocytosis of neurotransmitters.

The resealing of plasma membranes is
observed in experiments in which material
is delivered to the cytoplasm by microinjec-
tion, chemical permeabilization, or electro-
poration (I-5). Indeed, it is not uncom-
mon to observe rapid resealing of plasma
membranes with little loss of intracellular
contents. This property of cells must reflect
the need to repair plasma membranes in the
normal course of events experienced by
cells. Transient plasma membrane disrup-
tions commonly occur in cells that experi-
ence mechanical stress, such as gut, skin,
endothelium, and muscle (6-10). Al-
though erythrocytes will reseal and lipid
bilayers can passively fuse together under
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some circumstances without Ca?* (11-15),
there is no evidence to suggest that similar
passive processes are used by cells to repair
their membranes. On the contrary, the fact
that cells require Ca?* to reseal (3, 16-18)
suggested to us that an influx of Ca?* might
signal cell injury and trigger active mecha-
nisms, similar to exocytosis, to rapidly seal
membranes and ensure cell survival. We
disrupted cell membranes by micropuncture
with glass micropipettes and measured the
resealing by observing the rate of fluores-
cent dye loss and monitoring the levels of
free intracellular Ca?* (19). We took ad-
vantage of the difference between unfertil-
ized sea urchin eggs, with vesicles already
docked in abundance at the plasma mem-
brane, and the fertilized egg (embryo) in
which docked vesicles had been depleted
(20).
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In sea urchin eggs or embryos, which
have a low surface to volume ratio, success-
ful healing is rapid enough so that little or
no dye loss is detected. In Swiss 3T3 cells
the fraction of dye loss after micropuncture
is a much larger fraction of the total and the
wound to the plasma membrane involves a
larger proportion of the surface. In 3T3
cells, therefore, it is easier to get more exact
estimates of the time to reseal because a
larger fraction of the dye is rapidly lost after -
micropuncture. Successful resealing re-
quired 10 to 30 s, but took longer when
Ca?* concentrations were low, as long as
90 to 120 s in some cases. We found

threshold concentrations of Ca?* in exter-

nal solutions for plasma membrane reseal-
ing after micropuncture. Figure 1 illustrates
examples of both successful resealing above
the threshold Ca?* requirement (Fig. 1A,
embryo; Fig.1C, fibroblast) and unsuccess-
ful membrane repairs (Fig. 1B, embryo; Fig.
1D, fibroblast) below the threshold.

The threshold Ca?* concentration, be-
low which resealing did not take place,
varied by cell type and cell state, and the
concentration of Mg?*. Unfertilized eggs in
artificial seawater without Mg?* healed at

300 M Ca?* and above (Fig. 2A). In

artificial seawater with normal Mg?* (55
mM), the threshold for healing was 1.2 to
1.3 mM Ca?* (Fig. 2B). In 1 mM Mg?*
seawater the Ca?* threshold was similar to
that in 55 mM Mg?* seawater, indicating a
strong antagonism at low concentrations of
Mg2*. The state of the egg cortex deter-
mined the Ca2* threshold for resealing. In
fertilized eggs (embryos) or activated por-
tions of egg surface, where the vesicles had
already fused, the Ca?* threshold was high-




er, 1.1 to 1.5 mM in zero Mg?** (Fig. 2C)
and 2.2 to 2.3 mM in 55 mM Mg?** (Fig.
2D). Once the egg was fertilized, we did not
observe any change in healing properties
associated with that stage of the cell cycle.
If only a portion of the surface had dis-
charged its secretory vesicles, then that
portion exhibits the higher Ca?* threshold
characteristic of the activated or fertilized
egg, whereas the undischarged cortex con-

tinues to show the lower threshold. Swiss
3T3 cells exhibited Ca?* thresholds for
resealing in the range of 200 to 400 pM
(Fig. 2E) in zero Mg?* and showed antag-
onism by Mg?* (Fig. 2F). Resealing in 3T3
cells was 100% at 0.8 mM Ca2™*, zero Mg?*
and less than 40% in 0.8 mM Ca?*, 10 mM
Mg?*.

Neurotransmission has a similar Ca?*
requirement and is similarly inhibited by
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Mg?*. The Ca?* concentrations that we
found for resealing are of similar magnitude
as those required for a high probability of
releasing 1 to 10 quanta to a single action
potential (21, 22). Intracellular Ca?* con

centration microdomains on the order of
200 to 300 uwM exist against the cytoplas-
mic surface of the plasmalemma during
transmitter secretion, supporting the view
that the synaptic vesicular fusion for trans-
mitter release is triggered by the activation
of a low-affinity Ca?*-binding site at the
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active zone (23). These similarities in Ca?*
requirements and antagonism by Mg?* led
us to test for proteins previously hypothe-
sized to control vesicle availability and
function in exocytosis.

