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Vesicular Sterols Are Essential for Synaptic Vesicle Cycling

Jeffrey S. Dason, Alex J. Smith, Leo Marin, and Milton P. Charlton
Department of Physiology, University of Toronto, Toronto, Ontario M5S 1A8, Canada

Synaptic vesicles have a high sterol content, but the importance of vesicular sterols during vesicle recycling is unclear. We used the
Drosophila temperature-sensitive dynamin mutant, shibire-ts1, to block endocytosis of recycling synaptic vesicles and to trap them
reversibly at the plasma membrane where they were accessible to sterol extraction. Depletion of sterols from trapped vesicles prevented
recovery of synaptic transmission after removal of the endocytic block. Measurement of vesicle recycling with synaptopHluorin, FM1-43,
and FM4-64 demonstrated impaired membrane retrieval after vesicular sterol depletion. When plasma membrane sterols were extracted
before vesicle trapping, no vesicle recycling defects were observed. Ultrastructural analysis indicated accumulation of endosomes and a
defect in the formation of synaptic vesicles in synaptic terminals subjected to vesicular sterol depletion. Our results demonstrate the
importance of a high vesicular sterol concentration for endocytosis and suggest that vesicular and membrane sterol pools do not readily

intermingle during vesicle recycling.

Introduction
Sustained synaptic transmission requires endocytosis and recy-
cling of synaptic vesicles to replenish the releasable vesicle pool
(for review, see Wu et al., 2007). Sterols are required in non-
neuronal cells for constitutive and receptor-mediated clathrin-
dependent endocytosis (Rodal et al., 1999; Subtil et al., 1999; Urs
et al., 2005). Synaptic vesicles have a high sterol content (Taka-
mori et al., 2006), but the role of sterols in synaptic vesicle endo-
cytosis is not well understood. Extraction of sterols with methyl-
B-cyclodextrin (MBCD) does not affect FM1-43 loading and
unloading in cultured cortical and hippocampal neurons (Suzuki
et al., 2004); however, the uptake of HRP by synaptic vesicles
during high K™ stimulation and the total number of vesicles in
synaptic terminals is reduced after MBCD treatment (Wasser et
al., 2007). One potential explanation for this apparent discrep-
ancy is that recycling vesicles rely on vesicle-derived sterols, not
on a plasma membrane-derived sterol pool, during endocytosis.
Sterols are required for the spatial segregation of protein con-
tents of synaptic vesicle and plasma membranes into lipid raft
domains (Thiele et al., 2000; Lang et al., 2001; Mitter et al., 2003;
Yoshinaka et al., 2004; Jia et al., 2006; Lv et al., 2008). It is unclear
whether these domains remain distinct during synaptic vesicle
recycling, and, more generally, the degree of dispersal of exo-
cytosed vesicular membrane proteins remains unknown. For
instance, exocytosed synaptotagmin remains clustered in vesicle-
sized patches after release into the plasma membrane (Willig et
al., 2006); however, substantial interchange of some synaptic ves-
icle proteins with a surface resident pool can occur during vesicle
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recycling (Fernandez-Alfonso et al., 2006; Wienisch and Klingauf,
2006). Vesicle-derived lipophilic dyes disperse into the plasma
membrane after fusion (Zenisek et al., 2002), but the extent of
mixing between endogenous vesicular and plasma membrane
lipids is unknown.

The Drosophila dynamin mutant, shibire-tsI (shi) undergoes
reversible, temperature-sensitive, endocytic blockade and can be
used to trap recycling vesicles at the plasma membrane (Koenig
and Ikeda, 1989; Ramaswami et al., 1994). Here, we used this
mutant to determine whether there are distinct requirements for
plasma membrane and vesicle-derived sterols during synaptic
vesicle recycling. Depletion of sterols from trapped vesicles with
MPBCD severely impaired vesicle endocytosis and blocked synap-
tic transmission, but both were unaffected if only the plasma
membrane was depleted of sterols before exocytosis. These re-
sults demonstrate that high vesicular sterol content is required
for synaptic vesicle recycling and suggest that there is a limited
interchange of sterols between plasma and synaptic vesicle mem-
brane pools.

Materials and Methods

Fly stocks. All fly stocks were grown in uncrowded conditions at 22°C on
cornmeal agar with dry yeast (corn meal, 0.09 g/ml; agar, 0.005 g/ml;
yeast extract, 0.005 g/ml; corn syrup, 0.11 ml/ml; whole milk powder,
0.02 g/ml; 99% propionic acid, 0.002 ml/ml; 85% phosphoric acid,
0.0002 ml/ml). Assuming 100 mg of cholesterol per 100 g of whole milk
powder [http://www.nal.usda.gov/fnic/foodcomp/cgi-bin/list_nut_edit.
pL; U.S. Department of Agriculture National Nutrient Database for Stan-
dard Reference, Release 22 (2009)], there was ~0.02 mg/ml or 0.052 mm
cholesterol in the larval growth medium.

Wandering third-instar larvae were used for all experiments. Oregon
Red (OR) was used as the wild-type control, since the temperature-
sensitive shibire-tsI (shi) mutant was generated by EMS (ethyl methane-
sulfonate) mutagenesis of OR flies (Grigliatti et al., 1973). OR and shi flies
were kindly provided by Dr. Bryan Stewart (University of Toronto, Toronto,
Ontario, Canada). Flies with the UAS-n-Syb-pH transgene recombined with
elaV?P1-GAL4 and balanced with a TM6b chromosome (Poskanzer et al.,
2003; Poskanzer and Davis, 2004) were a generous gift from Dr. Graeme
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Davis (University of California, San Francisco, San Francisco, CA). For syn-
aptopHluorin imaging experiments, male +;+;UAS-n-Syb-pH, elaV>-
GAL4/TM6b flies were crossed to female shi;+;+ flies, and nontubby male
larvae (shi;+ ;UAS-n-Syb-pH,elaV3E1 -GAL4/+) were selected.

