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Constitutive Secretion of Exogenous Neurotransmitter by Nonneuronal
Cells: Implications for Neuronal Secretion

Sunghoe Chang, Romain Girod, Takako Morimoto, Michael O’Donoghue, and Sergey Popov
Department of Physiology and Biophysics, University of lllinois at Chicago, Chicago, lllinois 60612 USA

ABSTRACT Fibroblasts in cell culture were loaded with exogenous neurotransmitter acetylcholine (ACh). ACh secretion
from loaded cells was detected by whole-cell patch clamp recordings from Xenopus myocytes manipulated into contact with
ACh-loaded cells. Two different approaches were used for ACh loading. In the first approach, fibroblasts were incubated in
the culture medium containing ACh. Recordings from myocytes revealed fast inward currents that resemble miniature
endplate currents found at neuromuscular synapses. The currents observed in recordings from myocytes were due to
exocytosis of ACh-containing vesicles. Although exogenous ACh penetrated through the plasma membrane of fibroblasts
during incubation and was present in the cytoplasm at detectable levels, cytoplasmic ACh did not contribute to the quantal
ACh secretion. In the second approach, exogenous ACh was loaded into the cytoplasm of fibroblasts by microinjection.
Under these experimental conditions, fibroblasts also exhibited spontaneous quantal ACh secretion. Analysis of the exocy-
totic events in fibroblasts following two different protocols of ACh loading revealed that the vesicular compartments
responsible for uptake of exogenous ACh are associated with the endocytic recycling pathway. Extrapolation of our results
to neuronal cells suggest that in cholinergic neurons, in addition to genuine synaptic vesicles, ACh can be secreted by the

vesicles participating in endosomal membrane recycling.

INTRODUCTION

Two forms of exocytosis have been identified in eucaryotic
cells. The regulated secretory pathway involves packaging
of exported molecules into specialized secretory vesicles,
storage of the vesicles near the release sites, and rapid
exocytosis in response to an appropriate stimulus. The best-
understood example of regulated secretion is neurotransmit-
ter release from the neurons. Accumulation of neurotrans-
mitters in synaptic vesicles at the nerve terminal is mediated
by specific transporters. The fusion of synaptic vesicles with
the plasma membrane at the nerve terminal is triggered by
the rapid elevation of cytoplasmic Ca** [Ca®"]; during an
action potential (Augustine et al., 1987; Bennett, 1997). The
targeting of synaptic vesicles to the release sites and tight
excitation-secretion coupling observed at the nerve terminal
are mediated by proteins specific to synaptic vesicles (Sud-
hof, 1995; Calacos and Scheller, 1996; Hanson et al., 1997).

The constitutive (or nonregulated) secretory pathway op-
erates in all cells and is responsible for recycling of plasma
membrane components and for secretion of molecules into
the extracellular environment. In contrast to synaptic vesicle
exocytosis, constitutive vesicular exocytosis occurs at rest-
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ing [Ca®"]; levels. Despite different sensitivities to [Ca®"];,
the pathways of synaptic vesicles at the nerve terminal and
of endosomal membranes in nonneuronal cells are mecha-
nistically similar. Both are local and do not depend on the
Golgi apparatus. Retrieval of synaptic vesicles after neuro-
transmitter release is believed to occur through the forma-
tion of clathrin-coated vesicles, followed by their uncoating,
fusion with endosomes, and sorting of synaptic vesicle
proteins during budding from endosomes (Calacos and
Scheller, 1996). Although the term “constitutive” implies
the constant flux of secretory products to the plasma mem-
brane, emerging evidence suggests that various trafficking
steps involved in the constitutive secretion pathway may be
regulated by calcium (Buys et al., 1984; Beckers and Balch,
1989; Dan and Poo, 1992; Steinhardt et al., 1994; Coorsen
et al., 1996; Rodriguez et al., 1997). Moreover, molecular
characterization of the secretion machinery components in
both neuronal and nonneuronal cells has demonstrated that
constitutive and regulated secretion pathways share ho-
molog proteins (Schiavo et al., 1992; Bennett and Scheller,
1993; Sollner et al., 1993). These findings have prompted
the suggestion that the transmitter secretion pathway at the
nerve terminal has developed through addition of synaptic
vesicle-specific proteins to the ubiquitous endosomal mem-
brane recycling pathway. Therefore, the introduction of
exogenous neuronal proteins into nonneuronal cells, com-
bined with assays for membrane recycling and exocytosis,
may provide information on the functional roles of neuronal
proteins in the exocytotic process.

This idea has provided a rationale for the attempts to
reconstitute the molecular machinery for neurotransmitter
secretion in nonneuronal cells (Cavalli et al., 1991; Alder et
al., 1992; Morimoto et al., 1995). One of the functional
assays for exocytosis in nonneuronal cells is based on the



Chang et al.

loading of exogenous ACh into nonneuronal cells. Surpris-
ingly, ACh microinjection into the cytoplasm of Xenopus
myocytes (Dan and Poo, 1992), or frog fibroblasts, in cell
culture (Girod et al., 1995) resulted in the accumulation of
ACh in the membrane compartments and quantal ACh
release, as detected by whole-cell patch clamp recordings
from the Xenopus myocytes. Moreover, secretion of exog-
enous ACh from these nonneuronal cells was found to be
Ca”"-dependent (Girod et al., 1995). These results suggest
that the rudimentary molecular machinery for the vesicular
uptake of cytoplasmic ACh and quantal Ca’*-dependent
secretion may exist in nonneuronal cells. However, the
nature of the vesicles capable of accumulating exogenous
ACh, as well as the mechanism of cytoplasmic ACh pene-
tration into the vesicles, remains unclear. The existing evi-
dence suggests that these vesicles may be of lysosomal
(Rodriguez et al., 1997), trans-Golgi (Chavez et al., 1996),
or endosomal (Miyake and McNeil, 1995) origin.

In the present study we characterized the properties of
secretory events in fibroblasts loaded with exogenous ACh
by incubation in the ACh-containing culture medium (Mo-
rimoto et al., 1995). We demonstrate that after incubation in
the ACh-containing medium, exogenous neurotransmitter is
taken up by nonspecific fluid-phase endocytosis. Quantal
ACh secretion, as revealed by whole-cell Xenopus myo-
cytes, reflects exocytosis of vesicles involved in the endo-
somal membrane recycling pathway. Analysis of the fre-
quency, amplitude, time course, and Ca®" sensitivity of the
secretory events revealed a similarity between these events
and the previously characterized secretory events following
ACh microinjection into the cytoplasm of nonneuronal
cells. Our results suggest a close association between con-
stitutive endosomal membrane recycling and spontancous
neurotransmitter secretion in neuronal cells.

