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Effects of 2-(4-Morpholinyl)-8-Phenyl-4H-1-Benzopyran-4-One on
Synaptic Vesicle Cycling at the Frog Neuromuscular Junction

Silvio O. Rizzoli and William J. Betz
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Inositol phospholipids are thought to play an important regulatory
role in synaptic membrane traffic. We investigated the effects of
perturbing 3-phosphoinositide metabolism on neurotransmission
at the frog neuromuscular junction. We used the reversible
phosphoinositide-3 kinase (PI3K) inhibitor 2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one [LY294002 (LY)] and we exam-
ined its effects by intracellular recording, fluorescence imaging
with styryl dyes (FM 1-43 and FM 2-10), calcium imaging, and
electron microscopy. LY treatment reversibly inhibited vesicle cy-
cling; electron micrographs indicated a dramatic reduction in the
number of vesicles, balanced by the appearance of numerous
cisternas. LY wash-off reverted the phenotype; terminals were
refilled with vesicles, and they resumed normal FM 1-43 uptake
and release. Surprisingly, LY treatment also enhanced the fre-
quency of spontaneous release up to 100-fold in a calcium-
independent manner. LY evoked similar effects in normal frog

Ringer’s solution, Ca-free Ringer’s solution, and BAPTA AM-
pretreated preparations; imaging of nerve terminals loaded with
the calcium-sensitive fluorescent dye fluo-3 showed no significant
change in fluorescence intensity during LY treatment. FM 1-43
imaging data suggested that LY evoked the cycling of 70-90% of
all vesicles. The LY-induced effect on spontaneous release was
reproduced by the casein kinase 2 inhibitor 5,6-dichloroben-
zimidazole riboside but not, however, by the PI3K inhibitor wort-
mannin. Because LY has been shown recently to potently inhibit
casein kinase 2 as well as PI3K, we hypothesize that casein kinase
2 inhibition is responsible for the enhancement of spontaneous
release, whereas PI3K inhibition induces the block of vesicle
cycling.
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Exocytosis, endocytosis, and vesicle trafficking constitute the
basic steps of synaptic vesicle cycling. Inositol phospholipids,
although comprising only a minor fraction of membrane lipids,
have important roles in regulating vesicle cycling (for review, see
Cremona and De Camilli, 2001).

The combined use of phosphoinositide-3 kinase (PI3K) inhibi-
tion and biochemical approaches led to the demonstration that
PI3K activity is required at a postendocytic step in a variety of
nonsynaptic trafficking pathways (Joly et al., 1995; Spiro et al,,
1996; Martys et al., 1996; Odorizzi et al., 1998) (for review, see
Wiedemann and Cockcroft, 1998; Stenmark and Aasland, 1999;
Cockeroft and De Matteis, 2001). The PI3K-dependent block of
cycling, which takes place at a stage of endosomal sorting and
fusion, is thought to be dependent on the interaction between
phosphatidylinositol-3-phosphate and proteins containing FYVE
domains (such as the GTPase Rab-5 and early endosomal autoan-
tigen 1; for review, see Stenmark and Aasland, 1999; Wurmser et
al., 1999). However, it is unclear whether endosomal sorting and
PI3K activity play important roles at the synapse (Takei et al,,
1996; Murthy and Stevens, 1998).

A possible role for the products of PI3K activity in synaptic
vesicle cycling has been suggested by in vitro experiments.
3-Phosphorylated inositol phospholipids have been shown to in-
teract with a number of proteins thought to have essential roles in
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exocytosis and endocytosis, such as synaptotagmin, the putative
calcium sensor of transmitter release (Schiavo et al., 1996), adap-
tor protein 2 (AP-2), and AP180, critical components of the
clathrin-mediated endocytosis system, (Norris et al., 1995; Gai-
darov et al., 1996; Hao et al., 1997). Also, at the neuromuscular
junction, PI3K inhibition by wortmannin (a potent, irreversible
inhibitor; Powis et al., 1994), reduced vesicular uptake of the
fluorescent dye FM 1-43 by ~70% (Richards and Betz, 2000),
consistent with an inhibitory effect on endocytosis.

The aim of the present work was to investigate the effects of PI3K
inhibition on synaptic vesicle cycling using the reversible inhibi-
tor 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one [LY294002
LY)] (Vlahos et al., 1994). LY reversibly inhibited endocytosis
and vesicle reformation, consistent with a PI3K-dependent effect.
However, it also unexpectedly induced a calcium-independent
increase in spontaneous release, which we were unable to repro-
duce using wortmannin. LY294002 has been shown recently to
inhibit an unrelated protein kinase, casein kinase 2 (CK2), with
potency similar to that for PI3K (ICs, of 10 um for PI3K, 6.9 um
for CK2; Davies et al., 2000). Because CK2 is a potentially
important enzyme in the nervous system (for review, see Blan-
quet, 2000), we hypothesized that its inhibition was responsible
for the LY-induced effect on spontaneous release. A specific CK2
inhibitor, 5,6-dichlorobenzimidazole riboside (DRB), induced a
similar effect on release without having significant effects on
endocytosis and vesicle cycling, confirming our hypothesis that
PI3K inhibition results in a block of vesicle cycling, whereas CK2
inhibition potentiates spontaneous release.