Solutions and chemicals. All electrophysiological and imaging experi-
ments were conducted in the hemolymph-like solution HL6 supple-
mented with 1 mm CaCl, (Macleod et al., 2002). The osmolality of all
solutions used was 330 = 10 mOsm. MBCD and cholesterol were ob-
tained from Sigma-Aldrich. Cholesterol-MBCD was prepared by dis-
solving cholesterol in chloroform and then evaporating under a stream of
nitrogen (Churchward et al., 2005). Ten millimolar MBCD HL6 was then
added to the dried film at a molar ratio of 1:10 (cholesterol-MBCD).
Suspensions were bath sonicated for 1 h and then filtered through 0.2 um
filters (Millipore). To determine whether the 1:10 cholesterol-MBCD
complex is capable of extracting other lipophilic molecules, we measured
the fluorescence intensity of 1:10 cholesterol-MBCD and 10 mm MBCD
solutions containing 10 um FM1-43 in a 96-well plate using a fluores-
cence scanner (Ettan DIGE Imager; GE Healthcare). The fluorescence
intensity of both the MBCD [21,345 * 606 arbitrary units (a.u.); n = 3]
and 1:10 cholesterol-MBCD (21,962 * 343 a.u.; n = 3) solutions con-
taining FM1-43 were similar, indicating that they take up similar
amounts of FM1-43. This demonstrates that the 1:10 cholesterol-MBCD
complex can be used as a control for MBCD, since they both can extract
other lipophilic molecules. Thus, any effect observed with MBCD but not
with the 1:10 cholesterol-MBCD would be attributable to the sterol-
extracting activity of MBCD.

Chobimalt (Anatrace) consists of two maltosyl units linked to choles-
terol at the hydrophilic OH. Cholesterol-3-sulfate was obtained from US
Biological.

Sterol measurements. Dissected third-instar larval fillet preparations
were treated with HL6 or with HL6 plus 10 mm MBCD for 30 min, and
then transferred to Eppendorf tubes containing 200 ul of 1X reaction
buffer (100 mm K,PO,, 25 mm NaCl, 2.5 mum cholic acid, and 0.1% Triton
X-100, pH 7.4) and frozen in liquid N,. Fillet preparations were lysed
mechanically with a plastic pestle then spun at 1000 X g for 5 min to pellet
the cuticle. Fifty microliters of supernatant was used to quantify sterols
using the Amplex Red Cholesterol Assay kit (Invitrogen) according to the
manufacturer’s instructions with the cholesterol esterase step omitted.
Resorufin product was imaged in 96-well plates with a CCD-based fluo-
rescent scanner (Ettan DIGE Imager; GE Healthcare) and quantified
with Image] software. Protein concentration of lysates was measured
spectrophotometrically using Bradford Reagent (Sigma-Aldrich) with
BSA standards according to the manufacturer’s instructions.

Electrophysiology. Intracellular recordings were performed as previ-
ously described (Romero-Pozuelo et al., 2007). Briefly, sharp glass elec-
trodes filled with 3 M KCI (~40 M()) were used to impale the ventral
longitudinal muscle fiber 6 (abdominal segment 3) of dissected larvae to
measure spontaneously occurring miniature excitatory junction poten-
tials (mEJPs) and stimulus-evoked excitatory junction potentials (EJPs).
Cut segmental nerves were stimulated at either 0.05 or 10 Hz using a
suction electrode. Electrical signals were recorded using the MacLab/4S
data acquisition system (ADInstruments).

SynaptopHluorin imaging. All synaptopHluorin experiments were per-
formed using a Bio-Rad MRC 600 confocal scan head on a Nikon micro-
scope (Optiphot-2) with a 40X water dipping objective [0.7 numerical
aperture (NA)]. The argon laser was attenuated to 1% transmission using
neutral density filters. The pinhole of the photomultiplier tube was
opened to its maximum aperture. Fluorescence ( F) was reported with
background F subtracted. The fluorescence response was reported as the
change in fluorescence relative to the resting fluorescence. This change in
fluorescence was normalized to the resting fluorescence, using the fol-
lowing equation: AF/F, . = (F — F,)/F e

FM1-43 and FM4-64 imaging. 3-Cyclodextrins can bind styryl dyes
and extract them from membranes (Kay et al., 1999). Styryl dyes fluo-
resce when bound by cyclodextrin; we measured the fluorescence inten-
sity of a dilution series of MBCD solutions containing 10 um FM1-43 or
FM4-64 (supplemental Fig. 3, available at www.jneurosci.org as supplemen-
tal material) in a 96-well plate using a fluorescence scanner (Ettan DIGE
Imager; GE Healthcare). The intensity data were fit with a one-site binding
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Figure 1. Treatment with MBCD reduces sterol levels in larval fillet preparation. A, Sterol
levels were quantified using the Amplex red sterol assay under control conditions and after
treatment with 10 mm MBCD for the indicated time durations. Sterol levels were significantly
reduced after 10, 20, or 30 min exposure to 10 mm MBCD compared with controls (n = 6; p <
0.01). B, After sterol depletion with 10 mm MBCD for 30 min, sterol levels were rescued by the
application of 1:10 cholesterol-M3CD for 2 min (n = 6; p << 0.01). Error bars represent SEM.
*Significantly different from control.

equation of y = B, * [X]/(Ky + [X]) to give apparent dissociation coeffi-
cients of 65 uM for FM1-43 and 50 um for FM4-64. Since MBCD binds styryl
dyes, we judged that dye uptake could not be used to assess endocytosis when
the styryl dye and MBCD were present simultaneously; these compounds
were therefore applied sequentially in our dye-loading protocol.