MATERIALS AND METHODS
Cell cultures

Amphibian fibroblasts (cell line FT, American Tissue Culture Collection,
Rockville, MD) were grown at 25°C and 5% CO, environment in MEM
(Sigma, St. Louis, MO), supplemented with 10% fetal bovine serum
(GIBCO-BRL, Bethesda, MD), and nonessential amino acids (pH 7.6).
Fibroblasts were plated at low density on the acid-washed coverslips and
used for experiments 1-5 days after subculturing. Cultured Xenopus myo-
cytes were prepared according to previously reported methods (Anderson
et al.,, 1977). Briefly, neural tube and myotomal tissue of 19-24 stage
embryos were dissociated in Ca®*-Mg?*-free solution (115 mM NaCl, 2.6
mM KCI, 10 mM HEPES, 0.4 mM EDTA, pH 7.6). Dissociated cells were
plated on the surface of plastic petri dishes. The cultures were kept at 20°C
in a culture medium consisting of 50% (v/v) saline solution (115 mM NaCl,
2 mM CaCl,, 2.5 mM KCI, 10 mM HEPES [pH 7.6]) and 49% L-15
Leibovitz medium (Gibco BRL) containing 1% fetal bovine serum (Gibco
BRL). The myocytes were used for experiments 2436 h after plating.

Incubation conditions to load
endosomal compartments

Fibroblasts were incubated in L15-based Xenopus culture medium (pH 7.6)
containing 40 mM ACh for various periods of time ranging from 2 to 20
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min. Coverslips with plated fibroblasts were extensively washed with fresh
culture medium and transferred to the petri dish containing Xenopus
myocytes. No changes in the morphology of fibroblasts were observed
after incubation with ACh. For endocytic loading of radioactive sucrose,
fibroblasts were incubated for 10 min in the culture medium containing 50
uCi/ml of "*C-sucrose (ICN Biochemicals, Costa Mesa, CA). After 5 min
of extensive washing, the radioactivity released into the culture medium (1
ml) was measured at 5-min intervals using a scintillation counter (Beck-
man, Carlsbad, CA). All incubations and washings were performed at room
temperature. The osmolarity of all solutions used in the experiments was
adjusted to 285 mOsm.

Micromanipulation of Xenopus myocytes into
contact with fibroblasts

Manipulation of Xenopus myocytes followed that described previously
(Chow and Poo, 1985). Briefly, myocytes were gently detached from the
surface of the petri dish by a heat-polished micropipette attached to a
hydraulic micromanipulator (Newport, Irvine, CA). The fibroblasts chosen
for experiments were free of contact with other cells. The myocytes were
transferred in the vicinity of the fibroblast, allowed to reattach to the glass
surface, and manipulated into contact with the perinuclear region of the
fibroblast. During electrophysiological recordings the myocyte was firmly
attached to the surface of the coverslip and was in tight contact with the
fibroblast. We found that myocytes plated on the plastic surface were easier
to detach from the substrate than those plated on glass coverslips. There-
fore, petri dishes were routinely used for myocyte culture preparation.

Electrophysiology

Gigaohm-seal whole-cell recording methods followed those described pre-
viously (Hamill et al., 1981). Patch pipettes were fabricated from glass
micropipettes (VWR, West Chester, PA) and pulled with a two-step puller
(Narishigi, East Meadow, NY). After heat-polishing, the pipette tip diam-
eter was 1.5-2 um and the resistance was 2-5 M{). The intrapipette
solution for the whole-cell recording from myocytes contained 140 mM
KCl, 1 mM NaCl, 1 mM MgCl,, and 10 mM HEPES (pH 7.4). In
experiments using ionomycin and ATP (see below), 10 mM BAPTA
(Sigma) was added to the intrapipette solution to avoid myocyte damage
due to the influx of Ca®>*. All recordings were done at room temperature.
The membrane currents were monitored by a patch clamp amplifier (EPC-7
or Warner PC501-A). The data were digitized and stored on a videotape
recorder for later playback onto a storage oscilloscope (Tektronix 5113) or
a chart recorder (Gould RS3200). The data were analyzed with the SCAN
program, kindly provided by Dr. J. Dempster, Strathclyde University, UK.
The threshold for detection of current events was typically set at the level
of 20-25 pA. For the quantitative analysis of the shape of the current
events recorded from myocytes the following parameters of the individual
membrane currents were calculated: 1) the peak amplitude; 2) the rise time,
defined as a time interval between 10% and 90% of the peak amplitude on
the upstroke of the current; and 3) the half-decay time, defined as a time
interval between the peak and 50% of the peak amplitude on the decaying
phase of the current. It should be noted that since the amplitude distribution
of the current events is skewed toward smaller sizes (see Fig. 2 4), some
of the current events are likely to escape detection. Therefore it would be
more accurate to use the terms “apparent frequency” and “apparent am-
plitude” for the quantitative characterization of the current events. How-
ever, we will follow previously adopted terminology that is used in similar
situations (Kriebel and Gross, 1974; Evers et al., 1989; Vautrin and
Kriebel, 1991; Girod et al., 1995).

Microinjection

Conventional microelectrodes were beveled to the tip opening of ~1 um
and backfilled with intracellular solution containing 2000 U/ml acetylcho-
linesterase (AChE, Sigma) or ACh. A pulse of positive pressure was
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applied with Picospritzer (General Valve Co.). We have not attempted to
take into account the variations in the volume between different cells. The
amount of solution injected into the fibroblast in a typical experiment was
estimated to be ~5% of the cell volume (Graessmann et al., 1980).

Treatments to increase [Ca®*];

We used three different treatments to increase cytoplasmic free Ca®*
([Ca®"]): 1) ATP was dissolved in saline solution and added to the culture
medium at the final concentration of 0.3 mM; 2) calcium ionophore
ionomycin (Calbiochem) was dissolved in DMSO (10 mM) and added to
the culture medium at the final concentration of 10 wM; 3) a conventional
microelectrode was used for fibroblast micropuncture. To avoid gross
morphological changes of the fibroblast in the vicinity of the contact with
myocyte, the site of micropuncture was chosen at a considerable distance
(~20-50 wm) from the site of contact between myocyte and fibroblast.

[Ca%*]; measurements

[Ca?*]; was measured by the fura-2 ratio imaging technique (Grynkiewicz
et al., 1985). Briefly, fibroblasts were incubated in a culture medium
containing 6 uM fura-2-AM (Molecular Probes, Portland, OR) for 30 min
at room temperature. Coverslips were mounted on the stage of an inverted
microscope (Diaphot 300, Nikon) equipped with a cooled CCD camera
(model CH200, Photometrics LTD, Tucson, AZ). A Nikon 40X/1.3 NA
Fluor DL objective lens was used throughout the experiments. Excitation
wavelengths were 340/380 nm with exposure time of 100 ms at each
wavelength. Paired digital images at 340- and 380-nm excitation were
collected with background subtracted. The size of the measurement box
was 20 X 20 pixels, placed at the perinuclear region of each fibroblast.
[Ca?*]; was determined from the ratio (Fs,o/Fsg,) calculated from the pairs
using the ratio method (Zheng et al., 1994). Calibration of R, (the
limiting value that the ratio can have at zero [Ca®*];) and R,,,,, (the limiting
value that the ratio can have at saturating [Ca®"];) was carried out using
standard Ca®" buffers with zero and 39.8 uM free Ca’" (Molecular
Probes).