MATERIALS AND METHODS

General methods. Most methods have been described previously (Betz et
al., 1992; Betz and Bewick, 1992, 1993). Frog (Rana pipiens) cutaneous
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nerve—muscle preparations were dissected and mounted in SYLGARD
(Dow Corning, Midland, MI)-lined chambers, filled with normal frog
Ringer’s solution (which contained, in mm: 115 NaCl, 2 KCl, 1.8 CaCl,,
and 5 HEPES). High-KCI solutions were prepared by elevating the
extracellular KCI concentration with an offsetting reduction in the NaCl
concentration to keep all solutions isotonic.

The nerve was stimulated using a suction electrode. For the recording
of end plate potentials (EPPs), p-conotoxin (10 um; Calbiochem, La
Jolla, CA), was added to the Ringer’s solution to reduce muscle contrac-
tions. Micropipettes for intracellular recording (20-30 MQ), pulled with
a box filament on a Flaming-Brown micropipette puller (Sutter Instru-
ments, Novato, CA) were filled with 3 M potassium acetate. The signal
was amplified using an Axoclamp-2A (Axon Instruments, Foster City,
CA) amplifier and digitized using an MIO-16E-4 interface (National
Instruments). Whole Cell Program for Windows (John Dempster, Uni-
versity of Strathclyde) was used for data acquisition and analysis. Re-
cordings were rejected if the membrane potential changed by >20 mV or
became less negative than —60 mV.

FM dye concentrations were 3.2 uMm (FM 1-43) and 40 pum (FM 2-10).
When stimulation and imaging were performed simultaneously, curare
(10 um) was added to the bath solution to prevent muscle contraction.
Fluorescence images were acquired using a Nikon (Melville, NY) Op-
tiphot upright epifluorescence microscope equipped with a Zeiss
(Thornwood, NY) 63X, 0.9 numerical aperture (NA) water immersion
objective lens, a 100 W Hg lamp, 5-50% neutral density transmission
filters, excitation filters (480/30 or 540/25 nm), dichroic mirrors (505 or
565 nm), and emission filters (535/40 or 605/55 nm; Chroma, Brattleboro,
VT). Image acquisition was performed using a Photometrics (Tucson,
AZ) SenSys cooled CCD camera. The software used for image recording
was V for Windows (Digital Optics, Auckland, NZ); image analysis was
performed using software custom written in MATLAB (The Math-
works, Natick, MA).

LY294002, wortmannin (Calbiochem), ionomycin, and DRB (Sigma,
St. Louis, MO), prepared as stock solutions in DMSO, were added to
normal frog Ringer’s solution immediately before use. u-Conotoxin
GIITA (Calbiochem) was dissolved in water (5 mm), aliquoted, and
stored at —80°C. FM 1-43, FM 2-10 (Molecular Probes, Eugene, OR),
tetrodotoxin (Sigma), and curare were dissolved in water and stored at
4°C. LY294002 was used at 200 pum in all experiments, unless otherwise
stated (see Results).

Ca?" imaging. The Ca-sensitive dye fluo-3 (pentapotassium salt, cell-
impermeant form; Molecular Probes) was used. The method for loading
nerve terminals with fluo-3 was similar to that used for loading bullfrog
sympathetic nerve terminals with membrane-impermeant fura-2 (Peng
and Zucker, 1993) and has been described previously for this preparation
(Wu and Betz, 1996; Angleson and Betz, 2001). Briefly, the nerve trunk
was cut 1-2 mm before it branches into the muscle and rapidly placed in
a drop of 50 mm fluo-3 solution. Fluo-3 was allowed to diffuse into the
nerve for 3-4 hr at room temperature (22-24°C); the preparation was
then rinsed and incubated overnight at 4°C in normal frog Ringer’s
solution. The preparation was used the following day for imaging. The
loading and incubation procedures have been found previously to have
no significant effect on EPP amplitude and miniature EPP (MEPP)
amplitude or frequency (Wu and Betz, 1996; Angleson and Betz, 2001).

Fluo-3-loaded terminals were imaged as described above, except for
the use of a Zeiss 40X, 0.75 NA objective.

Electron microscopy. Muscles were fixed for 90 min in ice-cold fixative
solution [2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phos-
phate buffer (PB), pH 7.2]. After washing with PB, the muscles were
osmium-postfixed (2% OsO, in PB), dehydrated through an ascending
series of ethanol solutions, further dehydrated by incubation in pro-
pylene oxide, and embedded in Epon. The blocks were sectioned, and 80-
to 90-nm-thick sections were collected, stained with uranyl acetate, and
viewed with a Philips (Eindhoven, The Netherlands) CM10 electron
microscope. Only terminals that exhibited typical active zones (identified
by openings of synaptic folds) were photographed. Control preparations
for each experiment consisted of the contralateral nerve-muscle prepa-
ration from the same frog, treated with the corresponding concentration
of solvent.

Drosophila methods. Third instar cn bw larvae (source: Maurice Ker-
nan, State University of New York, Stony Brook, NY) were dissected;
digestive and other internal organs were removed; and the CNS was
removed by sectioning the nerves near the ventral ganglion (Jan and Jan,
1976). Intracellular recordings were made from body wall muscles 6 and
7 from the fourth and fifth abdominal segments. The recording solution,
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Figure 1. 1.Y294002 enhances the frequency of spontaneous release. A4,

Traces of M EPPs from different end plates of the same preparation in the
absence (top trace) or presence of 200 uM LY (30 min incubation; bottom
trace). B-E, Time-dependent effects of LY on the discharge of MEPPs;
LY-treated end plates are indicated by filled symbols; controls are indi-
cated by open symbols. LY concentrations: B, 20 um; C, 50 um; D, 100 pm;
E, 200 uM. Shown are averages from 3-10 end plates per time point; error
bars indicate SEM.