All FM1-43 and FM4-64 experiments were performed using a Leica
TCS LS confocal laser-scanning microscope with a 40X water dipping
objective (0.8 NA). FM1-43 or FM4-64 loading and unloading were in-
duced by high K * depolarization using the following high K * saline: 25
mu NaCl, 90 mm KCl, 10 mm NaHCO;, 5 mm HEPES, 30 mM sucrose, 5
mM trehalose, 10 mm MgCl,, 2 mm CaCl,, pH 7.2 (Verstreken et al.,
2008). shi preparations were depleted of synaptic vesicles by high K™
saline at 30°C and then loaded with 10 um FM1-43 or FM4-64 (Invitro-
gen) at 22°C. Preparations were extensively washed for 10 min in calcium
free HL6. To reduce background fluorescence from extracellular FM1-43
or FM4-64, 75 um Advasep-7 was included for the first 2 min of the wash
(Kayetal., 1999). After an image of FM1-43 or FM4-64 uptake was taken,
high K™ depolarization for 10 min was used to induce exocytosis. An-
other image was then taken to document FM1-43 or FM4-64 unloading.

Electron microscopy. EJPs were recorded from stimulated preparations
to verify depletion or recovery. Specimens were processed as previously
described (Macleod et al., 2004). Briefly, specimens were fixed in 0.1 M
sodium cacodylate buffer containing 1% formaldehyde and 3% glutaral-
dehyde, pH 7.4, overnight and then trimmed to allow identification of
the stimulated segment. Depleted preparations were immediately fixed
in preheated (30°C) fixative (same as above). For postfixation, the prepa-
rations were incubated in 2% osmium tetroxide for 60 min, followed by
tissue dehydration in a graded ethanol series and in propylene oxide. Speci-
mens were then embedded in resin and sectioned. Seventy-five nanometer
sections were stained with lead citrate and uranyl acetate and subsequently
imaged with a Hitachi H7000 transmission electron microscope run at 75 kV
using an AMT XR-60 camera and AMT software, version 5.0.
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We measured sterol levels in wild-
type Oregon Red (OR) third-instar larval
fillet preparations incubated in HL6 sa-
line with or without 10 mm MBCD and
found that incubation with MBCD for
10-30 min significantly reduced sterol
levels by 30—40% (Fig. 1A). This reduc-
tion could be rescued by application of
1:10 cholesterol-MBCD complex for 2
min (Fig. 1 B).

Figure 2.

Extraction of vesicular sterols prevents recovery of synaptic
transmission after endocytic block

We assessed the effects of membrane sterol depletion on trans-
mitter release by recording the compound EJP generated by
tonic-like type 1b and phasic-like type 1s boutons from segment
3 of muscle fiber 6 in third-instar larvae before and after a stim-
ulus train (10 Hz, 12 min) designed to deplete the terminals of
synaptic vesicles. In wild-type (OR) controls, EJP amplitude was
stable before and after this stimulus protocol (Fig. 2C, closed
circles). Application of 10 mm MBCD enhanced EJP amplitude
by ~50%, and it remained elevated over the course of the stim-
ulus protocol (Fig. 2C, open circles), demonstrating that extrac-
tion of membrane sterols does not block synaptic transmission
under these conditions.

When larval neuromuscular junctions (NM]Js) of the shi mu-
tant are stimulated intensely at the nonpermissive temperature of
30°C, there is a block of synaptic vesicle recycling, which leads to
loss of synaptic vesicles (Macleod et al., 2004) and neurotrans-
mitter release (Delgado et al., 2000). This block is reversible and
vesicles can reform after return to permissive temperatures
(22°C). We reasoned that MBCD would target synaptic vesicle
sterols better in vesicles trapped on the plasma membrane (Fig.

Extraction of sterols from trapped synaptic vesicles blocks synaptic transmission. 4, Schematic of MB(D extracting
sterols from the plasma membrane of a presynaptic terminal. B, E, Representative records of EJPs elicited at 0.05 Hz (1, 4) or 10 Hz
(2,3). Numbers next to traces indicate the corresponding points in the graphs of EJP amplitude versus time (C, F). The segmental
nerve was stimulated at 0.05 Hz for 10 min at 22°C, and then at 10 Hz for 12 min at 30°C, followed by stimulation at 0.05 Hz for 20
min at 22°Cto assess recovery. To deplete sterols, 10 mm MB3CD was added 5 min after the start of recording. B, C, High-frequency
stimulation did not impair synaptic transmission in wild-type (OR) larvae at 30°C (n = 4 for controls and experimental; p > 0.05)
under control conditions or with MBCD treatment during 10 Hz stimulation. D, Schematic of synaptic vesicles trapped on plasma
membrane, where sterols are more accessible to extraction by MBCD. E, F, Synaptic transmission was completely abolished in shi
mutants (n = 6) after high-frequency stimulation at 30°C, but recovered within 10 min after returning to 22°C. In contrast,
recovery of synaptic transmission was severely impaired in shi mutants treated with M3CD during stimulation at 10 Hz at 30°C
(n=7;p < 0.01). Preparations were maintained in HL6 (1 mm Ca 2+) saline for all experiments. Error bars represent SEM.

2 D) than from vesicles recycling under normal conditions (Fig.
2 A; see supplemental Discussion, available at www.jneurosci.org
as supplemental material). When larval NMJs from shi mutants
were subjected to the same stimulus protocol, synaptic transmis-
sion was progressively impaired at the restrictive temperature
(30°C) but recovered after return to permissive temperature (Fig.
2E,F, closed circles). These results are similar to those obtained in
previous studies (Koenig and Ikeda, 1999; Delgado et al., 2000).
In preparations treated with 10 mm MBCD, there was also loss
of EJP amplitude during stimulation at the restrictive temper-
ature, but synaptic transmission did not recover after return to
the permissive temperature (Fig. 2E,F, open circles). How-
ever, at the permissive temperature of 22°C, synaptic trans-
mission was maintained in shi mutants treated with 10 mm
MPBCD during and after a 10 Hz train for 12 min (supplemen-
tal Fig. 1 A, B, available at www.jneurosci.org as supplemental
material). These results, along with the fact that synaptic
transmission was maintained in wild-type larvae treated with
10 mm MBCD during and after a 10 Hz train for 12 min at 30°C
(Fig. 2C), demonstrate that the impaired synaptic transmis-
sion seen in shi mutants required the action of MBCD on
vesicles trapped at the membrane and was not attributable to
the high temperature.
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Figure 3. Impairment of synaptic transmission is sterol dependent. A, Representative
records of EJPs are shown. The numbers next to traces indicate the point at which they occur in
the corresponding graphs (B). The segmental nerve was stimulated at 0.05 Hz for 5 min at 22°C,
and then stimulated at 10 Hz for 12 min at 30°C, followed by stimulation at 0.05 Hz for 20 min
at 22°Cto assess recovery. To deplete sterols, 10 mm MBCD was added at the start of recording
(B, open circles). Incubation with 1:10 cholesterol-MB(D before and during vesicle trapping
did not block transmitter release as treatment with MB(D did (n = 5) (B, closed circles),
demonstrating that the effects of M3CD were sterol dependent. Preparations were maintained
inHL6 (1 mm Ca %) saline for all experiments. Error bars represent SEM.