RESULTS

Quantal release of exogenous acetylcholine
by fibroblasts

We have previously described an assay for the detection of
quantal ACh secretion from CHO cells after cell incubation
in the ACh-containing medium (Morimoto et al., 1995). It
has been suggested that the quantal ACh release detected by
the whole cell Xenopus myocytes is due to the endocytic
uptake of ACh and the exocytosis of endosome-derived
vesicles. However, this hypothesis remained largely un-
tested. For a systematic investigation of the mechanism of
ACh uptake and release by nonneuronal cells after incuba-
tion in the ACh-containing medium we chose frog fibro-
blasts (line FT from ATCC). These cells can be maintained
under the same culture conditions (L15-based medium,
room temperature) that we used for Xenopus myocytes,
which allows reliable long-term monitoring of secretory
activity from ACh-loaded cells. In addition, the FT line of
frog fibroblasts has been previously used for the studies of
quantal ACh secretion after ACh microinjection into the
cytoplasm (Girod et al., 1995). Therefore, the parameters of
quantal ACh secretion events following two different pro-
tocols of ACh loading can be directly compared.
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Exogenous ACh molecules were loaded into frog fibro-
blasts by incubating the cells in culture medium containing
40 mM ACh for a period of 2 to 20 min. After washing the
cells with a fresh medium, a cultured Xenopus myocyte was
manipulated into contact with the fibroblast (Fig. 1, 4 and
B). Whole-cell voltage clamp recordings from the myocyte
started 5 min after the end of incubation with ACh. These
recordings revealed fast inward currents (Fig. 1, C and D)
that resembled miniature endplate currents (mepcs) found at
developing neuromuscular synapses (Xie and Poo, 1986).
No current events were detected in recordings from myo-
cytes in contact with control fibroblasts that were not incu-
bated with ACh (n = 5). Moreover, the mepc-like events
were completely abolished by bath-application of d-tubocu-
rarine, a drug known to block nicotinic ACh receptors in the
myocyte (n = 4). Thus, these current events were due to the
release of packets of ACh from the fibroblasts. These ob-
servations are in agreement with previously reported quan-
tal ACh secretion from CHO cells loaded with exogenous
ACh using a similar incubation protocol (Morimoto et al.,
1995).

Secretion of exogenous ACh is mediated by the
endocytic recycling pathway

The amplitude distribution of the current events was skewed
toward smaller sizes (Fig. 2 A), similar to that found at
developing neuromuscular synapses (Evers et al.,, 1989),
central synapses (Bekkers et al., 1990), and nonneuronal
cells injected with exogenous ACh (Girod et al., 1995). The
variation in amplitude of current events appears to result
from different amounts of ACh in each secreted packet,
rather than from a local variation in the density of ACh
receptors on the myocyte surface (Evers et al., 1989; Girod
et al., 1995). The recordings from fibroblasts started at later
times after the end of incubation showed a progressive
decline in the initial frequency of events (Fig. 2 B), sug-
gesting that most of the ACh had already been secreted.
Therefore, it appears that secretion of ACh occurs sponta-
neously in the absence of myocyte contact. The initial
frequency and the mean amplitude of the current events
increased with the duration of ACh incubation (Fig. 1 C).
No events with amplitudes higher than 200 pA were re-
corded from myocytes incubated with ACh for 2 min (n =
6). Five minutes after the end of a 10-min incubation, the
mean amplitude and mean frequency of the current events
were 240 £ 16 pA and 6.5 £ 1.0 events/min (mean = SE,
n = 14), respectively. For a given duration of incubation,
both the frequency and the mean amplitude showed a grad-
ual decline with time (Fig. 2, C and D).

To investigate whether ACh penetration into fibroblasts
during incubation and subsequent secretion were specific to
ACh, we compared the time course of ACh secretion with
release of '“C-sucrose, a membrane-impermeant marker of
bulk fluid-phase endocytosis. After a 10-min incubation in
a solution containing '*C-sucrose, the amount of radioac-
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FIGURE 1 Secretion of exogenous
acetylcholine from fibroblasts. Mi-
croscopic images of a cultured fibro-

blast before (4) and after (B) a Xeno- C
pus myocyte was manipulated into
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contact. Bar = 20 um. (C) Examples
of membrane currents recorded from
myocytes in contact with fibroblasts
that were incubated in culture me-
dium containing 40 mM ACh for a )
period of 2, 5, 10, or 20 min, respec- 5
tively. Quantal release of ACh, as
shown by pulsatile inward currents
(downward deflections), was moni-
tored by whole-cell voltage-clamp re-
cording from the myocyte at resting
membrane potential (—70 mV, fil-
tered at 150 Hz). All recordings
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tivity released from the fibroblasts decreased with time (Fig.
2 F). The half-decay time of sucrose secretion was 12.7 =
0.2 min (mean = SE, n = 6). For fibroblasts incubated with
ACh for 10 min, the amount of secreted ACh, expressed as
the product of the frequency and mean amplitude of the
current events (Fig. 2 E), declined with a mean half-decay
time of 12.2 £ 1.1 min (mean = SE, n = 14), a value close
to the half-decay time of sucrose secretion. A similar de-
cline in the rate of secretion (half-decay time 10.0 *= 1.5
min, n = 4) was observed after incubation of fibroblasts
with carbachol, a nonhydrolyzable ACh analog, indicating
that ACh hydrolysis did not significantly contribute to the
decline of the amount of released ACh. Moreover, when the
incubations with sucrose (n = 3) or ACh (n = 5) were

carried out at 4°C, a condition known to inhibit endocytosis,
an insignificant amount of '*C-sucrose release and no de-
tectable ACh release were observed after incubation. Thus
ACh uptake and secretion by fibroblasts appear to occur
nonspecifically by the well-documented fluid-phase endo-
cytic pathway. The observed gradual decline in the fre-
quency and amplitude of the current events with time during
the recording (Fig. 2, C and D) is consistent with idea that
at least some of the ACh-containing endocytic vesicles did
not undergo exocytosis directly after formation, but rather
fused with intermediate (endosomal) compartments. Pro-
gressive reduction of the ACh concentration within endo-
somal compartments after the end of incubation would
result in a gradual decrease in the amount of ACh in the
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FIGURE 2 Parameters of mepc-like current events.
(A) The distribution of the amplitudes of mepc-like
events recorded from a myocyte in contact with an
ACh-incubated fibroblast. Data from a typical recording
during a period 5-15 min after the end of ACh incuba-
tion. (B) Changes in the frequency of mepc-like events
with time observed in different myocytes in contact
with ACh-incubated fibroblasts. Spontaneous ACh se-
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endosome-derived recycling vesicles and a smaller ampli-
tude of the current events. The frequency of the detected
fusion events would also decrease, as more events will have
amplitudes less than the detection threshold. Assuming that
the secretion of ACh is uniform on the fibroblast surface,
and that the area of myocyte-fibroblast contact is on the
order of 10 wm?, or 0.3% of the total surface area of a
typical fibroblast, the average frequency of spontaneous
secretion from the entire fibroblast would be ~2000/min.
This rate of spontaneous exocytosis is consistent with the
estimated rate of membrane recycling under normal condi-
tions (Griffiths et al., 1989; Major et al., 1993).
Penetration of positively charged ACh molecules through
the plasma membrane of fibroblasts in the absence of spe-
cific transport activity is expected to be inefficient. Some-
what surprisingly, we detected ACh accumulation in the
cytoplasm of fibroblasts incubated with ACh. Specifically,
when fibroblasts were gently poked with a sharp microelec-
trode, a long-lasting current 20—-300 pA in amplitude, was
recorded from the myocyte brought into contact with fibro-
blast (Fig. 3 4). This current was eliminated (Fig. 3 B) when
fibroblasts were injected with acetylcholinesterase (AChE,

