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implicated in a variety of cellular processes, including

synaptic vesicle recycling. However, little is known
about the spatial distribution of this phospholipid in neu-
rons and its dynamics. In this study, we have focused on
these questions by transiently expressing the phospholi-
pase C (PLC)-31 pleckstrin homology (PH) domain fused to
green fluorescent protein (GFP) in cultured hippocampal
neurons. This PH domain binds specifically and with high
affinity to PIP2. Live confocal imaging revealed that in rest-
ing cells, PH-GFP is localized predominantly on the
plasma membrane. Interestingly, no association of PH-GFP
with synaptic vesicles in quiescent neurons was observed,

Phosphatidylinositol 4,5-biphosphate (PIP2) has been

indicating the absence of detectable PIP2 on mature synap-
tic vesicles. Electrical stimulation of hippocampal neurons
resulted in a decrease of the PH-GFP signal at the plasma
membrane, most probably due to a PLC-mediated hydroly-
sis of PIP2. This was accompanied in the majority of pre-
synaptic terminals by a marked increase in the cytoplasmic
PH-GFP signal, localized most probably on freshly endocy-
tosed membranes. Further investigation revealed that the
increase in PH-GFP signal was dependent on the activation
of N-methyl-D-aspartate receptors and the consequent pro-
duction of nitric oxide (NO). Thus, PIP2 in the presynaptic
terminal appears to be regulated by postsynaptic activity
via a retrograde action of NO.

Introduction

The phospholipid phosphatidylinositol 4,5-biphosphate
(PIP2)* has been implicated in a variety of cellular processes,
including the production of intracellular messengers, cyto-
skeletal regulation, and vesicular traffic (Martin, 1998; Toker,
1998; Corvera et al., 1999; Cremona and De Camilli, 2001).
PIP2 plays an important role in these processes, either as a
substrate for enzymes such as lipid kinases and phosphatases,
or through direct interactions with several proteins.

In the process of synaptic vesicle recycling, PIP2 has been
found to interact with numerous proteins involved in exo-
or endocytosis. PIP2 binds to synaptotagmin in the presence
of a Ca*" concentration typically found in the presynaptic
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terminal of a stimulated neuron, and this reaction could be
involved in the docking of synaptic vesicles (Schiavo et al.,
1996). PIP2 also binds to rabphilin 3 (Chung et al., 1998), a
possible effector of the small GTPases Rab3A and Rab3C,
which have been postulated to control the formation of the
SNARE complex. Other relevant interactions include the
binding of PIP2 to the Mint proteins, which have been im-
plicated in docking (Okamoto and Sudhof, 1997), and to
the calcium-dependent activator protein for secretion in-
volved in the secretion of dense core vesicles (Loyet et al.,
1998), as well as the inhibition by PIP2 of the synaptic vesi-
cle protein casein kinase I, which phosphorylates a subset of
vesicle proteins, including synaptic vesicle protein 2 (Gross
et al., 1995). At least some, if not all of these interactions are
physiologically relevant, since PIP2 is required for the ATP-
dependent priming step preceding exocytosis (Holz et al.,
1989; Eberhard et al., 1990; Hay ct al., 1995; Wiedemann
et al., 1998). PIP2 involvement in the endocytic loop seems
equally complicated. Studies in permeabilized cells reveal
that PIP2 is required both in the early and late stages of
clathrin-mediated endocytosis (Jost et al., 1998). Indeed,
PIP2 has been found to interact with many endocytic pro-
teins, such as AP2, epsin, and AP180, this being essential for
the formation of clathrin-coated pits (Gaidarov and Keen,

1999; Ford et al., 2001; Itoh et al., 2001). PIP2 also binds
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to dynamin (Lin and Gilman, 1996; Zheng et al., 1996),
which is recruited to the neck of the invaginating clathrin-
coated vesicle, possibly to effect vesicle closure by activating
its downstream effector, endophilin I (Schmidt et al., 1999).
Synaptojanin, another protein involved in endocytosis, is a
PI 5-phosphatase that converts PIP2 into PIP (McPherson
et al., 1996), and this reaction appears to be important for
uncoating of the endocytic vesicles (Cremona et al., 1999).
An important prerequisite for better understanding the
role of PIP2 in synaptic vesicle recycling is knowledge of the
spatial distribution of this phospholipid and its dynamics. In
this respect, there are limited data available in the current lit-
erature. Although it is well known that PIP2 is enriched in
the plasma membrane (Hokin and Hokin, 1964; Eichberg
and Dawson, 1965), it is not yet clear whether it is present
at the synaptic vesicle membrane as well. Also, very little is
known about the changes in PIP2 concentration during syn-
aptic activation (Waring et al., 1999). In the present study,
we have focused on these questions by transiently expressing
the PLC-3 PH domain fused to green fluorescent protein
(GFP) in cultured hippocampal neurons. This PH domain
binds specifically and with high affinity to PIP2 (Paterson et
al., 1995) and its fusion with GFP has been used to study
the in vivo distribution of PIP2 in several nonneuronal types
of cells (Stauffer et al., 1998; Varnai and Balla, 1998;
Botelho et al., 2000; Holz et al., 2000; Raucher et al., 2000).