To determine whether the effects of MBCD were dependent
on its sterol-extracting activity, we applied a 1:10 cholesterol—
MPBCD complex to add cholesterol (Churchward et al., 2005).
This has previously been used as a control to show cholesterol-
specific effects of MBCD (Suzuki et al., 2004; Smith et al., 2010).
Sterol levels were increased in preparations incubated with this
complex (Fig. 1B). Synaptic transmission was again inhibited
when shi larvae were stimulated at restrictive temperature in the
presence of cholesterol-MCD, but recovered completely within
10 min of return to permissive temperature (Fig. 3A, B). Recov-
ery of release when MBCD was partially saturated with choles-
terol demonstrates that the effects of MBCD on synaptic
transmission require sterol extraction. The failure of 1:10 choles-
terol-MBCD to block endocytosis might be attributable to the
failure of the complex to extract some other lipophilic membrane
constituent that was extracted by MBCD. To examine this possi-
bility, we measured the ability of 1:10 cholesterol-MBCD to dis-
solve another lipophilic compound FM1-43. We found that both
MPBCD and 1:10 cholesterol-MBCD take up similar amounts of
FM1-43 (see Materials and Methods). Thus, even though MBCD
may extract some other lipophilic molecule, the block in synaptic
transmission is attributable to the extraction of cholesterol, since
both MBCD and 1:10 cholesterol-MBCD were capable of ex-
tracting other lipophilic molecules.
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Figure4. Donation of cholesterol during the recovery phase did not rescue impaired synap-
tic transmission. A, Representative records of EJPs are shown. The numbers next to traces
indicate the point at which they occur in the corresponding graphs (B). As shown previously, shi
preparations stimulated at 10 Hz at 30°C showed loss of transmission that recovered when
temperature was returned to the permissive temperature, 22°C (4, B closed circles). To deter-
mine whether the application of cholesterol could rescue the impaired synaptic transmission
seen in preparations depleted of sterols, MB(D was applied at the start of the recording and
washed off at the end of the 10 Hz train. The 1:10 cholesterol-M3CD complex (n = 5) was then
applied at T = 19 min (indicated by arrow) (A, B, open circles). Synaptic transmission in prep-
arations depleted of sterols did not recover after the addition of cholesterol. Thus, the effects of
vesicular sterol depletion were not reversible. Preparations were maintained in HL6 (1 mm
(a®™") saline for all experiments. Error bars represent SEM.

Synaptic transmission could not be rescued by addition

of cholesterol

In additional experiments, we attempted to reverse the effects of
sterol depletion by extracting sterols from trapped vesicles and
then using cholesterol-MBCD to donate cholesterol during the
recovery phase. This treatment failed to rescue the effects of ve-
sicular sterol depletion in shi terminals (Fig. 4A, B). Application
of the water-soluble cholesterol derivatives chobimalt (1 mm) or
cholesterol-sulfate (25 um) (both without MBCD) during the
recovery period also failed to rescue transmission (data not
shown) (n = 4 for chobimalt and n = 5 for cholesterol-sulfate).
These results, in combination with those showing rapid rescue of
sterol levels by cholesterol-MBCD complex (Fig. 1B), demon-
strate that application of cholesterol is not sufficient to restore
synaptic function once trapped synaptic vesicles have been de-
pleted of sterols for a sustained period.

Impaired vesicle reacidification after cholesterol depletion

Multiple modes of endocytosis are sensitive to sterol depletion
(Rodal et al., 1999; Subtil et al., 1999; Urs et al., 2005); we there-
fore investigated the effect of sterol depletion on compensatory
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Figure 5.  Impaired synaptic vesicle reacidification after sterol extraction from trapped ves-
icles. A—C, Representative images of synaptopHluorin fluorescence in presynaptic terminals of
shi;+ ;UAS—n—Syb—pH,eIaWE "_GAL4/+ preparations in controls (4), in the presence of 10 mm
MBCD (B), orin the presence of 1:10 cholesterol-M3CD (C). The temperature of the saline was
raised to 30°C, and the segmental nerve was stimulated at 10 Hz for 12 min to deplete vesicles.
The temperature was then lowered back to 22°C, and stimulation was stopped. During stimu-
lation, the vesicle lumen is exposed to higher extracellular pH and synaptopHluorin fluoresces.
When stimulation ceased, that fluorescence recovered in the control NMJs and in the presence
of 1:10 cholesterol-MBCD, but not in the presence of M3CD. D, Fluorescence during the recov-
ery phase (50 min after stimulation was stopped) was significantly higher (*) in shi preparations
depleted of sterols (n = 5) compared with controls (n = 8; p << 0.05). Fluorescence during the
recovery phase was not significantly different between 1:10 cholesterol-MBCD (n = 5) and
controls (n = 8;p > 0.05). The lookup tableis forimagesin A-C. Fluorescence ( F) was reported
with background F subtracted. The fluorescence response was reported as the change in fluo-
rescence relative to the fluorescence at the end of the stimulus train. Error bars represent SEM.