10 20 30 0 1o 20 30
Time (min) Time (min)

final cytoplasmic concentration 100 U/ml) (n = 5), before
incubation with ACh. This suggests that the observed cur-
rent was due to the efflux of cytoplasmic ACh from fibro-
blasts into the culture medium through the site of micro-
electrode penetration. Despite the lack of detectable ACh in
the cytoplasm of these cells, quantal ACh secretion was still
observed (Fig. 3 B). To further address a possible role of
cytoplasmic ACh in the secretion of ACh packets, fibro-
blasts were injected with ACh through conventional micro-
electrodes. Cytoplasmic ACh concentration in these exper-
iments was estimated to be ~1 mM. Myocytes were
manipulated into contact with fibroblasts 10 min after in-
jection. No current events were observed in whole-cell
patch clamp recordings from myocytes (n = 7). Micropunc-
ture of these “silent” fibroblasts with a sharp micropipette
resulted in a long-lasting inward current in myocytes with
amplitude on the order of 200-1000 pA (Fig. 3 C), indicat-
ing that the cytoplasmic concentration of ACh in these cells
was ~1 order of magnitude higher than that in the cyto-
plasm of fibroblasts incubated with ACh. Secretion events,
however, were observed exclusively from fibroblasts incu-
bated with ACh. Therefore, although during incubation



Chang et al.

ALy i
' T

B \

FIGURE 3 The role of cytoplasmic ACh in quantal ACh secretion. (4)
Example of membrane current recorded from myocyte in contact with
fibroblast that was incubated in culture medium containing 40 mM ACh for
10 min. Recording started 5 min after the end of incubation. Quantal
release of ACh (downward deflections) was observed. The fibroblast was
poked with a sharp microelectrode (arrows), which resulted in the inward
current in the myocyte with slow rise and decay times, suggesting leakage
of the cytoplasmic ACh into the culture medium. This slow current was
eliminated when, before incubation with ACh, fibroblasts were injected
with acetylcholine esterase (final cytoplasmic concentration ~100 U/ml)
(B) Note that although no cytoplasmic ACh is detected in this experiment,
quantal ACh secretion can still be observed in these cells. (C) Example of
recording from myocyte brought into contact with ACh-injected fibroblast.
ACh concentration in the micropipette used for injection was 20 mM. The
concentration of ACh in the cytoplasm of injected fibroblasts was esti-
mated to be ~1 mM. The recordings were started 10 min after injection.
No quantal ACh release was observed. Micropuncture of the fibroblast
with a sharp microelectrode resulted in a large (~1 nA) inward current
with slow time course. The amplitude of this current was typically an order
of magnitude higher than that induced by the micropuncture of fibroblasts,
incubated with ACh (4).

exogenous ACh penetrates through the plasma membrane of
fibroblasts and is present in the cytoplasm at detectable
levels, cytoplasmic ACh does not contribute to the quantal
ACh secretion from fibroblasts.

It should be noted that in our previous study (Girod et al.,
1995), as well as in the present work (see below), we were
able to detect quantal ACh secretion from fibroblasts after
ACh microinjection. In these experiments the concentration
of ACh in the cytoplasm was ~25 mM, that is, ~25-fold
higher than in the experiment, illustrated on Fig. 3 C. This
suggests that the amount of ACh reaching the releasable
vesicular pool depends on the cytoplasmic ACh concentra-
tion. At the 1-mM ACh concentration, this amount is too
small to induce detectable mepcs in myocytes.

Taken together, the above results strongly support the notion
that mepc-like events recorded after incubation of fibroblasts in
ACh-containing medium reflect a spontaneous exocytosis of
vesicles involved in endosomal membrane recycling.

Dynamics of individual exocytotic
events in fibroblasts

To study the dynamics of individual exocytotic events in
fibroblasts we analyzed the shape of the currents recorded
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from myocytes, the approach used in the studies of secretion
dynamics (Girod et al., 1993). The majority of the current
events were similar in shape to the mepcs recorded from
myocytes in the developing Xenopus neuromuscular syn-
apse. The rise and half-decay times of the current events
recorded from fibroblasts were 4.2 = 0.6 ms and 6.5 = 0.7
ms (mean * SE) respectively. A significant fraction of
current events (~10%) in recordings from fibroblasts was
atypical in shape (Fig. 4). These current events had unusu-
ally large rise and/or decay time, and were irregular in
shape. Some of the events were characterized by the small
“foot” preceding an abrupt downstroke. Similar atypical
current events have been detected in the recordings from
neuronal cells (Kriebel and Pappas, 1987; Chow et al.,
1992) and ACh-injected fibroblasts (Girod et al., 1995). The
average rise and half-decay time of the current events, as
well as the frequency of atypical events, are identical to
those previously reported for fibroblasts injected with ACh
(Table 1). It has been previously demonstrated that these
atypical events are most likely due to unusually slow trans-
mitter release during exocytotic fusion rather than inhomo-
geneous spatial properties of the sensor used for ACh de-
tection or the temporal overlap of individual exocytotic
events (Girod et al., 1995).

Sensitivity of the endosomal membrane recycling
to the elevation of [Ca®*];

The assay for detection of exocytotic events in nonneuronal
cells was used to examine the effect of cytoplasmic Ca**
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FIGURE 4 Examples of atypical current events recorded from myocytes
brought into contact with ACh-secreting fibroblasts. Incubation of fibro-
blasts with ACh and recording of membrane currents were performed as in
Fig. 1. Some of the current events were characterized by an unusually slow
rate of rise, or by long decay time, and typically were irregular in shape.
Some of the events were characterized by a slow “foot” preceding the
abrupt upstroke (arrows in D, E, and G). Note multiple notches on the

current traces in 4, B, E, and H and unusually long decay time in A
(arrowheads).

E ' F$
V 7w e



1360

TABLE 1 Dynamics of current events in recordings from
fibroblasts loaded with exogenous ACh either by incubation in
the ACh-containing medium or by injection

Rise Time (ms) Half-Decay Time (ms)

Incubation with ACh
ACh injection™®

42=*0.6
3.8 £0.7*

6.5*0.7
6.2 = 0.9*%

Fibroblasts were loaded with ACh by a 10-min incubation in the ACh-
containing medium. Mepc-like current events were recorded for a period of
10 min. Recordings started 5 min after the end of incubation. Data are
presented as mean = SE of 14 different experiments.

*Data are from Girod et al., 1995.