HL3 Ringer’s solution (Reist et al., 1998), contained (in mm): 70 NaCl,
5 KCl, 1.5 CaCl,, 20 MgCl,, 10 NaHCOs3, 5 trehalose, 115 sucrose, and
5 HEPES, pH 7.2. MEPP recording was performed as in the case of frog
neuromuscular junction experiments (see above). For FM 1-43-imaging
experiments, dissected larvae were incubated with HL3 Ringer’s solution
containing 200 um LY294002 or DMSO control for 2-4 hr at room
temperature and then incubated in high-potassium Ringer’s solution
(HL3 solution with, in mm: 30 KCI and 45 NaCl) in presence of 3.2 um
FM 1-43 and LY294002 or DMSO alone for 5 min. After incubation, the
preparations were washed with HL3 solution at 4°C for 45 min and
imaged; the same imaging setup was used as in the case of frog neuro-
muscular junction experiments (see above).

RESULTS

LY294002 caused an increase in MEPP frequency

We tested the effect of LY294002 on the frequency of miniature
events at the frog neuromuscular junction (NMJ) by incubating
preparations in normal frog Ringer’s (NFR) solution in the
presence of the drug or the corresponding concentrations of the
solvent (DMSO) as control (Fig. 1). The average MEPP fre-
quency in untreated or solvent-treated preparations was ~1/sec.
Low concentrations of the drug induced small, long-lasting in-
creases in frequency (2-3/sec) (Fig. 1C). Higher concentrations
caused frequency increases that peaked at 20—100/sec; however,
the LY-induced enhancement of release was transient (Fig.
1D,E). The frequency increase attained a peak at 20-30 min of



10682 J. Neurosci., December 15, 2002, 22(24):10680-10689

-0160 _2160
§120 5120
i) @
£ 80 £ 80
a & 40
a. 40 o
= 0 U oooo0000000oonooOoCEL Y E Dlgece SReuSs0es et D
0 40 80 120 0 40 80 120
Minutes Minutes
© ® 6 Control (KCI
Control LY koI £ | ]EpntoleD
@ e, Tl +KClI
S8 .
[E0;] 3
£b
- © & LY
B 521
|18
- _ 0—3 5 10 15 20 25
Minutes

Figure 2. The LY294002-induced increase of spontaneous release is
Ca?"-independent. 4. LY-induced increase in MEPP frequency in nor-
mal frog Ringer’s solution (same data as in Fig. 1E). B, LY-induced
effects in no-added-calcium Ringer’s solution (in mM: 0 CaCl, and 1.8
MgCl,), preparations pretreated with 100 um BAPTA AM for 2 hr
before LY incubation. LY treated end plates are indicated by filled
symbols; controls are indicated by open symbols. Shown are averages of
3-10 end plates per time point; error bars indicate SEM C, Fluo-3
fluorescence images of BAPTA AM-pretreated nerve terminals filled
with the calcium-sensitive dye fluo-3 before incubation with LY294002
(left), after 20 min incubation (middle), and after 30 mm KCI in NFR
solution addition (right). Scale bar, 4 pm. D, Quantification of the fluo-
rescence increase on addition of LY ( filled symbols) and on addition of 10
mM KCI in NFR solution to control terminals (open symbols). The gray
symbol quantifies the effect of KCI application to the LY-treated termi-
nals. Shown are averages from six controls and six experiments. Error bars
indicate SEM. LY294002 did not induce a significant change in fluores-
cence (p > 0.06). KCI application induced significant increases in fluo-
rescence in both control and LY-treated preparations ( p values <0.0001),
except for 30 sec application of 10 mm KCI (p < 0.01).

incubation; after the terminals released a high number of quanta,
the MEPP frequency declined, and it reached control levels. The
total numbers of quanta released during LY treatment until the
MEPP frequency returned to control levels were ~327,000 for
100 uMm LY and 337,000 for 200 uwm LY, which correlates well with
approximations for the total number of releasable vesicles at frog
NMJ terminals (270-470,000 quanta, Heuser and Reese, 1973;
Molgo and Pecot-Dechavassine, 1988; Betz et al., 1992; Van der
Kloot et al., 2000; Naves and Van der Kloot, 2001).

The LY294002-induced increase in MEPP frequency
was Ca2*-independent

We next investigated whether the LY-induced elevation in M EPP
frequency was caused by an increase in the nerve terminal intra-
cellular calcium concentration ([Ca®*];) (Fig. 2). We first tested
whether an influx of calcium from the extracellular fluid was
responsible for the LY-induced increase in M EPP frequency. We
incubated preparations with LY in low-Ca®" Ringer’s solution
(in mm: 0.26 CaCl, and 1.54 MgCl,) or in 0-Ca*" Ringer’s
solution (in mm: 0 CaCl,, 1.8 MgCl,, and 1 EGTA), recorded
MEPPs, and compared results with similar experiments done in
normal frog Ringer’s solution (in mm: 1.8 CaCl, and 0 MgCL,).
Reducing or eliminating extracellular Ca®* had no significant
effect on the LY-induced MEPP frequency increase. The peak
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increase and the number of quanta released before returning to
baseline levels were similar to those obtained at normal calcium
levels (data not shown), suggesting that calcium influx from the
extracellular fluid is not necessary for the LY effect. We next
tested whether release of calcium from intracellular stores in-
duced the rise in MEPP frequency. We preincubated neuromus-
cular preparations in normal frog Ringer’s solution with 100 um
BAPTA AM for 2 hr at room temperature. This treatment
eliminated muscle contractions in response to electrical stimula-
tion and inhibited increases in MEPP frequency in response to 10
mM KCl application (data not shown), indicating efficient loading
of the nerve terminals with BAPTA. The preparations were
washed with frog Ringer’s solution in which the added CaCl, was
replaced with MgCl,, and LY was added. The LY-induced effect
on MEPP frequency was similar to the effect obtained previously
with incubation in normal frog Ringer’s solution (Fig. 24,B). The
number of quanta released was also similar, ~310,000.