Results

PH-GFP is concentrated at the neuronal plasma
membrane, but not at mature synaptic vesicles
PH-GEFP, when transiently transfected into neurons, labeled
the plasma membrane of cell bodies and neuronal processes
(Fig. 1 A). A weaker, diffuse cytoplasmic staining was also
detected. The pattern of PH-GFP staining was identical to
the pattern of PIP2 distribution in the nontransfected cell,
as detected by a monoclonal PIP2 antibody in fixed cells
(Fig. 1 B). As an additional control for the specificity of the
PH-GFP labeling, neurons were transfected with a GFP fu-
sion to a PH domain with a point mutation in the region
defined as the binding site to PIP2. No plasma membrane
distribution was observed in this case (Fig. 1 C), indicating
that the characteristic PH-GFP localization reflects the
binding of the PH domain to PIP2. Accordingly, a series of
photobleaching experiments revealed the lower mobility of
PH-GFP compared with PH mutant (PHM)-GFP (Fig. 2).
Thus, after equal exposures to laser light, a greater portion of
PH-GFP was photobleached compared with PHM-GFP, in-
dicating that fewer fluorescent PH-GFP molecules were dif-
fusing from nonbleached surroundings. Also, as expected,
the recovery of PH-GFP was much slower.

An important question is whether PIP2 is localized to syn-
aptic vesicles. To address this question, we labeled synaptic
vesicles of transfected neurons with the fluorescent dye
FM 4-64. Images for analysis were taken ~20 min or more
after the loading procedure to ensure that the synapses
were in quiescent state. In large presynaptic varicosities
(2-3-pm cross-section) in which we could resolve cytoplasm
and plasma membrane, PH-GFP was concentrated on the
plasma membrane, similarly to the immunolabeled axonal

PH-GFP

PHM-GFP

Figure 1. PH-GFP as a marker for PIP2 in live neurons. Live hippo-
campal neurons (8 div) in culture transfected with PH-GFP (A) or
PHM-GFP (C). Note the membrane distribution of the PH-GFP signal,
which is identical to the distribution of PIP2 as detected by a mono-
clonal antibody in fixed neurons (B). The inset in A shows the PH-
GFP distribution in two large presynaptic varicosities (top) loaded
with the dye FM 4-64 (red signal superimposed on the GFP signal in
the lower panels). The images were taken ~20 min after the electri-
cal stimulation used for FM loading, i.e., they correspond to synapses
in quiescent state. The red and green signals appear to be mutually
exclusive, suggesting the absence of PIP2 on synaptic vesicles in qui-
escent synapses. The inset in B shows the membrane distribution of
PIP2 in axonal varicosities, as detected by immunochemistry.
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Figure 2.  Photobleach-recovery analysis of the mobility of PH-GFP
and PHM-GFP. (A) Normalized fluorescence recovery curves of PH-
GFP and PHM-GFP. Error bars show standard errors. (B) Axons of neu-
rons transfected with PH-GFP (left) and PHM-GFP (right) imaged be-
fore and after photobleaching. The box indicates the photobleached
area. Note the higher degree of bleaching in the case of PH-GFP.

varicosities (Fig. 1, A and B, insets). More interestingly, FM
4-64 and PH-GFP staining appeared mutually exclusive,
suggesting a lack of significant amounts of PIP2 on synaptic
vesicles of quiescent synapses (Fig. 1 A, inset). The grainy
appearance of the GFP fluorescence on Fig. 1, A and C, as
well as on the following figures is due to photon noise, since
imaging at a much higher zoom and power did not reveal
similar heterogeneities in the GFP distribution (data not
shown). To protect the neurons, lower power and zoom
where used for imaging in the course of live experiments.

PH-GFP transfection does not affect the viability

of neurons, their overall morphology, or the ability

for exo- and endocytosis of synaptic vesicles

Using PH-GFP as a marker for the distribution of PIP2 in
live neurons requires that this construct not interfere with
basic cellular functions. In this respect, several parameters
were monitored: cell viability, morphology, actin polymer-
ization, and synapse formation and function.

Neurons transiently transfected at different ages (between
4 to 15 d in vitro) were used in experiments for up to 8 d af-
ter transfection. No preferential cell death was observed in
the transfected population compared with the rest of the
neurons. The morphology of transfected neurons also did
not appear to differ from that of the remaining neurons
when comparing their dendrite branching pattern and axon
extension (Fig. 3).

Since PIP2 is thought to be an important regulator of the
actin cytoskeleton, we also compared the degree of actin
polymerization in transfected and nontransfected neurons.
Staining with Alexa phalloidin revealed that, as expected, the
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degree of actin polymerization was on the average 22%
lower in transfected neurons (1,970 * 133 arbitrary units of
phalloidin intensity in transfected cells versus 2,520 = 102
arbitrary units in control cells; P < 0.01, two sample 7 tests).
However, this did not appear to affect the morphology of
neurons (see above).