([Ca®*],) elevation on endosomal membrane recycling.
Treatment of fibroblasts with ATP, which is known to
induce an increase in [Ca’*]; due to opening of ATP-
dependent Ca®>* channels and Ca’>" release from intracel-
lular stores (Salter and Hicks, 1994), resulted in an increase
in the frequency of spontaneous ACh secretion events (Fig.
5 A). The elevation of [Ca’*]; was monitored directly by
using a [Ca®"]-sensitive dye, fura-2. After ATP applica-
tion, [Ca®*]; increased from a resting level of 108 + 7 nM
(mean = SE, n = 9) to 417 = 49 nM (mean * SE, n = 39)
at 2—5 min after the start of ATP incubation. Preincubation
of fibroblasts with BAPTA-AM (20 uM), a membrane-
permeable Ca”>* buffer, completely abolished the effect of
ATP on the frequency of secretion events, indicating that
the effect of ATP was due to the increase in [Ca®"];.
Similarly, treatment of fibroblasts with ionomycin, a Ca®"
ionophore known to trigger Ca®" influx through the plasma
membrane as well as Ca>" release from internal stores, also
resulted in an increase in the frequency of spontanecous ACh
secretion (Fig. 5 B). Furthermore, micropuncture of the
fibroblasts with a micropipette induced transient bursts of
quantal ACh secretion (Fig. 5 C). The bursting secretion
depended on Ca®" influx through the plasma membrane,
since micropuncture had no effect on the frequency of the
ACh secretion when the external medium was supple-
mented with 10 mM EGTA. All three methods of raising
[Ca®"]; resulted in an increase in the mean amplitude of
current events recorded from myocytes. The mean ampli-
tude of current events 5 min after application of ATP was
1.16 = 0.18 (SE, n = 11) times that observed before
application, 10 min after application of ionomycin it was
1.18 = 0.26 (SE, n = 6) times that before application, and
2 min after micropuncture it was 1.51 = 0.24 (SE, n = 9)
times that before micropuncture. The slight increase in the
mepc amplitude upon elevation of [Ca®"], may reflect
Ca’*-dependent vesicle-vesicle fusion before exocytosis
(Terasaki et al., 1997). The observed amplitude increase
was too small to explain the marked increase in the fre-
quency of current events upon elevation of [Ca®"],.

A similar Ca®*-dependence of quantal neurotransmitter
release has been previously reported for frog fibroblasts in-
jected with exogenous ACh (Girod et al., 1995). These results
are consistent with an idea that both protocols (incubation with
ACh and ACh injection in the cytoplasm) result in the loading
of ACh into similar membrane compartments.
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Penetration of cytoplasmic ACh into endosomal
membrane compartments

To further address the nature of the membrane compart-
ments responsible for accumulation of cytoplasmic ACh
and quantal ACh secretion, we pressure-injected ACh into
the fibroblast via conventional microelectrodes. The con-
centration of ACh in the cytoplasm of injected cells was
estimated to be ~25 mM, which is ~25-fold higher than
that in experiment, illustrated in Fig. 3 C. As before, a
Xenopus myocyte was manipulated into contact with the
injected fibroblast to detect secretion of ACh. In agreement
with a previous report (Girod et al., 1995), spontaneous
quantal ACh secretion from injected fibroblasts could be
detected immediately after the start of recording. The fre-
quency of secretion events gradually increased with time
after injection and reached a plateau in ~30 min (data not
shown) (Girod et al., 1995).

Topological connectivity between the vesicular compart-
ments that accumulated cytoplasmic ACh after microinjec-
tion and those derived from endocytic pathways was as-
sessed by incubating ACh-injected fibroblasts in the culture
medium containing AChE (100 U/ml), which is expected to
enter the endocytic pathway as a bulk fluid phase marker. A
significant reduction in the frequency and the amplitude of
the current events was found after AChE-incubation (Fig. 6,
A and C), suggesting that intracellular injected ACh mole-
cules accumulated into compartments that are rapidly ac-
cessible to AChE, which entered the cell through the endo-
cytic pathway. The observed reduction in the frequency and
amplitude of current events in these experiments was not
due to the extracellular action of AChE on the released
ACh, since AChE at the concentration used in these exper-
iments (100 U/ml) will not significantly hydrolyze extracel-
lular ACh at the millisecond time scale to affect the ampli-
tude of the current events. The lack of extracellular effect of
AChE was confirmed by the finding that similar treatment
with AChE did not affect the frequency or the amplitude of
mepcs at developing Xenopus neuromuscular synapses (Fig.
6, B and D), where presynaptic nerve terminals undergo
little endocytic activity at the resting state.

DISCUSSION

In neuronal cells, ACh is synthesized in the cytoplasm at the
nerve terminal (Parsons et al., 1983), transported into syn-
aptic vesicles by a specific transporter (Alfonso et al.,
1993), and secreted during the transient elevation of cyto-
plasmic Ca?" induced by an action potential [a possible
exception to this generally accepted model of neurotrans-
mitter release may include an electrical organ of Torpedo,
where a Ca®"-dependent protein called mediatophore may
be involved in ACh translocation through the plasma mem-
brane (Falk-Vairant et al., 1996a)]. In addition to the Ca®*-
dependent secretion induced by the action potential, neuro-
transmitters are also secreted spontaneously in the quantal
fashion (Chow and Poo, 1985; Evers et al., 1989), even in
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the absence of the contact with the postsynaptic target
(Kraszewski et al., 1995; Dai and Peng, 1996). The spon-
taneous quantal neurotransmitter secretion is likely to be
important in the development of the initial contact between
the presynaptic neuron and the postsynaptic target into a
mature synapse (Kidokoro, 1984; Xie et al., 1997).

The physiological recordings from postsynaptic cells in-
dicate that in many synapses responses to individual quanta
display large variations in the mepc amplitude (Muniak et
al., 1982; Parsons et al., 1983; Vautrin and Kriebel, 1991).
The origin of this variability, although central to our under-
standing of the mechanisms of synaptic transmission, re-
mains controversial. The variations in the mepc amplitudes
in some cases may be explained by the variations in the
number of postsynaptic receptors (Nusser et al., 1997).
However, in cholinergic synapses presynaptic mechanisms
are also clearly involved. In some cholinergic synapses
there is significant morphological, biochemical and physi-
ological evidence for the populations of vesicles that differ
in the amount of ACh (Williams, 1997). In addition, a
number of manipulations, such as electrical activity (Searl et
al., 1990), B-adrenergic stimulation (Parsons et al., 1983),
activation of cAMP-dependent pathway (Falk-Vairant et al.,
1996), overexpression of vesicular ACh transporter (Song et
al., 1997), treatment with tetanus or botulinum toxins (Vau-
trin, 1992; Herreros et al., 1995), hypertonic solution
(Kriebel et al., 1996), or drugs that interfere with ACh
metabolism (Williams, 1997), can modify the quantal size at
the cholinergic synapses.