We also tested this hypothesis by means of calcium imaging.
We loaded frog NMJ nerve terminals with the calcium-sensitive
dye fluo-3 and imaged them during treatments that increased
MEPP frequency (Fig. 2C). Depolarization by addition of 10 mm
KCl, causes a calcium-dependent increase in MEPP frequency
(5-10 fold in NFR solution; data not shown; Angleson and Betz,
2001). Addition of 10 mMm KCI to fluo-3-loaded preparations
caused a fivefold increase in fluorescence (Fig. 2D). Addition of
LY294002 to BAPTA AM-pretreated preparations (in conditions
of, in mM: 0 CaCl, and 1.8 MgCl,) causes a 100-fold increase in
MEPP frequency; however, there was no significant increase in
fluo-3 fluorescence (Fig. 2D). Addition of 30 mm KC1 in NFR
solution to the same terminals caused a significant increase in
fluorescence, indicating viability of the cells (we used a higher
level of K™ to counteract the BAPTA effect).

LY294002 induced the release of a large pool

of vesicles

The fact that the number of quanta released during LY treatment
correlates with estimates of the total number of vesicles from frog
terminals raised the hypothesis that LY incubation induces the
fusion of most vesicles only once, after which the drug-induced
release stops. Another hypothesis is that a relatively small pool of
vesicles exocytose and endocytose repeatedly. To distinguish
between these possibilities, we tetanized preparations in the pres-
ence of the fluorescent styryl dye FM 1-43, ensuring vesicular
uptake of the dye, and we imaged terminals before and during LY
treatment (Fig. 34). LY-treated nerve terminals lost ~70% of
their fluorescence during treatment (Fig. 3B). This loss in fluo-
rescence intensity indicates that most vesicles fused with the
plasma membrane.

We then examined whether a process of membrane uptake and
endocytosis compensated for the massive drug-induced exocyto-
sis. We monitored membrane uptake by treating unstained prep-
arations with LY294002 in the presence of FM 1-43. Significant
uptake was observed after drug incubation (Fig. 3C). The termi-
nals were brightly fluorescent but lacked the “spotty” pattern
characteristic of terminals loaded via nerve stimulation or termi-
nal depolarization by exposure to high-K™ Ringer’s solution
(Betz et al., 1992). We compared the fluorescence intensity of the
drug-treated terminals with that of terminals that had been teta-
nized at 30 Hz for 1 min in presence of FM 1-43 (which ensures
uptake of the dye in ~50% of all vesicles; Betz and Bewick, 1993).
The drug-treated terminals were ~1.9 times brighter (p <
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Figure 3. 1Y294002 induces the release and reuptake of a large pool of
vesicles. A, FM 1-43 fluorescence images of a nerve terminal preloaded
with FM 1-43, before (left panel) and after (right panel) LY treatment. B,
FM fluorescence during LY treatment (open symbols) or control (solvent-
only) treatment ( filled symbols); results are normalized to initial fluores-
cence. LY induced an ~70% loss of fluorescence (p < 0.0001). Shown are
averages from seven control terminals and seven LY-treated terminals.
Error bars indicate SEM. C, Fluorescence image of a nerve terminal
treated with LY in the presence of 3.2 um FM 1-43. Compare with the
image of nerve stimulation-induced uptake (A4, left panel ). Scale bar 2 um.
D, Quantification of the LY-induced FM uptake (LY'); for comparison,
the florescence intensity of terminals that had ~50% of their vesicles
stained via nerve stimulation (7etanus) is shown. Results are normalized
to the fluorescence of tetanized preparations. The LY-induced fluores-
cence was 1.94 times brighter that that of tetanized preparations for FM
1-43 and 1.84 times brighter for FM 2-10, indicating cycling of >90% of
all vesicles. Results are shown as averages of 39-73 measurements for
each treatment = SEM. The results obtained with FM 1-43 are not
significantly different from those obtained with FM 2-10 (p > 0.3).

0.0001), suggesting that >90% of the vesicles had undergone
exocytosis and endocytosis (Fig. 3D).

One question that remained unanswered by the above experi-
ments was whether the membrane was fully internalized during
cycling in the presence of the drug. Formation of infoldings that
remain open to the extracellular fluid could have compensated for
the increase in membrane surface after exocytosis. Such infold-
ings would have trapped the dye we used, FM 1-43, because of its
relatively high hydrophobicity; however, a more hydrophilic ana-
log, FM 2-10, is believed to be able to escape from membrane
infoldings (Richards et al., 2000). To test whether “open” infold-
ings play a role in drug-induced cycling, we repeated the above
uptake experiments using the FM 2-10 dye. The drug-treated
terminals were 1.84 times brighter than terminals stained via
nerve stimulation (Fig. 3D). The results were not significantly
different from those obtained with FM 1-43 ( p > 0.3), suggesting
complete internalization of the dye-stained membrane.