Synapse formation and function were assessed by FM
4-64 labeling of live cultures. The number of synapses, as
identified by FM 4-64 labeling, varied greatly along axons
and between different axons both in transfected and non-
transfected neurons. For the analysis of synaptic numbers,
we looked only at what appeared to be individual axons run-
ning through the field. Three general cases were observed:
long stretches of axons not making any synapses, regions of
axons making an occasional synapse, and regions of axons
forming strings of relatively uniformly spaced synapses. For
analysis we chose only those regions of axons that formed
strings of synapses (such as on Fig. 4). No statistically signif-
icant difference in the number of synapses was observed
when comparing transfected and nontransfected axons, re-
gardless of the age. Thus, already at 6 d in vitro (div) there
were 0.22 * 0.02 (mean * SEM) synapses per 1 pwm in
control axons compared with 0.20 % 0.01 synapses per 1
pm in transfected axons. With age, the number of synapses
slightly increased to reach a plateau: 0.25 = 0.01 per 1 pm
in control axons and 0.26 = 0.01 per 1 pm in transfected
axons at 8-9 div; and 0.27 = 0.01 per 1 pm in control ax-
ons and 0.26 * 0.02 per 1 wm in transfected axons at 15—
16 div. The FM 4-64 experiments were also used to estimate
whether transfection had any effect on the number of recy-
cling vesicles per synapse. The intensity of FM 4-64 loading
(initial FM values minus residual FM values obtained after
“unloading”) is expected to be proportional to the number
of vesicles that have taken up the dye, i.e., the vesicles that
have undergone exo- and endocytosis upon a particular
stimulation. After electrical stimulation (30 s at 10 Hz), the
intensity of FM 4-64 loading of synapses varied greatly both
in transfected and nontransfected synapses. However, the
average intensity of FM 4-64 loading of synapses was essen-
tially the same: 802 * 30 arbitrary units for control synapses
(n = 255) and 795 = 31 arbitrary units for transfected syn-
apses (z = 173) in cultures 9-13 div.

Thus, except for somewhat reducing the level of polymerized
actin in transfected neurons, PH-GFP does not seem to notice-
ably interfere with essential cellular functions, such as cell sur-
vival, growth, synapse formation, or function, and therefore
can be used to monitor the distribution of PIP2 in live cells.

Electrical stimulation causes an increase in the GFP
fluorescence in presynaptic boutons

If PIP2 were involved in synaptic vesicle recycling, one
might expect to see a change in its pattern of distribution
and/or concentration in synapses upon electrical stimulation.
Based on this assumption, we conducted the following ex-
periment: neuronal cultures were loaded with FM 4-64 and
regions of transfected axons with active synapses were im-
aged during rest and during electrical stimulation. Subse-
quent analysis revealed that stimulation caused an increase in
the average GFP intensity of the imaged population of trans-
fected presynaptic boutons (Figs. 4 and 5). This effect was
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PH-GFP + FM 4-64

Figure 3.

Synaptic innervation of a live hippocampal neuron transfected with PH-GFP. The neuron (10 div) displays a normal dendrite

branching pattern and has a bifurcating axon extending beyond the field of view. Numerous synapses as identified by FM 4-64 loading (red)
are contacting the dendrites and cell body. Synapses on other nontransfected neuronal processes are also seen.

particularly obvious when compared with the changes in
GFP intensity in neurons transfected with the mutant con-
struct PHM-GFP. Thus, although the average GFP intensity
in presynaptic boutons or neurons transfected with PH-GFP
increased by ~10%, it actually decreased on the average by
20% in the control case. The decrease in GFP intensity upon
electrical stimulation in the control presynaptic boutons is
expected due to the pH sensitivity of GFP (Patterson et al.,
1997). To verify the dependence of GFP fluorescence on the
acidity of the environment in our system, we fixed, perme-
abilized, and imaged neurons transfected with PHM-GFP in
solutions of different pH. The intensity of GFP remained
stable between pH 7.6 and 7.2, and then decreased with
acidification of the medium (Fig. 5 C). At about pH 6.7, the
intensity of GFP dropped to 80% of that observed at pH
7.4, which corresponds to the decrease in GFP intensity
upon electrical stimulation of neurons transfected with
PHM-GFP. This is in good accord with previous studies
showing that prolonged neuronal activity causes intracellular
acidification (Chesler and Kaila, 1992; Zhan et al., 1998;
Xiong et al., 2000). In the PH-GFP—transfected neurons, in-
creased GFP fluorescence was observed only in presynaptic
boutons, as identified using FM 4-64. In contrast, axonal re-
gions adjacent to the boutons, postsynaptic sites, dendrites,

and cell bodies all displayed a decrease in GFP fluorescence,
similar to the control PHM-GFP-transfected presynaptic
boutons. The response of the PH-GFP—transfected presyn-
aptic boutons to electrical stimulation was heterogeneous,
with some boutons increasing their GFP-intensity as much
as 100%, while others slightly decreased (Fig. 5 D). Of the
analyzed presynaptic boutons, 61% (72 out of 118) showed
an increase in GFP fluorescence, and from these 24% (17
out of 72) increased their GFP fluorescence by >50%. The
onset and duration of the effect also varied, but on the aver-
age it took ~20 s for an increase in GFP fluorescence to be
observed and it returned to baseline after ~4 min, i.e., 2 min
after the end of a 2 min stimulation of 10 Hz. The increase
in GFP fluorescence in presynaptic boutons could be repro-
duced in consecutive rounds of stimulation (Fig. 5 E).