synaptic vesicle endocytosis by using SynaptopHluorin (n-Syb-
pH), a pH-sensitive GFP (green fluorescent protein) molecule
fused to synaptobrevin that has been used to measure synaptic
vesicle cycling (Miesenbock et al., 1998). We used the GAL4/UAS
system to express n-Syb-pH in shi motor neurons; it does not
affect synaptic transmission or nerve terminal morphology (Pos-
kanzer et al., 2003). When shi nerve terminals were stimulated at
10 Hz for 12 min at 30°C in the absence or presence of 10 mm
MPBCD, n-Syb-pH fluorescence increased (Fig. 5A, B). Recovery
of the EJP response occurs before the recovery of the entire syn-
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Figure 6. Impaired endocytosis after sterol extraction from trapped synaptic vesicles. 4,

Experimental protocol indicating time at which images were captured (indicated by arrows). B,
€, Representative images of shi presynaptic terminals loaded with FM1-43 and subsequently
unloaded with high K * stimulation. Preparations were stimulated with high K * for 10 min
[without (B) or with 10 mm MBCD (C) for first 8 min] at 30°C. To assess endocytosis, prepara-
tions were nextincubated with 10 pum FM1-43 for 20 minat 22°C (load). Preparations were then
washed in 0 mm Ca2™ HL6 (with 75 pm Advasep-7 for first 2 min) for 10 min to remove
extracellular FM1-43 and fluorescence was measured. Then high K  saline was reapplied for 10
min to cause unloading and fluorescence measured again (unload). D, shi presynaptic terminals
depleted of vesicular sterol took up significantly less (*) FM1-43 than shi controls (n = 6; p <
0.01). E, Asimilar fraction of FM1-43 was released in control and sterol depleted shi presynaptic
terminals in response to high K * stimulation for 10 min, demonstrating that some of the
endocytosed membrane is capable of exocytosis (n = 6; p > 0.05). Fluorescence () was
reported with background F subtracted. Scale bars, 10 m. Error bars represent SEM.

aptic vesicle pool at adult shibire synapses (Koenig and Ikeda,
1999). We were unable to detect significant recovery of n-Syb-pH
fluorescence after 10 min of recovery in controls (92.2 * 19.2%
of maximum; n = 8). However, after 50 min fluorescence had
mostly recovered in controls (Fig. 5A, D) but remained elevated
in shi preparations depleted of vesicular sterols (Fig. 5B,D). In
the presence of 1:10 cholesterol-MBCD, the fluorescence re-
turned similarly to controls (Fig. 5C,D). These data demonstrate
that synaptic vesicle recycling is impaired at a step before vesicle
reacidification.

Impaired FM1-43 uptake after vesicular sterol extraction

The lack of recovery of n-Syb-pH fluorescence could be attribut-
able to impaired vesicle reacidification or recycling. To examine
further the role of vesicular sterols in synaptic vesicle cycling, we
used the lipophilic styryl dye FM1-43 (Betz and Bewick, 1992).
Synaptic vesicles were depleted in shi terminals by stimulation
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4;p < 0.01). Error bars represent SEM.

with 90 mm K * saline for 8 min at 30°C in the absence or presence of
10 mm MBCD (Fig. 6 A—C). Preparations were then incubated with
10 v EM1-43 for 20 min at 22°C, washed with Advasep-7 (a cyclo-
dextrin that does not extract cholesterol) to remove plasma
membrane-bound FM1-43 (Kay et al., 1999), washed for an addi-
tional 8 min in calcium-free HL6, and imaged. Consistent with
our n-Syb-pH data, we found a 67% reduction in FM1-43 uptake
in shi preparations depleted of vesicular sterols compared with
controls (Fig. 6 D), indicating a reduction of compensatory en-
docytosis after sterol depletion. FM1-43 uptake by liposomes is
dependent on cholesterol (Wang et al., 2006); however, another
study found no evidence for this in cultured hippocampal neu-
rons (Suzuki et al., 2004). To confirm that extraction of sterols
did not affect the ability of FM1-43 to bind to membranes, we
measured the fluorescence of muscle fibers in control and
MPBCD-treated preparations and found that they had similar fluo-
rescence levels. Unlike FM1-43, FM4-64 uptake by liposomes was
not cholesterol dependent (Wang et al.,, 2006). We found that
FM4-64 uptake was significantly impaired in MBCD-treated prep-
arations (6.99 = 1.26 a.u.; n = 5) compared with controls (27.18 =
3.59a.u;n = 5), similar to our FM1-43 experiments, demonstrating
that the impaired FM1-43 uptake is attributable to reduced mem-
brane retrieval and not attributable to the inability of FM1-43 to
bind to membranes.

vesicular sterol depletion

trap vesicles
— >
Y

control membrane vesicular

Extraction of membrane sterols before trapping synaptic vesicles does not block recovery of synaptic trans-
mission. A, Schematic of sterol extraction from the plasma membrane of a presynaptic terminal by M3CD applied at 30°C
before 10 Hz stimulation. Synaptic vesicles were then trapped on the sterol-depleted plasma membrane during 10 Hz
stimulation. B, Schematic of synaptic vesicles being trapped on the plasma membrane of a presynaptic terminal during
stimulation at 10 Hz, 30°C. Subsequently, sterols were extracted by M3CD from trapped synaptic vesicles. , shi prepara-
tions were maintained in HL6 (1 mm Ca2™) saline for all experiments. The segmental nerve was stimulated at 0.05 Hz for
12minat30°C, followed by 10 Hz stimulation for 12 min at 30°C, and then stimulated at 0.05 Hz for 20 min at 22°Cto assess
recovery of synaptic transmission. Left column, Synaptic transmission was completely abolished in shi mutants (n = 3) in
response to 10 Hz stimulation at 30°C, but after 20 min at 22°C had recovered. Middle column, When MB3CD was applied
during the 0.05 Hz stimulation and then washed off before the 10 Hz stimulation, synaptic transmission recovered at 22°C.
Right column, When M3CD was applied during the 10 Hz stimulation, and then washed off, there was no recovery at 22°C.
D, Measurements of EJP amplitude showed that recovery of synaptic transmission was not significantly impaired in shi
mutants that were treated with 10 mm MBCD before the 10 Hz train (n = 5; p > 0.05). In contrast, recovery of synaptic
transmission was significantly impaired (*) in shi mutants that were treated with 10 mm MBCD during the 10 Hz train (n =
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Both preparations depleted of vesicular
sterols and their controls released a similar
fraction of FM1-43 (Fig. 6E) and FM4-64
(control, 0.59 = 0.07,n = 5; MBCD, 0.48 *+
0.11, n = 5) after a second, unloading stim-
ulus with high K *. Therefore, after vesicular
sterol extraction, the endocytosed mem-
brane is capable of exocytosis in response to
high K* stimulation.