Multifunctional ~ Ca?*/calmodulin-de-
pendent kinase (CaM kinase) is highly
enriched at nerve terminals, both presyn-
aptically and postsynaptically (24), and is
associated with synaptic vesicles (25). CaM
kinase may regulate the pool of available
vesicles by phosphorylation of synapsin I
and release of vesicles from actin-binding
sites (26, 27). By using autoinhibitory pep-
tide and an inhibitory antibody, we tested
for a role of CaM kinase in plasma mem-
brane resealing. Injection of a 30-amino
acid portion of the regulatory domain of
CaM kinase, which blocks CaM kinase
activity in sea urchin embryos (2), into
fertilized or activated eggs completely in-
hibits resealing to subsequent micropunc-
tures (Table 1). A 19-amino acid portion
from the regulatory domain did not have
any effect, even in large excess (2). Anti-
body CB beta-1 to rat brain CaM kinase
selectively precipitates CaM kinase from
sea urchin homogenates and inhibits nucle-
ar envelope breakdown (2). CB beta-1 in-
jected into fertilized eggs blocked healing
completely as soon as it was tested after
injection (Table 2). Antibody CB alpha-1,
which does not react with the sea urchin
protein (2), had no effect on membrane
resealing in these embryos. These results
are consistent with those obtained on nu-
clear envelope breakdown in sea urchin
embryos. The eggs all appear healthy, do
not lose dye until the test micropuncture,
and are blocked before nuclear envelope
breakdown in the cell division cycle. Nei-
ther peptides nor antibodies had any effect
on healing in unfertilized eggs whose se-
cretory vesicles are already docked. The
inhibitory 30-amino acid peptide and CB
beta-1 were then tested for their effect on
membrane resealing in Swiss 3T3 fibro-
blasts. In 3T3 cells, an initial injection (5
to 10% of the cell volume), even of buffer
solution, was followed by an attenuation
of healing;, so that successful resealing
occurred in 80% of the cells. The reagents
against CaM kinase had no effects on
subsequent micropunctures before 80 min
after injection, but reduced healing to
'20% of the cells after 80 min '(Fig. 3). In
this respect, 20% of the 3T3 fibroblasts
behaved like unfertilized eggs, which may
reflect a difference in cell state, related to
vesicle availability, despite the fact that
all tested cells were in interphase.

Kinesin is postulated to be the motor for
outward-directed vesicle movement along
cytoplasmic microtubules (28). The SUK-4
antibody to an adenosine triphosphate—
sensitive microtubule-binding fragment of
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Table 1. Healing in.fertilized eggs of L. pictus injected with autoinhibitory and control peptides of
CaM kinase. Autoinhibitory peptide does not block resealing during its microinjection. The block of
resealing is complete by the time of first test micropuncture at 15 min after microinjection.
Microinjection solutions for all tables are described in (79): N.A., not applicable.

Percent healing (n)

Intracellular
concentration Autoinhibitory Control Buff
(»M) 30-amino acid 19—amino acid u Ier
peptide peptide only
0-19 50 (10) N.A. 100 (6)
20-59 0 (6 100 () 100 (8)
60-550 oM 100 (10) 100 (6)

Table 2. Healing in fertilized eggs of L. pictus
injected with antibodies to CaM kinase. Injections

_ with low concentrations of antibody CB beta-1 do

not inhibit healing immediately. Failure to heal
begins about 45 min after injection for injection
volumes 1 to 2% of egg volume. Higher concen-
trations of CB beta-1 block healing of the earliest
wounds beginning about 15 min after injection.

Percentage of Percent healing (n)

egg volume

29 Antibody Antibody
injected CBbeta-1  CB alpha-1
1-4.9 0() 100 (6)
5-11 03 100 (13)

Table 4. Effect of BNT-A on membrane healing
in unfertilized sea urchin eggs, sea urchin
embryos, and Swiss 3T3 fibroblasts.

Percent
healing (n)

Minutes after
injection

Unfertilized eggs of L. pictus

20-130 100 (10)
150-240 100 (8)
Fertilized eggs of L. pictus
20-130 100 (11)
150-240 0(11)
Swiss 3T3 fibroblasts
20-60 85 (13)
80-180 26 (27)

Table 3. Healing in fertilized eggs of L. pictus
and Swiss-3T3 fibroblasts injected with antibod-
ies to kinesin.

Percentage Percent healing ()
of cell
volume Buffer
injected SUK-4 SUK-2 control
Fertilized egas of L. pictus
1.5-10 0(23) 100 (14) 100 (9).
.Swiss 3T3 fibroblasts
5-10 21 (42) 74(23) 79 (19)

the 130-kD heavy chain of sea urchin kine-
sin blocks kinesin-driven motility (29).
SUK-2. antibody to another site on the
heavy chain has no effect on motility (29).
We used these monoclonal antibodies to
test for a role for kinesin in:plasma mem-
brane resealing. SUK-4 blocked resealing in
fertilized eggs without affecting cell division
and inhibited healing in 3T3 cells (Table
3). SUK-2 had no effect. As expected,
resealing in unfertilized eggs was not inhib-
ited, since vesicles were already in place at
the plasma membrane.