The number of recycled vesicles is larger at boutons
that show an increase in PH-GFP fluorescence

To assess the functional significance of the PH-GFP fluores-
cence changes in presynaptic boutons during electrical stim-
ulation, we studied the association between the increase in
PH-GFP and the amount of FM 4-64 loading of presynaptic
boutons. Neuronal cultures transfected with PH-GFP were
loaded with FM 4-64 by electrical stimulation of 10 Hz for
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Figure 4. Increase in the PH-GFP fluo-
rescence of presynaptic boutons upon
electrical stimulation. (A and E) Axons of
hippocampal neurons, transfected with
PH-GFP (green), and loaded with FM 4-64
(red). (B-D and F-H) Pseudocolor images
of the same axons in the GFP channel,
showing the changes in GFP fluorescence
upon electrical stimulation. Presynaptic
boutons, which increased their GFP fluo-
rescence, are labeled with asterisks.
Pseudocolor scale in D, numbers represent
fluorescence intensity in arbitrary units.

30 s. Regions of transfected axons loaded with FM 4-64 were
then selected and imaged during rest and electrical stimula-
tion. The percentage increase in PH-GFP intensity and the
FM 4-64 loading were positively correlated with a correla-
tion coefficients varying between 0.11 and 0.48 for the indi-
vidual experiments (7 = 140 from five experiments). An ex-
ample of such an experiment is shown in Fig. 6 A. Even
though this correlation was weak, there was a statistically sig-
nificant difference between the amount of FM 4-64 loading
of synapses that showed an increase in PH-GFP fluorescence
and the ones that did not (Fig. 6 B). Thus, the presynaptic
boutons where PH-GFP fluorescence increased upon stimu-
lation had on average a 30% higher FM 4-64 loading (P <
0.01, two sample ¢ test). Since the intensity of FM 4-64 load-
ing is proportional to the number of recycled vesicles, this in-
dicates that the number of recycled vesicles is larger at bou-
tons that show an increase in PH-GFP fluorescence.

Electrical stimulation also causes redistribution in the
PH-GFP fluorescence pattern of presynaptic boutons

The size of presynaptic boutons in these cultures is usually
too small to permit much spatial resolution of substructure

at the light level. However, occasionally we encountered
larger presynaptic varicosities, up to 2-3 pwm in diameter,
where the plasma membrane distribution of PH-GFP was
apparent at resting state. To achieve a better understanding
of the dynamics of presynaptic PIP2, these varicosities were
observed at higher magnification (pixel size of 0.121 pwm vs.
0.286 pm for the other experiments, three z-sections spaced
0.5 pm apart taken at each time point). Interestingly, in
these presynaptic varicosities the characteristic plasma mem-
brane distribution of PH-GFP disappeared immediately af-
ter the onset of electrical stimulation (Fig. 7). There fol-
lowed an increase in GFP fluorescence in the interior of the
varicosities, and often an overall increase in the GFP fluores-
cence of the varicosities. After the end of stimulation, the
initial resting pattern of GFP fluorescence was gradually re-
stored, following usually a similar time course to that de-
scribed for the changes in GFP fluorescence in the overall
synaptic population. The observed changes in the location
and intensity of PH-GFP cannot be accounted for only by a
decrease in the PIP2 amount on the plasma membrane and
accumulation of unbound PH-GFP within the cytoplasm,
because the overall intensity of the majority of presynaptic
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Figure 5. PH-GFP fluorescence in stimulated neurons. (A)

Changes in GFP fluorescence upon electrical stimulation in presyn-
aptic boutons of neurons transfected with PH-GFP and PHM-GFP.
Values of GFP intensity were averaged across the synaptic popula-
tion and normalized relative to the initial resting state (first five
frames). Representative individual experiments are shown for each
case, with all synapses within the imaged field being analyzed (n =
39 for PH-GFP, n = 20 for PHM-GFP). (B) Changes in GFP fluores-
cence of perisynaptic and postsynaptic sites of neurons transfected
with PH-GFP upon electrical stimulation. Similar to A, the graph
shows representative individual experiments. Only synapses show-
ing an increase in PH-GFP intensity were chosen for the analysis of
perisynaptic sites (n = 27). All postsynaptic sites within the field of
view were analyzed (n = 16). (C) Dependence of the intensity of
GFP fluorescence on the pH of the surrounding medium. Error bars
show standard errors. (D and E) Changes in GFP fluorescence of in-
dividual presynaptic boutons of neurons transfected with PH-GFP.
Values of GFP intensity were normalized relative to the initial rest-
ing state (first five frames). Note the great variability in the size and
timing of GFP intensity changes.

boutons increased (see also Discussion). Rather, taking into
account the relatively high mobility of PH-GFP (Fig. 2), the
above-described events can be explained by a diffusional re-
cruitment of PH-GFP from adjacent areas due to an in-
creased concentration of PIP2 in the varicosities’ interior.
The increase in PH-GFP intensity occurred in the core of
presynaptic boutons, similar to the steady state FM 4-64 dis-
tribution (for example, compare Figs. 4, A and C, 7, A and

250
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Figure 6. Relationship between the changes in PH-GFP fluores-
cence of presynaptic boutons and the number of recycled vesicles.
(A) FM 4-64 loading (arbitrary units) related to the increase in PH-
GFP (%) in presynaptic boutons during electrical stimulation. Results
from one representative experiment are shown (n = 30; r, correla-
tion coefficient). (B) FM 4-64 labeling of PH-GFP-transfected pre-
synaptic boutons and control boutons. The transfected boutons
were divided into two populations: those that increased their PH-
GFP intensity upon electrical stimulation (GFP increase), and those
that did not (no GFP increase). To be able to pool the data from sepa-
rate experiments, the FM 4-64 values of all presynaptic boutons of a
given experiment were normalized relative to the average FM 4-64
loading of the boutons showing no increase in GFP fluorescence of
that particular experiment. The P values for the statistical significance
of the differences are shown between the respective bars. n = 87 for
each of the two populations of transfected boutons, and n = 255 for
the control boutons.