sterol depletion
with MBCD

Extraction of membrane sterols before
trapping synaptic vesicles does not
block synaptic transmission or impair
endocytosis
In the previous experiments, we demon-
strated that synaptic vesicles must be
trapped at the plasma membrane for ste-
rol depletion to block synaptic function.
- To investigate the importance of plasma
membrane sterols, we treated prepara-
tions with 10 mm MBCD at 30°C for 12
min, and then washed it out and subjected
the preparation to the vesicle-trapping
protocol (Fig. 7A). Membrane sterol ex-
traction in shi terminals at 30°C for 12
min before the 10 Hz train did not block
recovery of synaptic transmission when
preparations were subsequently subjected
to a vesicle depletion-recovery protocol
(Fig. 7C,D). Vesicular sterol extraction
(Fig. 7B) in shi terminals only during the
10 Hz train for 12 min at 30°C was suffi-
cient to block subsequent recovery of syn-
aptic transmission at 22°C (Fig. 7C,D).
There were no significant differences in
FM1-43 uptake or release between prepa-
rations depleted of only membrane sterols
and controls (Fig. 8), confirming that en-
docytosis was not impaired by sterol de-
pletion before vesicle trapping. These results demonstrate that
depletion of the plasma membrane sterol pool before trapping
vesicles does not prevent membrane reuptake or the recovery of
synaptic transmission and suggest that the plasma membrane
sterol pool does not play an important role in synaptic vesicle
recycling.

sterol sterol
extraction extraction

Synaptic terminals depleted of vesicular sterols contain few
synaptic vesicles

Our results demonstrate that recovery of synaptic transmission is
prevented by depletion of sterols from trapped vesicles but that a
reduced amount of endocytosis persists and that this internalized
membrane can still undergo exocytosis. To investigate whether
this membrane reuptake represents the formation of synaptic
vesicles or some endosomal intermediary structure, we per-
formed electron microscopy. We compared shi preparations that
were incubated in 1 mm Ca** HLG6 saline with or without 10 mm
MPBCD for 20 min at 22°C. There were no apparent differences in
the ultrastructure of shi presynaptic terminals of preparations
depleted of membrane sterols and controls (Fig. 9A,D). To con-
firm that synaptic vesicles could be completely depleted in the
presence of 10 mm MBCD, we immediately fixed shi preparations
after stimulation at 10 Hz for 12 min at the restrictive tempera-
ture. In both MBCD-treated and untreated samples, our stimu-
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Figure 8.  Depletion of only membrane sterol does not affect uptake of FM1-43. A, Experi-
mental protocol indicating time at which images were captured (indicated by arrows). B, C,
Representative images of shi presynaptic terminals loaded with FM1-43 and subsequently un-
loaded with high K ™ stimulation. Preparations were incubated with HL6 [without (B) or with
10 mm MBCD (C) for first 8 min] for 10 min at 30°C before stimulation. Preparations were then
stimulated with high K ™ (no MBCD) for 10 min at 30°C. To assess synaptic vesicle endocytosis,
we incubated preparations with 10 M FM1-43 for 20 min at 22°C and then washed in 0 mm
(a®" HL6 (with 75 M Advasep-7 for first 2 min to remove extracellular FM1-43) for 10 min. D,
E, Measurements of fluorescence showed that control and membrane sterol depleted shi pre-
synaptic terminals took up and released similar amounts of FM1-43 (n = 5; p > 0.05), dem-
onstrating that synaptic vesicle endocytosis is not impaired when membrane sterols are
depleted before trapping synaptic vesicles at the plasma membrane. Fluorescence (F) was
reported with background F subtracted. Scale bars, 10 wm. Error bars represent SEM.

lation protocol resulted in the complete depletion of synaptic
vesicles from the terminals (Fig. 9B, E). To assess recovery, shi
preparations were depleted and then allowed to recover for 20
min at 22°C before fixation. Consistent with other studies (Koe-
nig and Ikeda, 1989, 1996), we found recovery of synaptic vesicles
in these preparations (Fig. 9C), although at lower levels than the
unstimulated NM]J (Fig. 9A). The recovery of synaptic transmis-
sion is faster than the time required for the entire synaptic vesicle
pool to reform because single 1b and 1s boutons only release
approximately four quanta per impulse during low-frequency
stimulation (Dason et al., 2009); thus, a full complement of syn-
aptic vesicles is not needed for recovery of synaptic transmission
to occur. In shi preparations that were depleted of vesicular ste-
rols and fixed after the recovery period at 22°C, only a few syn-
aptic vesicles were apparent, but several endosomes were
observed (Fig. 9F ). There were significantly more endosomes per
section in preparations depleted of vesicular sterols (3.75 = 0.81;
n = 20; p < 0.01) than controls (0.21 = 0.12; n = 19) and no

Dason et al. @ Sterols and Vesicle Cycling

significant difference in the area of boutons analyzed (depleted of
vesicular sterols, 992,668 * 157,130 nm?; controls, 1,092,586 *
208,934 nm?; p = 0.8946). These endosomal structures appear in
shi synapses in early stages of recovery after depletion, but disap-
pear as synaptic vesicles begin to form (Koenig and Ikeda, 1989).
Our results demonstrate that limited formation of endosomes
occurs after vesicular sterol depletion, but the formation of syn-
aptic vesicles is impaired.