Spontaneous secretion of ACh has also been detected in
nonneuronal cells (Del Castillo and Katz, 1954; Kriebel,
1980; Dan and Poo, 1992; Girod et al., 1995; Falk-Vairant
et al., 1996b). The membrane compartments responsible for
ACh secretion in nonneuronal cells may represent a primi-
tive vesicular system for quantal secretion of neurotrans-
mitters. In the present study we investigated the nature of

FIGURE 5 Effect of [Ca®>"]; elevation on quantal ACh release from
fibroblasts. Current traces are examples of recordings from myocytes in
contact with fibroblasts, similar to those shown in Fig. 1. (4) ATP was
added to the external medium 5 min after the start of recording (arrow) at
a final concentration of 0.3 mM. The data were normalized to the fre-
quency of secretion events before ATP addition for each fibroblast before
averaging. A transient increase in secretion frequency was observed after
ATP application (solid lines, data from 11 experiments). Preincubation of
fibroblasts with acetoxymethyl ester of BAPTA (1,2-bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid) (BAPTA-AM, 20 uM) for 20 min
completely abolished the ATP-induced increase in the frequency of secre-
tion events (dashed line, data from seven experiments). (B) Effect of the
Ca”" ionophore ionomycin on the frequency of secretion events. lonomy-
cin was added to the external medium at the time marked by the arrow at
a final concentration of 10 uM. The data were normalized to the frequency
before ionomycin addition for each fibroblast before averaging. Data from
six experiments. (C) Effect of micropuncture on the frequency of secretion
events. The time of micropuncture is marked by the arrow. A transient
increase in frequency was observed for micropuncture in normal medium
(solid lines, n = 9). No increase was observed in EGTA-supplemented (10
mM) medium (dashed line, n = 4). Scale, 400 pA and 100 s.
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FIGURE 6 (4) and (C) Fibroblasts were injected
with ACh through conventional microelectrodes.
The concentration of ACh in the cytoplasm of in-
jected cells was ~25 mM. Recordings from injected
fibroblasts using whole-cell myocytes started 30 min
after injection and continued for a period of 25 min.
In each experiment the average frequency and am-
plitude of the current events during 5-min intervals
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were normalized to those at the beginning of the 0
recording. Data are presented as mean * SE. Both
frequency and amplitude of the current events re-
mained at a relatively stable level throughout a pe- C
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riod of recording (open squares, data from nine
experiments). Addition of AChE (100 U/ml) to the
culture medium 30 min after ACh injection resulted
in the rapid decline in the average frequency and
amplitude of current events (filled circles, data from
eight experiments). Identical treatment with AChE
did not affect the average frequency (B) or the av-
erage amplitude of the mepcs (D) recorded at the
spontaneously formed Xenopus neuromuscular syn-
apses (data from seven experiments).
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these membrane compartments in fibroblasts. Two methods
of ACh loading into fibroblasts were used. In the first
approach, fibroblasts were incubated in the culture medium
containing ACh, and individual secretion events were re-
vealed by recordings from whole-cell Xenopus myocytes
(Morimoto et al., 1995; Falk-Vairant et al., 1996b). Al-
though it has been assumed that the vesicles responsible for
spontaneous neurotransmitter release in these experiments
were endosome-derived, this hypothesis was largely un-
tested. By using a number of criteria we demonstrate that
spontaneous ACh secretion events recorded from fibroblasts
are indeed due to the exocytosis of the vesicles participating
in the endosomal membrane recycling: 1) although exoge-
nous ACh penetrated through the fibroblast plasma mem-
brane during incubation and was present in the cytoplasm at
detectable levels, cytoplasmic ACh did not contribute to the
quantal ACh secretion; 2) the time course of ACh secretion
was similar to that of '*C sucrose and the nonhydrolyzable
ACh analog carbachol; 3) no ACh secretion was observed
when endocytic uptake of ACh was blocked by incubating
cells with ACh at 4°C; and 4) progressive decline in the
frequency and average amplitude of current events with
time during recording is consistent with the existence of the
intermediate (endosomal) compartment. Taken together,
these data suggest that exogenous ACh is nonspecifically taken
up by the cells by well-documented fluid phase endocytosis.
Although our results do not completely exclude the possibility
that during a brief (10 min) period of incubation ACh reaches
the late endosomal/lysosomal compartments, they are more
consistent with the early endosomal origin of the exocytotic
vesicles spontaneously releasing ACh.

10 20 0 10 20 30
Time (min)

Endosomal membrane trafficking in nonneuronal cells is
poorly understood in comparison with synaptic vesicle re-
cycling. The vesicles participating in the retrieval pathway
from endosomes to the plasma membrane have not been
identified biochemically. Moreover, the exocytosis of these
vesicles is currently beyond the resolution of capacitance
(Neher and Marty, 1982), or amperometric measurements
(Wightman et al., 1991). Our results support the previous
finding of the Ca®"-dependence of the endosomal recycling
pathway in nonneuronal cells (Morimoto et al., 1995). These
data are in general agreement with a large body of experimen-
tal evidence indicating that some steps of the vesicular traf-
ficking in nonneuronal cells are Ca**-dependent (Steinhardt et
al., 1994; Coorsen et al., 1996; Ninomiya et al., 1996).

To detect the secretory events in fibroblasts following
endocytic ACh uptake, we adopted the approach used pre-
viously for characterization of the quantal ACh secretion
after ACh injection into the cytoplasm of nonneuronal cells.
We systematically analyzed the frequency, amplitude, rise
time, half-decay time, the shape of the currents events, and
sensitivity of ACh secretion to elevation of Ca”*. These
experiments revealed a striking similarity between quantal
ACh secretion following endocytotic uptake and that de-
scribed previously for fibroblasts injected with ACh. The
simplest interpretation of these data is that the vesicles,
responsible for uptake of exogenous cytoplasmic ACh, are
associated with the constitutive endocytic recycling path-
way. This idea was further supported by the rapid accessi-
bility of the ACh-accumulating compartments in fibroblasts
injected with ACh to extracellularly added AChE.
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The mechanism of cytoplasmic ACh uptake by endocytic
vesicles in nonneuronal cells remains to be investigated.
There is no direct experimental evidence for the expression
of the ACh transporter in fibroblasts. We observed a slow
penetration of ACh through the plasma membrane follow-
ing incubation of fibroblasts in ACh-containing medium
(Fig. 3 4). Similarly, the rate of cytoplasmic ACh packaging
into endocytic vesicles was found to be a few orders of
magnitude slower than that for synaptic vesicles. These data
suggest that cytoplasmic ACh loading into endocytic vesi-
cles is not mediated by specific transport activity. The
packaging of cytoplasmic ACh into vesicles may be facili-
tated by the acidic pH in the endosomal compartments (Dan
et al., 1994). Our data also allow for a rough estimate of the
ACh concentration in the membrane compartments follow-
ing ACh injection into the cytoplasm. The concentration of
ACh in the endocytic compartments after incubation in the
ACh-containing medium does not exceed that in the culture
medium (40 mM). Since two protocols of ACh loading into
membrane compartments (injection and incubation) result
in the mepcs of similar amplitude (Girod et al., 1995), the
ACh concentration in the membrane compartments follow-
ing ACh injection also does not exceed 40 mM. This esti-
mate again suggests that the mechanisms of ACh penetra-
tion into vesicular compartments in nonneuronal cells and
into neuronal synaptic vesicles are different. Further in vitro
studies are needed to determine the effects of the lipid
composition of vesicles and pH gradient on the packaging
of ACh into these membrane compartments.