Synaptobrevin-2 is ‘an integral mem-
brane protein present in small synaptic
vesicles (30, 31). Botulinum neurotoxin B

(BNT-B), an endopeptidase;: blocks neuro-

transmission by cleaving synaptobrevin at a
specific single site (32) after a delay for
activation of the protease by reduction of
an interchain disulfide bond (33). Injection
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of BNT-B blocked membrane healing in
fertilized eggs without affecting healing in
unfertilized eggs or cell division and re-
duced healing to 20% in Swiss 3T3 fibro-
blasts (Fig. 4). This block in membrane
repair is delayed about 1 hour (Fig. 4), as is
the block in neurotransmission (32). A
10,000-fold excess of a seven—amino acid

- peptide of the sequence around the Gln-

Phe cleavage site will delay BNT-B block of
neurotransmission for 1 hour or more (32).
We coinjected BNT-B with this peptide
(6,000 to 13,000 molar excess) and delayed
the inhibitory effects for 2 to 3 hours in
fertilized eggs and 1 to 2 hours in 3T3
fibroblasts (Fig. 4). Until recently the only
protein known to contain ¢his sequence was
synaptobrevin-2 (32). A homologous pro-
tein, cellubrevin, has now been shown to
be expressed in all tissues and cells tested
and has the same cleavage site for BNT-B
and tetanus-toxin protease (33). Coinjec-
tion of a 13,000-fold excess of another
peptide (the 19-amino acid CaM kinase
control peptide) with BNT-B did not delay
block of resealing.

Botulinum neurotoxin A (BNT-A) in-
hibition of neurotransmitter release also
requires time to develop, even when ap-
plied. intracellularly (34). When purified
BNT-A was injected, membrane healing
was inhibited in-both fertilized eggs and
Swiss 3T3 cells (Table 4). Unfertilized eggs
were not affected, as was the case with’
BNT-B. BNT-A acts as a protease that




selectively cleaves the synaptic protein
SNAP-25 (35). Thus, a second component
of the putative fusion complex mediating
synaptic vesicle exocytosis is implicated in
plasma membrane resealing.

Our results showing differences between
fertilized and unfertilized eggs suggest that
membrane rtesealing may be designed to
'make quick use of secretory vesicles that
normally have other uses (20, 36). The
large secretory vesicles in unfertilized eggs
can be seen directly by phase microscopy
and were discharged quickly in unfertilized
eggs at the site of a healed membrane
rupture but slowly or not at all at sites that
failed to heal in subthreshold Ca?*. The
similarities of membrane resealing with
neurotransmission imply that features for-
merly thought to be specializations of the
nervous system may_ be elaborations of a
more fundamental cell survival mechanism,
such as the placement of a voltage-gated
Ca?* “wound” next to the docking sites of
an active zone. Therefore, some aspects of
neurotransmission could be studied in cul-
tured cell suspensions, independent of ner-
vous system origin. Our results also suggest
that the CaM kinase and kinesin reagents
used hete could be used to directly test their
hypothesized role in maintaining the avail-
ability of synaptic vesicles (26, 27, 37—40).
The specific mechanisms of inhibition by
the clostridial neurotoxins imply that the
fundamental process of plasma membrane
resealing involves a membrane addition by
exocytosis that may be the evolutionary
ancestor to other membrane additions, such
as Ca?*-triggered secretion and neurotrans-
mission.
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buffer injection solution was 5.4 mM fura-2 salt in
aspartate buffer (AB), 100 mM potassium aspar-
tate, 20 mM Hepes (pH 7.2). The CaM kinase
30-amino acid polypeptide was 16 mM in AB. For
3T3 cells the peptide was mixed 2:13:1 and for
eggs 3:16:1 with AB and 27 mM fura-2 salt. The
19-amino acid control polypeptide was 20 mM in
AB and then mixed 4:1 for eggs and 3:1 for 3T3
cells with 27 mM fura-2 salt in AB. CaM kinase
antibodies were of unknown concentrations in
ascites fluid, except that the control antibody was
more than twice as concentrated as the blocking
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injection. BNT-B (Wako Bioproducts, Richmond,
VA) was at 1 mg/ml, about 1.5 pM, in 200 mM
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mixed 2:2:1 with AB and 27 mM fura-2 salt in AB.
For experiments with the seven—amino acid poly-
peptide substrate of BNT-B to delay the action of
the toxin, the solution was 2:2:1 BNT-B solution
plus 20 mM seven—amino acid polypeptide sub-
strate of BNT-B in AB plus 27 mM fura-2 salt in AB.
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