Discussion

Our data can be summarized as follows; MBCD extracts sterols
from Drosophila larval fillet preparations, and cholesterol-
MPBCD can replace the lost sterol. Sterol extraction under normal
conditions does not impair synaptic function, but if sterols are
extracted from synapses during endocytic blockade then recovery
of synaptic transmission after removal of the endocytic block is
prevented. This effect is attributable to the sterol-extracting ac-
tivity of MBCD because MBCD partially saturated with choles-
terol does not block transmitter release. This block in transmitter
release is attributable to the extraction of sterols, since both
MPBCD and 1:10 cholesterol-MBCD take up similar amounts of
the small lipophilic dye FM1-43, demonstrating that the effects of
MPBCD are not attributable to the extraction of some other li-
pophilic molecule. The block of transmitter release was not re-
versible since the application of cholesterol-MBCD did not allow
recovery. Two measures of endocytosis, recovery of n-Syb-pH
fluorescence and uptake of FM1-43 or FM4-64, showed that the
impaired transmitter release was attributable to a block in endo-
cytosis. Recovery of transmitter release and endocytosis were
normal when MBCD was applied to shi synapses before vesicle
trapping. Ultrastructural analysis showed that shi synapses
treated with or without MBCD could be depleted of vesicles; the
vesicle population recovered in shi synapses not treated with
MPBCD at permissive temperatures, but the vesicle population
did not recover in shi synapses treated with MBCD.

Sterols and transmitter release

Cholesterol depletion increases spontaneous neurotransmitter
release and impairs evoked release from the NMJs of crustaceans
(Zamir and Charlton, 2006) and from the synapses of cultured
hippocampal (Wasser et al., 2007) and cerebellar neurons (Smith
etal,, 2010). The effect of acute sterol depletion on synaptic func-
tion in flies has not previously been studied. We found that sterol
extraction from larval NM]Js enhanced evoked (Fig. 2B,C) and
spontaneous neurotransmitter release (supplemental Fig. 2A, B,
available at www.jneurosci.org as supplemental material). The
impairment of synaptic transmission after sterol extraction at the
crayfish NMJ is attributable to failure of action potential propa-
gation; EPSCs generated by focal stimulation of synaptic termi-
nals were larger after MBCD treatment (Zamir and Charlton,
2006). The increase in EPSC amplitude we observed after MBCD
application in this study suggests that this treatment does not
impair action potential propagation to release sites in Drosophila
motor neurons. The increase in the number of released quanta is
somewhat different from observations on vertebrates. Although
sterol extraction reduces the amplitude of EPSCs in cultured hip-
pocampal and cerebellar neurons (Wasser et al., 2007; Smith et
al., 2010), it also reduces the paired-pulse ratio, suggesting in-
creased release probability (Smith et al., 2010). Given the smaller
size of vesicle pools at mammalian central synapses compared
with invertebrate NMJs (for review, see Rizzoli and Betz, 2005), it
is possible that the reduction in EPSC amplitude seen in verte-
brate preparations is caused by defective vesicle recycling result-
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ing in a significant reduction in the size of
the releasable vesicle pool. The mecha-
nism by which sterol depletion increases
transmitter release probability at the lar-
val NM] is beyond the scope of this study,
but changes in the activity of kinases or
the modulation of ion channels are both
possible mechanisms. Sterol depletion has
been shown to increase the activity of
staurosporine-sensitive kinases (Burgos et
al., 2004; Cabrera-Poch et al., 2004) and the
increased release probability observed
in cultured cerebellar cells after sterol
depletion is blocked by staurosporine
(Smith et al., 2010). Sterol depletion also
alters the localization and activity of K™
(Gasque et al., 2005; Shmygol et al., 2007)
and Ca?" channels (Taverna et al., 2004;
Toselli et al., 2005), which in turn could
affect transmitter release.

D, Unstimulated shi preparations contain numerous synaptic vesicles when incubated with (n = 11) or without (n = 6) 10

mm MBCD for 20 min at 22°Cand then fixed at 22°C. B, E, Stimulation at 10 Hz for 12 min at 30°C and fixation at 30°C leads
to a complete depletion of synaptic vesicles in shi presynaptic terminals treated with (n = 16) or without (n = 25) 10 mm
MpBCD. €, When shi preparations not treated with 10 mm M3CD were stimulated at 10 Hz for 12 min at 30°C, and then
returned to 22°C for 20 min, and fixed at 22°C, synaptic vesicles reformed (n = 12). F, In contrast, when shi presynaptic
terminals treated with 10 mm MB(D were stimulated at 10 Hz for 12 min at 30°C, and then returned to 22°C for 20 min and
fixed at 22°C, only a few synaptic vesicles were able to reform (n = 15). Thus, synaptic vesicle endocytosis is severely
impaired. In addition, numerous endosomes were also observed. The white arrows indicate endosomes. The black arrows
indicate active zones. n = the number of nerve terminals analyzed. For each condition, two to four different preparations

were examined. Scale bars, 100 nm.
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Figure 10.  Vesicular sterols are required for compensatory synaptic vesicle endocytosis. The
entire pool of synaptic vesicles in shibire presynaptic terminals can be depleted and trapped on
the plasma membrane in response to high-frequency stimulation for several minutes at non-
permissive temperatures (30°C). This depletion is reversible and synaptic vesicles can reform at
permissive temperatures (22°C). The formation of synaptic vesicles is preceded by the appear-
ance of endosomes. These endosomal structures disappear as synaptic vesicles reform. When
vesicular sterols were extracted from trapped synaptic vesicles, only a few synaptic vesicles
were apparent and some endosomes were still present after 20 min. Thus, extraction of vesic-
ular sterols impairs clathrin-mediated endocytosis and the formation of synaptic vesicles from
endosomes.

Vesicular sterol depletion

blocks endocytosis

In the terminals of shi mutants recovering
from synaptic vesicle depletion, vesicles
reform both through direct clathrin-
mediated endocytosis at active zones and
from endosomal intermediaries at nonac-
tive zone sites (Koenig and Ikeda, 1989,
1996). A bulk endocytic pathway func-
tions during periods of increased neuro-
nal activity to increase the rate of membrane reuptake in other
preparations as well (Clayton et al., 2008; Clayton and Cousin,
2009). Our results demonstrate a clear inhibition of vesicle recy-
cling when sterols are extracted from vesicles stalled in the plasma
membrane.