In summary, we show that the endocytic compartments in
nonneuronal cells are able to accumulate and secrete cyto-
plasmic ACh in a Ca®"-dependent fashion, thus imitating
the basic functions of synaptic vesicles. Our results suggest
that the ubiquitous endosomal membrane recycling pathway
may contribute to spontaneous quantal neurotransmitter se-
cretion in neurons. Indeed, ACh is present in the cytoplasm
of neuronal cells (Parsons et al., 1983), and endocytic re-
cycling pathway operates in any type of cell, including
neurons (Kraszewski et al., 1995; Dai and Peng, 1996).
Extrapolation of our results to neuronal cells indicates that
ACh molecules are likely to penetrate into endocytic mem-
brane compartments. Constitutive exocytosis of the endo-
some-derived vesicles is expected to result in a detectable
change of the membrane potential in the postsynaptic cell.
Thus, the small amplitude mepcs observed at the neuromus-
cular junction, which presumably reflect the exocytosis of
vesicles with unusually low ACh content (Parsons et al.,
1983), may reflect the exocytosis of constitutively recycling
vesicles. The absence of defined quanta at the developing
Xenopus neuromuscular synapse (Kidokoro, 1984; Evers et
al., 1989), re-innervated mouse neuromuscular junction
(Muniak et al., 1982) and central synapses (Bekkers et al.,
1990) may reflect the high proportion of “immature” syn-
aptic vesicles, which are similar in molecular composition
to constitutive recycling vesicles in that they lack some
molecular components specific to synaptic vesicles.

Exocytotic Fusion Events 1363

The authors thank M. Rasenick and P. De Lanerolle for their helpful
discussion and comments.

This work was supported by National Institutes of Health Grant NS 33570
(to S.V.P.) and by Swiss FNRS Fellowship 823A-033357 (to R.G.).

REFERENCES

Alder, J., B. Lu, F. Valtorta, P. Greengard, and M-m. Poo. 1992. Calcium-
dependent transmitter secretion reconstituted in Xenopus oocytes: re-
quirement for synaptophysin. Science. 257:657—-661.

Alfonso, A., K. Grundahl, J. S. Duerr, H. P. Han, and J. B. Rand. 1993. The
C elegans unc-17: a putative vesicular acetylcholine transporter. Science.
261:617-619.

Anderson, M. J., M. W. Cohen, and E. Zorychta. 1977. Effects of inner-
vation on the distribution of acetylcholine receptors on cultured muscle
cells. J. Physiol. (Lond.). 268:731-758.

Augustine, G., M. Charlton, and S. Smith. 1987. Calcium action in synaptic
transmitter release. Annu. Rev. Neurosci. 10:633—693.

Beckers, C. J. M., and W. E. Balch. 1989. Calcium and GTP: essential
components in vesicular trafficking between the endoplasmic reticulum
and Golgi apparatus. J. Cell Biol. 108:1245-1256.

Bekkers, J., G. Richerson, and C. Stevens. 1990. Origin of variability in
quantal size in cultured hippocampal neurons and hippocampal slices.
Proc. Natl. Acad. Sci. USA. 87:5359-5362.

Bennett, M. K. 1997. Calcium and the regulation of neurotransmitter
secretion. Curr. Opin. Neurobiol. 7:316-322.

Bennett, M. K., and R. H. Scheller. 1993. The molecular machinery for
secretion is conserved from yeasts to neurons. Proc. Natl. Acad. Sci.
USA. 90:2559-2563.

Buys, S. S., E. A. Keogh, and J. Kaplan. 1984. Fusion of intracellular
membrane pools with cell surface of macrophages stimulated by phorbol
esters and calcium ionophores. Cell. 38:569-576.

Calacos, N., and R. Scheller. 1996. Synaptic vesicle biogenesis, docking
and fusion: a molecular description. Physiol. Rev. 76:1-29.

Cavalli, A., L. Colli, Y. Dunant, F. Loctin, and N. Morel. 1991. Release of
acetylcholine by Xenopus oocytes injected with mRNAs from cholin-
ergic neurons. EMBO J. 10:1671-1675.

Chavez, R. A., S. G. Miller, and H.-P. Moore. 1996. A biosynthetic
regulated secretory pathway in constitutive secretory cells. J. Cell Biol.
133:1177-1191.

Chow, 1., and M-m. Poo. 1985. Release of acetylcholine from embryonic
neurons upon contact with the muscle cell. J. Neurosci. 5:1076—1082.

Chow, R. H., L. von Ruden, and E. Neher. 1992. Delay in vesicle fusion
revealed by electrochemical monitoring of single secretory events in
adrenal chromaffin cells. Nature. 356:60—63.

Coorsen, J. R., H. Schmitt, and W. Almers. 1996. Ca®* triggers massive
exocytosis in Chinese hamster ovary cells. EMBO J. 15:3787-3791.

Dai, Z., and H. B. Peng. 1996. Dynamics of synaptic vesicles in cultured
spinal cord neurons in relationship to synaptogenesis. Mol. Cell Neuro-
sci. 7:443-452.

Dan, Y., and M-m. Poo. 1992. Quantal release of ACh from isolated
Xenopus myocytes. Nature. 359:733-736.

Dan, Y., H-j. Song, and M-m. Poo. 1994. Evoked neuronal secretion of
false transmitters. Neuron. 13:909-917.

Del Castillo, J., and B. Katz. 1954. Quantal components of the end-plate
potential. J. Physiol. 124:560—573.

Evers, J., M. Lasek, Y. Sun, Z. Xie, and M-m. Poo. 1989. Studies of
nerve-muscle interactions in Xenopus cell culture: analysis of early
synaptic currents. J. Neurosci. 9:1523—-1539.

Falk-Vairant, J., P. Correges, L. Eder-Colli, N. Salem, E. Roulet, A. Bloc,
F. Meunier, B. Lesbats, F. Loctin, M. Synguelakis, and M. Israel. 1996a.
Quantal acetylcholine release induced by mediatophore transfection.
Proc. Natl. Acad. Sci. USA. 93:5203-5207.

Falk-Vairant, J., and M. Israel. 1996b. Enhancement of quantal transmitter

release and mediatophore expression by cyclic AMP in fibroblasts
loaded with acetylcholine. Neuroscience. 75:353-360.



1364 Biophysical Journal

Girod, R., P. Correges, J. Jacquet, and Y. Dunant. 1993. Space and time
characteristics of transmitter release at the nerve-electroplaque junction
of Torpedo. J. Physiol. 471:129-157.

Girod, R., S. Popov, J. Alder, J. Q. Zheng, A. Lohof, and M-m. Poo. 1995.
Spontaneous quantal transmitter secretion from myocytes and
fibroblasts: comparison with neuronal secretion. J. Neurosci. 15:
2826-2838.

Graessmann, A., M. Graessmann, and C. Mueller. 1980. Microinjection of
early SV 40 DNA fragments and T antigen. Methods Enzymol. 65:
816—825.

Griffiths, G., R. Back, and M. Marsh. 1989. A quantitative analysis of the
endocytic pathway in baby hampster kidney cells. J. Cell Biol. 109:
2703-2720.

Grynkiewicz, G., M. Poenie, and R. Tsien. 1985. A new generation of
calcium indicators with greatly improved fluorescence properties.
J. Biol. Chem. 260:3440-3450.

Hamill, O., A. Marty, E. Neher, B. Sakmann, and F. Sigworth. 1981.
Improved patch clamp techniques for high-resolution current recordings
from cells and cell-free patches. Pflugers Arch. 391:85-100.