LY294002 inhibited electrically stimulated

vesicle cycling

We investigated the LY effect on stimulated release (Fig. 4). The
muscle nerve was drawn into a suction electrode; we applied
2-msec-long square pulses at 5-20 min intervals and recorded
EPPs. To inhibit muscle contractions, we added to the recording
solution 10 uM p-conotoxin GIIIA, a specific inhibitor of muscle,
but not nerve, sodium channels. LY addition induced a rapid
inhibition in EPP amplitude (Fig. 44). After 30-40 min of
incubation, EPP amplitude was undetectable, indicating a com-
plete block of induced release at the time when the frequency of
spontaneous release attains a plateau (Fig. 4B).
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Figure 4. 1.Y294002 potently inhibits evoked stimulation. 4, Typical
EPP traces from different end plates in the same preparation in the
presence of u-conotoxin. Top trace, before LY treatment; middle trace, 10
min LY treatment; bottom trace, 30 min LY treatment. B, Quantification
of the time-dependent LY effect (open symbols) versus control ( filled
symbols); results show averages of 7-15 measurements per time point;
error bars indicate SEM.
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Figure 5. The LY294002 block of induced cycling is reversible. A, Flu-
orescence images of terminals electrically stimulated in the presence of
FM 1-43 immediately after LY treatment (top panel, imaged with 100%
mercury lamp intensity) or after 12 hr of washing at 4°C in NFR solution
(bottom panel, imaged with 25% mercury lamp intensity). Scale bar, 2 um.
B, Quantification of FM 1-43 release on tetanic stimulation in control
(open symbols) and LY-treated and washed (filled symbols) terminals.
Shown are averages of seven measurements = SEM. Results are normal-
ized to initial fluorescence.

The LY294002-induced block of cycling was reversible

As expected from the decline in EPP amplitude, electrical stim-
ulation after 2 hr of LY treatment was unable to induce FM
uptake or release (results not shown), confirming a block of
stimulation-induced vesicle cycling. The staining obtained exhib-
ited <5% of control preparation intensity and lacked the normal
pattern induced by vesicle clusters (Fig. 54). Because LY294002
is considered a reversible enzymatic inhibitor (it reversibly con-
tacts the ATP-binding site of PI3K and related enzymes, stopping
the access of ATP; Walker et al., 2000), we investigated whether
its blocking effects on vesicle cycling were reversible (Fig. 5). We
treated NMJ preparations with LY for 2 hr, which ensured almost
complete block of stimulation-induced cycling. We then washed
the preparations in normal frog Ringer’s solution at 4°C. Washing
at low temperature reduces the metabolism of the preparation
(and possibly increases the recovery time from the drug effects),
but it ensures its viability for long periods. Washing the prepara-
tion overnight completely reversed the inhibition of vesicle cy-
cling. Tetanic stimulation in the presence of FM 1-43 resulted in
dye uptake that was indistinguishable from that of controls (Fig.
54, bottom panel). Quantification of the uptake indicated com-
plete recovery of endocytosis (before LY wash-off, terminals took
up ~3.5 = 0.85% of control fluorescence; after wash-off, they
took up 98.71 = 6.52%; not significantly different from control,
p > 0.5). We also tested whether these terminals were able to
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Figure 6.  1.Y294002 reversibly induces
vesicle depletion at the frog NMJ. A4,
Electron microscopic images of nerve
terminals treated with solvent only (left
panel), with LY for 2 hr (middle panel),
and with LY for 2 hr followed by LY
wash-off (right panel ). Scale bar, 200 nm.
B, Percentage of the terminal cross-
sectional area occupied by vesicles
(filled symbols) or cisternae (open sym-
bols) during LY treatment. C, Percent-
age of the terminal area occupied by

@)

vesicles (filled symbols) or cisternae L)
(open symbols) during LY wash-off. As- @30
terisks indicate values not significantly Ezo
different from those of controls (p > ;1

o

0.1). D, Quantification of the LY effects
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and 1.54 Mg (low-calcium Ringer’s solution); (in mm): 0 Ca, 1.8 Mg, and 1 EGTA (EGTA Ringer’s solution); or (in mMm) 0 Ca and 1.8 Mg, after
incubation with 100 um BAPTA AM. Results are presented as percentage of cross-sectional terminal area occupied by vesicles (circles) and cisternae
(triangles) in control (open symbols) or LY-treated ( filled symbols) preparations. Vesicle depletion is not affected by calcium removal. However, cisterna
formation was significantly impaired in EGTA-treated terminals, as opposed to NFR solution-treated terminals (p < 0.0001). E, Quantification of
presynaptic membrane length for LY-treated terminals ( filled symbols) or solvent-only-treated terminals (open symbols) in different calcium conditions.
The membrane length was significantly higher in LY-treated preparations only in the case of EGTA treatment (p < 0.001), suggesting that EGTA
treatment impaired cisterna formation from the plasma membrane. All results are shown as averages of 20—45 measurements = SEM.

release the dye on stimulation. Figure 5B quantifies results from
seven LY-treated terminals and seven controls; the data indicate
that the terminals also recovered their ability to exocytose.