We designed our experiments so that FM1-43 (or FM4-64)
and MBCD were not applied at the same time because
B-cyclodextrin binds FM1-43 (Kay et al., 1999), and we found
this also occurs with MBCD (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). Binding of
FM1-43 to MBCD would have reduced or eliminated the uptake
of FM1-43. We found that total FM1-43 uptake is reduced by
67% after sterol depletion from trapped vesicles (Fig. 6) and sim-
ilar results were obtained with FM4-64. Recovery of Syb-pH flu-
orescence was also blocked when vesicular sterols were extracted.
Some endosomal structures were observed after sterol depletion,
but the number of synaptic vesicles was severely reduced (Fig.
9F). A recent study found that synaptic membrane proteins are
present in microdomains on endosomes that likely persist during
membrane recycling and that sterol depletion by MBCD disinte-
grates these microdomains (Geumann et al., 2010). These mi-
crodomains may be required for synaptic vesicles to reform from
endosomes. Overall, we found a reduction in vesicular sterols did
not entirely block bulk endocytosis and the most striking effect of
vesicular sterol depletion is impairment of synaptic vesicle refor-
mation (Fig. 10).

Several steps in clathrin-dependent endocytosis are sensitive
to membrane sterol content. Clathrin heavy chain and AP-2
membrane binding are dependent on cholesterol content of neu-
ronal membranes (Jia et al., 2006), possibly because sterols are
required to aggregate the phosphoinositides that recruit AP-2
and clathrin to sites of endocytosis (Milosevic et al., 2005). Inhi-
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bition of clathrin function by FIAsH-FALI-mediated clathrin heavy
or light chain photoinactivation, results in a similar phenotype to
that which we have observed after vesicular sterol depletion; synaptic
vesicle reformation is blocked, but formation of endosomal interme-
diates persists (Heerssen et al., 2008; Kasprowicz et al., 2008). Several
synaptic vesicle membrane proteins (synaptotagmin, synaptophy-
sin, and V-ATPase) can be photocrosslinked to cholesterol (Thiele et
al,, 2000) and may be mislocalized after vesicular sterol extraction.
Both synaptotagmin and synaptobrevin are required for synaptic
vesicle endocytosis (Poskanzer et al., 2003; Dedk et al., 2004). Extrac-
tion of sterols from isolated synaptosomes inhibits formation of a
synaptophysin/synaptobrevin complex that may be important in
targeting some proteins to synaptic vesicles (Mitter et al., 2003);
however, Drosophila lack synaptophysin (Littleton, 2000; Lloyd et
al., 2000), so sterols are required at additional steps of the endocytic
process. Our observations are consistent with studies demonstrating
that the absence of proteins involved in cholesterol homeostasis re-
sults in alterations to the number and structure of synaptic vesicles. A
change in synaptic vesicle size has been observed in cerebellar syn-
aptosomes isolated from Niemann—Pick C1-deficient mice (Karten
et al,, 2006), and the number of synaptic vesicles is reduced in the
motor cortex of cholesterol transporter ABCAI-deficient mice
(Karasinska et al., 2009).

Under control conditions, acute extraction of plasma membrane
sterols did not impair FM1-43 loading or unloading in our experi-
ments (Fig. 8), which is consistent with a previous study on cultured
hippocampal and cortical neurons (Suzuki et al., 2004). If plasma
membrane sterols are required to maintain a reservoir of surface
proteins that interchange with proteins from released synaptic vesi-
cles before endocytosis occurs or if such an interchange between
membrane and vesicular sterols occurs, one would expect exocyto-
sis, endocytosis, or both to be impaired when membrane sterols are
extracted before depletion of the entire synaptic vesicle pool. We
found that trapping synaptic vesicles in sterol-depleted plasma
membranes of presynaptic terminals did not impair subsequent en-
docytosis during the recovery phase. Thus, it seems unlikely that
plasma membrane sterols maintain this reservoir of proteins or that
an interchange occurs between membrane and vesicular sterols dur-
ing recycling. If vesicles had lost a critical amount of sterol to the
depleted plasma membrane, then recovery would not have occurred.
The lack of sterol mixing may explain how syntaxin-1A, which may be
concentrated in cholesterol-dependent clusters (Lang et al., 2001), is
maintained in the plasma membrane and excluded from synaptic vesi-
cles during endocytosis (Mitchell and Ryan, 2004).

Block of endocytosis could not be rescued

Effects on neurotransmitter release of MBCD-induced choles-
terol depletion were reversed when membrane cholesterol was
restored (Zamir and Charlton, 2006; Wasser et al., 2007). In CHO
and HeLa cells, blockade of constitutive or receptor-triggered
endocytosis by cholesterol depletion was restored by addition of
cholesterol (Subtil et al., 1999; Urs et al., 2005). In contrast, a
striking feature of our data is that the block of endocytosis caused
by vesicular sterol extraction cannot be rescued by application of
cholesterol-MBCD complex or two other water-soluble choles-
terol compounds during the time course of our experiments. We
speculate that it may not be possible to reform synaptic vesicles
once their constituents are dispersed in the plasma membrane.
Since Drosophila membranes can form rafts (Rietveld et al.,
1999), and synaptic vesicles have raft-like properties (Martin,
2000; Yoshinaka et al., 2004; Jia et al., 2006; Lv et al., 2008), the
many adapter proteins involved in endocytosis (for review, see
Dittman and Ryan, 2009) might disperse (Geumann et al., 2010)
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or it might be energetically difficult to reinsert cholesterol into
the densely packed membranes of vesicles.

In summary, we used a temperature-sensitive shi mutant to
trap synaptic vesicles at the plasma membrane and extracted ste-
rols from synaptic vesicles in live presynaptic terminals. Our re-
sults demonstrate that the high sterol content of vesicles is
essential for synaptic vesicle endocytosis.
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