Hanson, P. I, J. E. Heuser, and R. Jahn. 1997. Neurotransmitter release:
four years of SNARE complexes. Curr. Opin. Neurobiol. 7:310-315.
Herreros, J., F. X. Miralles, C. Solsona, B. Bizzini, J. Blasi, and J. Marsal.
1995. Tetanus toxin inhibits spontaneous quantal release and cleaves

VAMP/synaptobrevin. Brain Res. 699:165-170.

Kidokoro, Y. 1984. Two types of miniature endplate potentials in Xenopus
nerve-muscle cultures. Neurosci. Res. 1:157-170.

Kraszewski, K., O. Mundigl, L. Daniell, C. Verderio, M. Matteoli, and P.
De Camilli. 1995. Synaptic vesicle dynamics in living cultured hip-
pocampal neurons visualized with CY3-conjugated antibodies directed
against lumenal domain of synaptotagmin. J. Neurosci. 15:4328—4342.

Kriebel, M. E. 1980. Spontaneous potentials and fine structure of identified
frog denervated neuromuscular junctions. Neuroscience. 5:97—-108.

Kriebel, M. E., and C. Gross. 1974. Multimodal distribution of frog
miniature potentials in adult, denervated, and tadpole leg muscle. J. Gen.
Physiol. 64:85-103.

Kriebel, M. E., F. Llados, and J. Vautrin. 1996. Hypertonic treatment
reversibly increases the ratio of giant skew-miniature endplate potentials
to bell-miniature endplate potentials. Neuroscience. 71:101-117.

Kriebel, M. E., and G. D. Pappas. 1987. Effect of hypertonic saline on
quantal size and synaptic vesicles in identified neuromuscular junction
of the frog. Neuroscience. 23:745-756.

Major, S., J. F. Presley, and F. R. Maxfield. 1993. Sorting of membrane
components from endosomes and subsequent recycling to the cell sur-
face occurs by a bulk flow process. J. Cell Biol. 121:1257-1269.

Miyake, K., and P. McNeil. 1995. Vesicles accumulate and exocytosis is
induced at sites of plasma membrane disruption. J. Cell Biol. 131:
1737-1745.

Morimoto, T., S. Popov, K. Buckely, and M-m. Poo. 1995. Calcium-
dependent transmitter secretion from fibroblasts: modulation by synap-
totagmin 1. Neuron. 15:689—696.

Muniak, C. G., M. E. Kriebel, and C. G. Carlson. 1982. Changes in MEPP
and EPP amplitude distributions in the mouse diaphragm during synapse
formation and degeneration. Dev. Brain Res. 5:123-138.

Neher, E., and A. Marty. 1982. Discrete changes of cell membrane capac-
itance observed under conditions of enhanced secretion in bovine adre-
nal chromaffin cells. Proc. Natl. Acad. Sci. USA. 79:6712—6716.

Volume 75 September 1998

Ninomiya, Y., T. Kishimoto, Y. Miyashita, and H. Kasai. 1996. Ca**-
dependent exocytotic pathways in CHO fibroblasts revealed by a caged-
Ca®" compound. J. Biol. Chem. 271:17751-17754.

Nusser, Z., S. Cull-Candy, and M. Farrant. 1997. Differences in synaptic
GABA , receptor number underlie variation in GABA mini amplitude.
Neuron. 19:697-709.

Parsons, S. M., C. Prior, and I. G. Marshall. 1983. Acetylcholine transport,
storage and release. Int. Rev. Neurobiol. 35:279-390.

Rodriguez, A., P. Webster, J. Ortego, and N. A. Andrews. 1997. Lyso-
somes behave as Ca®"-regulated exocytic vesicles in fibroblasts and
epithelial cells. J. Cell Biol. 137:93-104.

Salter, M., and J. Hicks. 1994. ATP-evoked increases in intracellular
calcium in neurons and glia from the dorsal spinal cord. J. Neurosci.
14:1563-1575.

Schiavo, G., F. Benfenati, B. Poulin, O. Rossetto, P. P. De Laureto, B. R.
DasGupta, and C. Montecucco. 1992. Tetanus and botulin-B neurotoxins
block neurotransmitter release by proteolitic cleavage of synaptobrevin.
Nature. 359:832—835.

Searl, T., C. Prior, and I. G. Marshall. 1990. The effects of L-vesamicol, an
inhibitor of vesicular acetylcholine uptake, on two populations of min-
iature endplate currents at the snake neuromuscular junction. Neuro-
science. 35:145-156.

Sollner, T., S. W. Whiteheart, M. Brunner, H. Erdjument-Bromage, S.
Geromanos, P. Tempst, and J. E. Rothman. 1993. SNAP receptors
implicated in vesicle targeting and fusion. Nature. 362:318-324.

Song, H-j., G-1. Ming, E. Fon, E. Bellocchio, R. H. Edwards, and M-m.
Poo. 1997. Expression of a putative vesicular acetylcholine transporter
facilitates quantal transmitter packaging. Neuron. 18:815-826.

Steinhardt, R., G. Bi, and J. Alderton. 1994. Cell membrane resealing by a
vesicular mechanism similar to neurotransmitter release. Science. 263:
390-393.

Sudhof, T. C. 1995. The synaptic vesicle cycle: a cascade of protein-
protein interactions. Nature. 375:645—653.

Terasaki, M., K. Miyake, and P. L. McNeil. 1997. Large plasma membrane
disruptions are rapidly resealed by Ca®>"-dependent vesicle-vesicle fu-
sion events. J. Cell Biol. 139:63-74.

Vautrin, J. 1992. Miniature endplate potentials induced by ammonium
chloride, hypertonic shock, and botulinum toxin. J. Neurosci. Res.
31:318-326.

Vautrin, J., and M. E. Kriebel. 1991. Characteristics of slow-miniature
endplate currents show a subunit composition. Neuroscience. 41:71-88.

Wightman, R., J. Jankowski, R. Kennedy, K. Kawagoe, T. Schroeder, D.
Leszeszyn, J. Near, E. Dilberto, and O. Viveros. 1991. Temporarily
resolved catecholamine spikes correspond to single vesicle release from
individual chromaffin cells. Proc. Natl. Acad. Sci. USA. 88:
10754-10758.

Williams, J. 1997. How does a vesicle know it is full? Neuron. 18:
683—686.

Xie, Z. P., and M-m. Poo. 1986. Initial events in the formation of neuro-
muscular synapse: rapid induction of acetylcholine release from embry-
onic neuron. Proc. Natl. Acad. Sci. USA. 83:7069-7073.

Xie, K., T. Wang, P. Olafsson, K. Mizuno, and B. Lu. 1997. Activity-
dependent expression of NT-3 in muscle cells in culture: implications in
the development of neuromuscular junctions. J. Neurosci. 17:
2947-2958.

Zheng, J., M. Felder, J. Connor, and M-m. Poo. 1994. Turning of nerve
growth cones induced by neurotransmitter. Nature. 368:140—144.



	Constitutive Secretion of Exogenous Neurotransmitter by NonneuronalCells: Implications for Neuronal Secretion
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	REFERENCES