D, and 8, C and G). Therefore, this increase in PH-GFP in-
tensity appears to colocalize with the pool of freshly endocy-
tosed vesicles, suggesting that they are enriched in PIP2. Af-
ter the end of electrical stimulation (Fig. 7 E), the PH-GFP
intensity in the interior of presynaptic terminals gradually
decreased to reach levels typical of the prestimulation state,
when there was an inverse relationship between the PH-
GFP and FM 4-64 signals (Fig. 1 A, inset). Thus, our results
strongly suggest that electrical stimulation causes a redistri-
bution of PIP2 from the plasma membrane to the interior of
presynaptic boutons, most probably on freshly endocytosed
vesicles. Maturation of these endocytosed vesicles into syn-
aptic vesicles then leads to a gradual loss of PIP2.

Effect of PLC inhibition on the GFP fluorescence
of stimulated presynaptic boutons

The observed increase in GFP fluorescence in presynaptic
boutons could potentially be due to an increase in the con-
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Figure 7. Changes in the distribution of PH-GFP in presynaptic
boutons upon electrical stimulation. (A) Axon of a hippocampal
neuron (10 div), transfected with PH-GFP (green) and loaded with
FM 4-64 (red). (B—E) Pseudocolor images of the same axon in the
GFP channel, showing the changes in GFP fluorescence upon elec-
trical stimulation. Note the loss of membrane distribution of the GFP
signal immediately after the onset of electrical stimulation (C) and
the subsequent increase in the GFP fluorescence in some presynap-
tic varicosities (D). After cessation of the electrical stimulation, the
pattern of GFP fluorescence characteristic for the resting state was
gradually restored (E).

centration of inositol 1,4,5-trisphosphate (IP3), which also
binds with high affinity to the PH domain. If this were the
case, inhibiting the PLC-mediated hydrolysis of PIP2 to IP3
and diacylglycerol will eliminate, or at least reduce, the in-
crease in GFP fluorescence in boutons. However, the PLC
inhibitor U73122 did not affect the increase in the GFP
fluorescence of stimulated boutons (Fig. 8, A, C, E, and G).
The GFP fluorescence in presynaptic boutons of transfected
neurons was monitored during two consecutive rounds of
electrical stimulation, first without and then with U73122 (1
wM; 7 = 96 from five experiments). The same experiment
was also performed with the inactive analogue U73343 (n =
108 from five experiments). A similar pattern of GFP fluo-
rescence was observed with both reagents. Thus, the increase
in GFP fluorescence in stimulated presynaptic boutons is
most likely due to an increase in the concentration of PIP2
and not to competitive binding of the PH domain to IP3.
Another possible effect of inhibiting PLC could be a
change in the redistribution of PH-GFP in stimulated pre-

Presynaptic phosphatidylinositol 4,5-biphosphate | Micheva etal. 361

synaptic boutons. Thus, if activation of PLC by stimulation
were responsible for the hydrolysis of the plasma membrane
PIP2 in presynaptic boutons, then inhibition of PLC would
prevent or significantly decrease the loss of the plasma mem-
brane localization of PH-GFP. To address this question, we
analyzed large presynaptic varicosities at rest and during elec-
trical stimulation, and in the presence or absence of the PLC
inhibitor U73122 or the positive control U73343 (Fig. 8 B).
Statistical analysis (paired # test) revealed that in all three
conditions (untreated, PLC inhibitor, and inactive ana-
logue), the GFP signal decreased on the plasma membrane of
presynaptic boutons upon stimulation. However, in the
presence of the PLC inhibitor this decrease was significantly
smaller compared with the two other conditions (10% vs.
30%, P < 0.01, two sample # test). Taking into account the
pH dependence of the GFP signal, this small decrease of the
GFP fluorescence in the presence of the PLC inhibitor was
actually indicative of an increase in PH-GFP content. Elec-
trical stimulation caused an increase in the GFP signal in the
cytoplasm in all three conditions, confirming the conclusion
from the low magnification experiments that PLC inhibition
does not interfere with the increase in GFP fluorescence.
This analysis suggests that, under normal conditions, electri-
cal stimulation leads to two parallel processes: activation of
PLC in presynaptic boutons, which results in hydrolysis of
the plasma membrane PIP2, and increase in the total con-
centration of PIP2 in the cytoplasm of presynaptic boutons.