Ultrastructural effects of LY294002

We examined the ultrastructure of nerve terminals during LY
treatment (Fig. 6). We observed marked depletion of synaptic
vesicles (Fig. 6A, middle panel, quantified in B). Quantification of
the data indicated that >80% of all vesicles disappeared during
LY treatment. Incubation with solvent alone did not induce
significant changes in terminal ultrastructure (results not shown).
The decrease in the vesicle membrane was balanced by the
appearance of a large number of irregularly shaped, membrane-
walled objects of a larger size than vesicles, which we termed
cisternae, in agreement with previous work (Heuser and Reese,
1973). There was no significant difference between the membrane
area of drug-treated terminals and that of control terminals (data
not shown).

We also investigated whether the drug-induced vesicle deple-
tion was reversible. Washing preparations resulted in complete
reversal of the phenotype (Fig. 6C); the cisternae disappeared,
and the terminals were replenished with vesicles. Vesicle refor-
mation appears to have involved formation of clathrin-coated
vesicles; 44.16 = 5.46% of all terminals investigated during wash-
ing and vesicle reformation (1-12 hr) contained coated vesicles;
only 6.44 = 3.14% (mean = SEM) of the control terminals
contained coated vesicles; and only one section (80-90 nm thick-
ness) was investigated per terminal.

We tested whether calcium removal influenced the depletion of
vesicles or the formation of cisternae. We exposed preparations to
LY in different calcium conditions: we lowered extracellular cal-
cium (low-Ca®" Ringer’s solution); we abolished extracellular
calcium (0-Ca®* Ringer’s solution); or we treated preparations
with BAPTA AM before incubation in Ringer’s solution with no
added calcium. In all experiments, vesicle depletion was similar to
that obtained in normal calcium conditions (Fig. 6 D). Formation
of cisternae was also not significantly different from that of
normal calcium conditions except for EGTA treatment. In 1 mm
EGTA Ringer’s solution, LY treatment depleted vesicles and

significantly increased the proportion of cisternae but not to the
level attained in normal calcium Ringer’s solution. The mem-
brane area in this case was significantly higher than for the
solvent-treated controls (p < 0.001) (Fig. 6E), suggesting that
EGTA treatment partially inhibited (slowed) cisterna formation
from the plasma membrane.

Low concentrations of LY294002 also inhibited FM dye
uptake and vesicle reformation

We wondered whether the LY-induced effects on exocytosis and
endocytosis had different concentration dependencies. We first
tested the effects of 20, 50, and 100 um LY on vesicle recycling by
monitoring the FM 1-43 uptake. Twenty micromolar LY did not
induce a significant effect on FM uptake (p > 0.1). After 60 min
of incubation, the FM 1-43 uptake was significantly inhibited by
concentrations of 50 and 100 pm. The fluorescence of drug-
treated terminals was down to 84 * 3.6 and 73.8 * 3.5% (aver-
age = SEM) of that of control terminals, respectively. The de-
crease was significant (p < 0.02). Longer incubations with 100 um
LY induced further reductions in FM uptake; after 8 hr of incu-
bation, uptake was down to 20.7 * 3.62% of controls (p < 0.01).

We also investigated the effects of low concentrations of LY on
vesicle reformation. In our first experiment, we incubated prep-
arations with 20 or 50 um LY for 60 min. The lower concentration
did not induce significant differences in terminal structure (data
not shown); however, incubation with 50 um LY doubled the
levels of cisternae in the terminals (from 0.92 * 0.16% of the
terminal surface to 1.97 = 0.46%; p < 0.05).

We also investigated the effect of low concentrations of LY on
stimulation-induced vesicle recycling. We incubated preparations
for 60 min with 20-50 uM LY, stimulated them in the presence of
the drug for 1 min at 30 Hz, and allowed them to recover for 15
min. Twenty micromolar LY induced a significant increase in the
levels of cisternae (from 0.98 * 0.24% of the terminal surface to
1.97 = 0.34%; p < 0.05). Fifty micromolar LY induced not only
an increase in the levels of cisternae (from 1.36 = 0.33% of the
terminal surface to 8.01 £ 1.70%; p < 0.01) but also a significant
depletion of vesicles (from 42.77 * 2.87% of the terminal surface
to 32.94 + 3.39% of the terminal surface; p < 0.05).
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Figure 7. Giant MEPPs appear during LY294002 wash-off. A, Typical
traces of giant MEPPs from LY-treated and washed preparations. The
arrow indicates a discrete step in the rising phase of a giant event. B,
Amplitude distribution of MEPPs in untreated (fop) and LY-treated and
washed (bottom) end plates. Two hundred twenty-eight control MEPPs
and 767 experimental M EPPs were analyzed.

These results suggest that the low LY concentrations that have
small but significant effects on MEPP frequency (Fig. 1) also
inhibit membrane recycling.

LY294002 wash-off was accompanied by the
appearance of giant MEPPs

A number of treatments that cause sustained release of the
neurotransmitter at the frog NMJ are followed by the appearance
of “giant” MEPPs (for example, lanthanum stimulation; Heuser,
1974). Giant miniature events are thought to be a result of large
acetylcholine-containing, membrane-bound bodies fusing with
the plasma membrane (Heuser, 1974; Heinonen et al., 1982;
Hawgood et al., 1988; Sellin et al., 1996). However, the hypothesis
of giant events resulting from synchronized release of a number
of quanta is embraced by some authors (Vautrin and Kriebel,
1991, 1997).

During recovery from massive release, for example, from long
tetani (15 min at 10 Hz; Heuser, 1974) or from KCI depolariza-
tion (42 mmM for 30 min; Molenaar et al., 1987), giant spontaneous
events are observed. Similarly we observed large M EPPs during
recovery from LY treatment (a few examples in Fig. 74). Histo-
grams of MEPP size show an increase in larger-than-average
MEPPs in LY-treated preparations during recovery (Fig. 7B).