Newly synthesized PIP2 is required for the increase

in GFP fluorescence in presynaptic boutons upon
electrical stimulation

We were further interested in the question of whether the
increase in presynaptic GFP fluorescence upon electrical
stimulation actually depends on the synthesis of new PIP2
and/or the transport of preexisting PIP2 from adjacent re-
gions. To address this issue, we used phenylarsine oxide
(PAO), an inhibitor of the PI-4 kinase. PI-4 kinase is part of
the canonical pathway for the synthesis of PIP2 by phos-
phorylating PI to PIP, which then serves as a substrate for the
formation of PIP2 (Toker, 1998; Tolias and Carpenter,
2000). At the concentration used in our experiments (1
uM), PAO did not inhibit synaptic FM 4-64 loading and
unloading; however, it prevented the increase in GFP fluo-
rescence in presynaptic boutons upon stimulation (7 = 130
from six experiments; Fig. 9). This effect was completely re-
versible by adding dithiothreitol (DTT; 2 mM). Wortman-
nin, which can also be used to inhibit PI-4 kinase, was found
to interfere with FM 4-64 loading of synapses (even at the
lower concentration used for inhibiting PI-3 kinase, 0.1
M) and therefore could not be used for this experiment.
The observed effect of PAO indicates that the increase in
GFP fluorescence in stimulated presynaptic boutons de-
pends on the synthesis of new PIP2.

NMDA receptor activation and subsequent NO
production are needed for the increase in GFP
fluorescence in stimulated presynaptic boutons

All the above experiments were performed in the presence
of the o-amino-3-hydroxy-5-methyl-4-isoxazole propionic
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Figure 8. Effect of PLC inhibition on the PH-GFP fluorescence of stimulated presynaptic boutons. (A) Application of the PLC inhibitor
U73122 (1 uM) does not affect the overall GFP fluorescence in presynaptic boutons. Neurons were stimulated first without and then with the
PLC inhibitor U73122 or its positive control U73343. Values of GFP intensity were averaged across the synaptic population and normalized
relative to the initial resting state. Only synapses showing an increase in GFP intensity in the first round of stimulation were chosen for the
analysis (n = 62 for the PLC inhibitor, n = 33 for the control). (B) Application of the PLC inhibitor has an effect on the GFP fluorescence of the
plasma membrane of presynaptic boutons. The values of GFP intensity for each condition are presented as percentage of the respective val-
ues at rest. The P values for the statistical significance of the difference between stimulation and rest are presented above each bar, and the
difference between the various conditions during stimulation are shown between the respective bars. The application of the PLC inhibitor sig-
nificantly decreased the drop in the plasma membrane GFP intensity upon stimulation, but did not affect the increase in the cytoplasmic GFP
intensity. Please note that the membrane GFP intensity with the PLC inhibitor is higher than the baseline GFP intensity (corrected for the effect
of pH). Error bars show standard errors. (C and D) Axons of hippocampal neurons (8 div), transfected with PH-GFP (green), and loaded with

800z ‘0¢ |udy uo Bio gal'mmm woly papeojumoq


http://www.jcb.org

acid/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione (10 M) to block spontaneous recurrent excitatory
activity. To test for possible receptor dependence of the ob-
served effects, we electrically stimulated transfected neurons
in the presence of antagonists for the N-methyl-D-aspartate
(NMDA) receptors (D[-]-2-Amino-5-phosphonopentanoic
acid, 50 pm), group I/group II metabotropic glutamate
receptors  ([S]-a-methyl-4-carboxyphenylglycine, 1 mM),
GABA, receptors (Bicuculline methobromide, 3 wM), and
GABA; receptors (2-Hydroxysaclofen, 200 uM). Consis-
tently, application of AP5 (50 uM) abolished the increase of
GFP fluorescence in stimulated presynaptic boutons (z =
120 from six experiments), whereas the remaining antago-
nists did not have a detectable effect (Fig. 10 A). Since these
results implicated NMDA receptors in mediating the effect
of electrical stimulation on the production of PIP2, it was
important to observe the distribution of NMDA receptors in
our cultures. For this purpose, we performed a double immu-
nolabeling of nontransfected hippocampal neurons with anti-
NMDARTI and antisynapsin antibodies (Fig.10, D and E).
At the ages used for the stimulation experiments, NMDARI1
puncta were observed along dendrites, both at synaptic and
extrasynaptic sites, and there was also a diffuse NMDARI la-
beling of cell bodies and larger dendrites. No consistent pat-
tern of overlap was seen between the NMDARI and syn-
apsin labeling, indicating an absence of NMDA receptors in
presynaptic boutons, consistent with previous findings (Rao
et al., 1998). Furthermore, retrospective staining of trans-
fected neurons for NR1 revealed a strong correlation between
the increase in GFP intensity of the presynaptic bouton upon
electrical stimulation and the presence of NMDA receptors
on the postsynaptic side (Fig. 10 F). Thus, 83% (57 out of
69) of presynaptic boutons that showed an increase in GFP
intensity had adjacent NMDARI1-labeled punctae. These re-
sults are consistent with a role of NMDA receptor activation
as a trigger for PIP2 synthesis in presynaptic boutons, and
they also suggest that the process involves a retrograde mes-
senger, for example nitric oxide (NO).

The production of NO by the enzyme neuronal NO syn-
thase (NOS) is functionally coupled to Ca*" influx through
the NMDA receptors (Garthwaite and Boulton, 1995). To
test for the involvement of NO, we stimulated transfected
neurons in the presence of the NO scavenger 2-(4-carboxy-
phenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, ~ po-
tassium salt (carboxy-PTIO), which is cell membrane im-
permeable (Ko and Kelly, 1999) and does not affect NOS
activity (Az-ma et al., 1994). Application of carboxy-PTIO
(30 wM) during stimulation abolished the increase in GFP
fluorescence in transfected presynaptic boutons, and this ef-
fect was reversible upon washing out (z = 65 from five ex-
periments; Fig. 10 B). The selective neuronal NO synthase
inhibitor 1-(2-trifluoromethylphenyl) imidazole (TRIM;
100 wM) had a similar effect, which was completely reversed
upon application of L-arginine (1 mM; 7 = 36 from two ex-
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Figure 9. The increase in PH-GFP fluorescence of stimulated pre-
synaptic boutons depends on the synthesis of new PIP2. Effect of
PAO (1 uM) on the GFP fluorescence of stimulated synapses and its
reversal by DTT (2 mM; n = 7). Values of GFP intensity were aver-
aged across the synaptic population and normalized relative to the
initial resting state. A representative individual experiment is shown.

periments). Neither carboxy-PTIO nor TRIM at the con-
centrations used affected the unloading of the FM 4-64—
labeled synapses.

The involvement of NO in the observed phenomenon
was further confirmed by application of an NO donor to the
neuronal cultures. The addition of diethylamine NO, so-
dium salt (DEANO; 100 wM) to the medium of PH-GFP-
transfected neurons caused a large increase in the fluores-
cence intensity of presynaptic boutons (z = 100 from five
experiments; Fig. 10 C). This increase was larger and lasted
longer than the one caused by electrical stimulation. How-
ever, the effect was reversible after washing out the NO do-
nor, and the viability of neurons was not impaired by this
treatment, as assessed by an FM 4-64 loading—unloading
protocol at the end of the experiment (result not shown).

These data strongly suggest that the upregulation of PIP2
concentration in stimulated boutons involves NO as a retro-
grade signal, which is produced upon activation of NMDA

I‘CCCptOI‘S.

Discussion

This study is, to our knowledge, the first observation in func-
tional presynaptic terminals of the spatial distribution and dy-
namics of PIP2 as visualized with the PH-GFP probe. The
following main findings are reported: (a) PIP2 is localized pre-
dominantly on the plasma membrane of resting neurons. (b)
Synaptic activity causes a decrease of PIP2 concentration on
the plasma membrane of synaptic boutons, most likely due to
hydrolysis by PLC. (c) Synaptic activity also causes a pro-
nounced increase in the PIP2 concentration inside the major-
ity of boutons, where PIP2 is probably localized on freshly en-
docytosed membranes. (d) The increase of presynaptic PIP2
concentration by synaptic activity involves the activation of

NMDA receptors and the retrograde action of NO.

FM 4-64 (red). (E-H) Pseudocolor images of these axons in the GFP channel during rest and electrical stimulation in the presence of the PLC
inhibitor. Three out of the four presynaptic boutons in G showed an increase in GFP fluorescence upon stimulation (asterisks). The presynap-
tic boutons in H were chosen because they do not show the increase in cytoplasmic GFP intensity, which makes it easier to observe the

changes specific to the plasma membrane.
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Figure 10. NO is necessary for the increase in PH-GFP fluorescence in stimulated presynaptic boutons. (A) Methyl-4-carboxyphenylgly-
cine (T mM), bicuculline (3 pM),and 2-hydroxysaclofen (200 wM) did not interfere with the increase in GFP fluorescence of stimulated syn-
apses (n = 13), while AP5 (50 pM) abolished this response (n = 21). (B) Carboxy-PTIO (30 uM) and TRIM (100 wM) abolished the increase in
GFP fluorescence of stimulated synapses, and this effect was reversible upon washing out or addition of L-arginine (1 mM), respectively (n =
5 for carboxy-PTIO and n = 17 for TRIM). (C) Addition of DEANO (100 wM) caused a large increase of the GFP fluorescence of synapses
(n = 18). (A-C) Values of GFP intensity were averaged across the synaptic population and normalized relative to the initial resting state. Rep-
resentative individual experiments are shown for each case. (D) Hippocampal neuron immunostained for synapsin (green) and NR1 (red). (E) A
higher magnification view of neuronal processes in which synapsin punctae are outlined in white to show the lack of detectable overlap be-
tween synapsin and NR1 immunolabeling. (F) Axon of a hippocampal neuron transfected with PH-GFP (green) and loaded with FM 4-64
(blue). After the live experiment, the neurons were fixed and immunostained for NR1 (red). Asterisks mark the synapses, which showed an in-

crease in GFP fluorescence during electrical stimulation.

Do the localization and intensity changes of PH-GFP
reflect the spatial and temporal dynamics of PIP2?

The PH domain of PLC 81 has been shown to bind specifi-
cally and with high affinity to PIP2 and has been used suc-
cessfully in previous studies to visualize PIP2 in nonneu-
ronal cells (Stauffer et al., 1998; Varnai and Balla, 1998;
Botelho et al., 2000; Holz et al., 2000; Raucher et al., 2000).

The typical plasma membrane distribution of PH-GFP de-
scribed in these studies was also observed in resting hippo-
campal neurons. Furthermore, the localization of PIP2 as
identified with a monoclonal antibody in fixed nontrans-
fected neurons was identical to the distribution of PH-GFP
in transfected neurons, providing strong support for the use
of this construct as a probe for PIP2. In addition, we ob-
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served that actin polymerization was partially impaired in
the neurons transfected with PH-GFP, which is consistent
with previous studies showing that depleting PIP2 leads to
actin disassembly (Flanagan and Janmey, 2000).