Giant MEPPs were not affected by tetrodotoxin treatment
(results not shown), eliminating the possibility that the large
release events are caused by the synchronous fusion of a number
of vesicles triggered by spontaneous action potentials. Giant
MEPP formation as a result of random spontaneous fusion of a
number of quanta is also possible. However, giant MEPPS with
amplitudes of 3—12 mV appeared with frequencies of 0.5-2/sec at
fibers having low total MEPP frequencies (1-5/sec), suggesting
that this explanation was unlikely. The presence of numerous
large vesicles during LY wash-off also suggests that the giant
MEPPs observed are caused by single, large neurotransmitter-
containing bodies. Some giant MEPPs exhibited discreet steps in
the rising phase, which may reflect fusion pore opening and
subsequent dilation (Fig. 74, arrow).

Few giant MEPPs were observed before washing preparations.
The frequency of giant MEPPs was ~1.34 = 0.27 (mean = SEM)
after 1 hr of washing, and it slowly declined: 1.03 = 0.15 at 4 hr
of washing, 0.88 = 0.18 at 7 hr of washing, and 0.42 = 0.07 at 24
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hr of washing, consistent with the disappearance of large, abnor-
mal vacuoles observed in the electron microscopic experiments.

Giant MEPPs are thought to be generated by constitutive
secretion, independent of the [Ca®"]; (Hawgood et al., 1988;
Alkadhi, 1989; Sellin et al., 1996). We inquired whether the LY
treatment-induced giant MEPPs were Ca*"-inducible. Accord-
ing to the histograms (Fig. 7B), we defined miniature events of
>2.5mV as giant MEPPs. We measured normal and giant MEPP
frequencies at five LY-treated nerve terminals before and after
addition of the calcium ionophore ionomycin. Ionomycin (0.5 um)
addition induced a 2.86 * 0.48-fold increase in normal MEPP
frequency (p < 0.005). As expected, there was no significant
increase in the frequency of giant MEPPs (1.08 = 0.14-fold
increase; p > 0.5).

DRB mimicked the LY294002 effect on

MEPP frequency

The irreversible PI3K inhibitor wortmannin (Powis et al., 1994;
Wymann et al., 1996) has a similar effect on inhibiting vesicle
cycling and reformation, (D. A. Richards and W. J. Betz, unpub-
lished electronic microscopic data). However, wortmannin (0.1-
100 M) does not induce an increase in MEPP frequency (results
not shown), suggesting that LY may act not only on PI3K but also
on another enzyme. LY is generally considered to be a specific
PI3K inhibitor (Vlahos et al., 1994) (for review, see Stein and
Waterfield, 2000), but Davies et al. (2000) showed in in vitro
experiments that it also inhibits CK2 with a potency similar to
that for PI3K. Because CK2 has been shown to phosphorylate a
number of proteins involved in vesicle fusion (synaptotagmin and
syntaxin; Bennett et al., 1993; Davletov et al., 1993; Hilfiker et al.,
1999; Risinger and Bennett, 1999), we hypothesized that the LY
effect on MEPP frequency was induced by a block of CK2. To test
that hypothesis, we used the CK2-specific inhibitor DRB (Zan-
domeni et al., 1986; Meggio et al., 1990; Szyszka et al., 1995).
Because of its riboside moiety, it is only weakly cell-permeant;
concentrations of 200—1000 um have been used in in vivo exper-
iments (Kim and Kahn, 1997; Delalande et al., 1999; Hidalgo et
al., 2001). We incubated preparations with 300 um DRB to test its
effect on the frog NMJ (Fig. 8); larger concentrations of the drug
induced the formation of a white crystalline precipitate under our
experimental conditions.

DRB addition induced an increase in the frequency of minia-
ture events (Fig. 84,B). The average DRB-induced increase in
MEPP frequency was 12.48 MEPPs/sec, with an SD of 16.82; the
increase was statistically significant (p < 107'°).

We also tested whether the DRB effect was dependent on an
increase in the [Ca®*); of the nerve terminals. As for the LY
experiments, we pretreated preparations with 100 um BAPTA
AM (2 hr at room temperature, NFR solution), and we incubated
them with DRB in a solution containing no added calcium. The
DRB effect was unaffected (Fig. 8C). There was no significant
difference between the M EPP frequency in the presence of DRB
in preparations in normal calcium conditions or in solutions
lacking calcium (p > 0.98), indicating that the DRB-induced
effect was calcium-independent.

We also investigated the DRB effect on vesicle cycling. We
incubated preparations with DRB for 1-3 hr and then tetanized
them for 1 min at 30 Hz in the presence of FM 1-43. The
DRB-treated nerve terminals were indistinguishable from con-
trols (results not shown). We quantified the amount of fluores-
cence from control and DRB-treated terminals; DRB-treated
preparations exhibited a small (~12%) increase in fluorescence



10686 J. Neurosci., December 15, 2002, 22(24):10680-10689

®

fark

Wiy r,..-‘,..1 mv\—

5ms

ey
b M 8

®
@

%45 ] 1§20

@ 30 b

® @

[72] < w

o 15 ’/‘\[ 10
a7 B [Ntees B

w |/ |

= 0 = |

Control DRB _ BAPTA

o 19 2 50 Control DRB

Minutes

Figure 8. The CK2 inhibitor DRB induces a calcium-independent in-
crease in MEPP frequency without affecting vesicle recycling. 4, Traces
of MEPPs from different end plates of the same preparation in the
absence (top trace) or presence (bottom trace) of 300 um DRB (10 min
incubation). B, Time-dependent effect of 300 um DRB on MEPP fre-
quency. Results are shown as averages of 7-10 measurements for each
time point = SEM C, MEPP frequency before and after DRB addition in
normal calcium conditions (left) or BAPTA AM-pretreated preparations
in a solution of (in mm): 0 CaCl, and 1.8 MgCl,. Results are shown as
averages of 14-23 measurements = SEM. DRB induced significant in-
creases in MEPP frequency in both NFR solution and BAPTA pretreat-
ment conditions (p < 0.05 and 0.01, respectively). The DRB-induced
MEPP frequency increase was not significantly affected by BAPTA AM
pretreatment (p > 0.98).

that was not statistically significant (p > 0.12; 30 control and 32
LY-treated terminals were analyzed). These results indicate that
DRB had no significant effect on stimulation-evoked vesicle
cycling.

LY294002 increased MEPP frequency at the Drosophila
neuromuscular junction

We investigated whether the LY-induced increase in spontaneous
release that we observed at the frog NMJ was reproducible at the
Drosophila neuromuscular junction. We incubated third instar
larval preparations of Drosophila with LY, and we recorded
MEPPs from abdominal muscle fibers 6 and 7. LY significantly
increased the rate of spontaneous release. The control frequency
was 1.37 = 0.28 MEPPs/sec (12 fibers, mean * SEM), and it
increased in presence of LY to 3.83 = 0.73 MEPPs/sec (8 fibers;
p < 0.003). However, LY did not reduce significantly the amount
of FM 1-43 loading on stimulation (data not shown), indicating a
lack of effect on vesicle recycling, possibly because of a limited
inhibitory action of LY on Drosophila kinases.

DISCUSSION

Our results show that LY induces a calcium-independent increase
in spontaneous neurotransmitter release, whereas it inhibits elec-
trically stimulated release. LY treatment reversibly blocks mem-
brane cycling; electron microscopic data demonstrate an accumu-
lation of cisternal membrane, suggesting that cycling is inhibited
at a step after endocytosis but before vesicle reformation.
Among the PI3K inhibitors, the most studied are wortmannin
and LY294002. They are considered more specific than most
other drugs that inhibit PI3K (such as demethoxyviridiin, quer-
cetin, myricetin, and staurosporine; Stein and Waterfield, 2000;
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Walker et al., 2000). The two drugs induce similar effects in a
variety of systems; there are only a limited number of reports of
differences between their activities (Salh et al., 1998; Adi et al.,
2001). At the frog neuromuscular junction, wortmannin was un-
able to reproduce the LY-induced increase in M EPP frequency.
However, it reproduced the inhibition of FM dye uptake (Rich-
ards and Betz, 2000), even at very low concentrations (50%
inhibition by 10 nm wortmannin); also, preparations tetanized in
the presence of wortmannin are depleted of vesicles, which are
replaced by larger membrane-bound objects (Richards and Betz,
unpublished electron microscopic observations). These results
suggest that the observed block of membrane cycling is PI3K-
dependent, whereas the increase in spontaneous release is not.

However, the concentration dependencies of the two effects of
LY were similar. Davies et al. (2000) demonstrated that LY, but
not wortmannin, inhibits CK2 with a potency similar to that for
PI3K. The CK2 inhibitor DRB induced an increase in spontane-
ous release, resembling that caused by LY. It did not have a
significant effect on vesicle cycling. These results suggest that
PI3K inhibition results in a block of membrane cycling, whereas
CK2 inhibition potentiates spontaneous release in a calcium-
independent manner.

CaZ2*-independent enhancement of spontaneous
release induced by CK2 inhibition

Data obtained from light microscopic, electron microscopic, and
electrophysiologial experiments give an estimate of 70-90% of all
vesicles being released during LY treatment independent of the
calcium concentration. Only a few types of treatment have been
demonstrated to enhance transmitter release in a calcium-
independent manner. Hypertonic potentiation of transmitter re-
lease (Fatt and Katz, 1952; Hubbard et al., 1968; Doherty et al.,
1986; Kashani et al., 2001) has been shown to be calcium-
independent. However, unlike LY treatment, it affects only a
small pool of vesicles, being actually used to define a “readily
releasable” pool of vesicles (Stevens and Tsujimoto, 1995; Rosen-
mund and Stevens, 1996). Similarly, ruthenium red has been
shown to enhance spontaneous transmitter release independent
of Ca?*. It also affects only a small, readily releasable pool of
vesicles; exocytosis of predocked vesicles is directly triggered by
ruthenium red binding to the presynaptic membrane, a process
that is inhibited by heparin (Trudeau et al., 1996; Sciancalepore et
al., 1998; Congar and Trudeau, 2002). a-Latrotoxin has also been
proposed to induce Ca**-independent release of classic neuro-
transmitters but not catecholamines (for review, see Siidhof,
2001), but recent data suggest that Ca?" release from intracellu-
lar stores coupled with Ca®* entry through a-latrotoxin pores in
the membrane plays an important role in latrotoxin-induced
release of neurotransmitters (Ashton et al., 2000, 2001; Tsang et
al., 2000).

Synaptic transmission is usually thought of as a result of
calcium-regulated release of 