The changes in the pattern and intensity of PH-GFP fluo-
rescence upon stimulation also appear to be due to the bind-
ing of the probe to PIP2. Thus, inhibiting PI-4 kinase,
which is necessary for the production of PIP2, abolishes the
increase of PH-GFP fluorescence upon stimulation. And
even though the PH domain of PLC 31 also has a very high
affinity to IP3 (Cifuentes et al., 1994; Yagisawa et al., 1994;
Lemmon et al., 1995), we do not believe that a competitive
binding of PH-GFP to IP3 can account for the observed
events, since inhibiting PLC and thus blocking the produc-
tion of IP3 did not affect the increase in cytoplasmic GFP in-
tensity in firing presynaptic boutons. Rather, the increase in
the PH-GFP fluorescence within the cytoplasm of presynap-
tic boutons is most probably due to the diffusion of PH-GFP
from adjacent areas driven by the increased concentration of
PIP2. The relatively high mobility of PH-GFP, as revealed
by the photobleaching experiments, can easily account for
such an increase. Therefore, the dynamics of PH-GFP in our
system are most likely a reflection of dynamics of PIP2.

Another issue is whether PH-GFP can detect all neuronal
pools of PIP2. For example, PIP2 could be binding to other
proteins, rendering it unavailable to PH-GFP. Thus, the
lack of detectable PH-GFP labeling of synaptic vesicles in
quiescent neurons cannot be necessarily interpreted as a lack
of PIP2. However, this observation indicates the lack of an
easily accessible pool of PIP2 on synaptic vesicles, ie., if
PIP2 is present there, it is masked by binding to other pro-
teins and is not readily available for other interactions. Tak-
ing all these considerations into account, we believe that in
the present system PH-GFP is an excellent probe for visual-
izing the dynamics of the accessible pool of PIP2, i.e., the
“active” PIP2 available, for example, as a substrate for PLC
and other enzymes or as a recruiter of proteins involved in
endocytosis. Keeping these methodological issues in mind,
in the Discussion we will refer to the PH-GFP fluorescence
as the PIP2 signal for the sake of clarity.

Dynamics of presynaptic PIP2

Confocal imaging of PIP2, as labeled with PH-GFP, re-
vealed the specific localization and dynamics of this phos-
pholipid in live hippocampal neurons. In resting neurons,
the PIP2 signal was concentrated on the plasma membrane.
However, electrical stimulation triggered a series of events
affecting both the distribution and the intensity of the PIP2
signal in the presynaptic bouton. Immediately after the on-
set of stimulation, the PIP2 signal of the plasma membrane
decreased significantly and this event depended on the acti-
vation of PLC. In vitro and in situ studies have shown that
PLC can be activated by Ca** (for review see Eberhard and
Holz, 1988) and that among all PLC isoforms, PLC-8,
which binds to the plasma membrane PIP2 through its PH
domain, is the most sensitive to Ca>* (for review see Rhee et
al., 2000). Therefore, an increase in the Ca®>* concentration
within the firing presynaptic bouton might activate PLC-8
and lead to the hydrolysis of the plasma membrane PIP2 to
diacylglycerol and IP3, thus resulting in a decreased PIP2
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concentration on the plasma membrane and also triggering a
series of second messenger cascades.

Within seconds after the beginning of stimulation there
was, in addition to a decrease in the plasma membrane PIP2
signal, a substantial increase of the signal in the cytoplasmic
domain of boutons. This increase was correlated, albeit
weakly, to the number of recycling vesicles and most proba-
bly was also influenced by the different molecular composi-
tion and history of synapses. Further investigation into the
possible mechanisms of this event revealed that it depended
on the activation of NMDA receptors and a retrograde ac-
tion of NO. Indeed, we observed an excellent correlation be-
tween the presence of NMDA receptors at the postsynaptic
side of the synaptic junction and the increase in PIP2 signal
at the presynaptic site.

A more difficult question to answer at the present mo-
ment is how NO affects PIP2 concentration. Our experi-
ments show that synthesis of new PIP2 is required; however,
keeping in mind that there is a constant turnover of PIP2 at
the active synapse (Stenmark, 2000), both increasing the
rate of its production and slowing the rate of its hydrolysis
will result in an overall increase of its concentration. A major
target of NO in the brain is guanylyl cyclase, responsible for
the production of cGMP, which, on its turn, can participate
in channel gating and in the regulation of numerous en-
zymes, such as protein kinases, phosphodiesterases, and
ADP ribosyl cyclase (for review see Garthwaite and Boulton,
1995). One documented link between NO and PIP2 is the
negative modulation of PIP2 hydrolysis, possibly achieved
by a cGMP-dependent protein kinase I acting at the level of
PLC (Clementi et al., 1995). By blocking PIP2 hydrolysis,
NO would cause an increase in PIP2 concentration as ob-
served in this study. Taking into account the relatively long
chain of events needed for this effect to take place, this
would allow sufficient time for the above-described PLC hy-
drolysis of plasma membrane PIP2 first to occur. Alterna-
tively, presynaptic PIP2 concentration might increase if NO
were to stimulate the production of new PIP2. The main
pathway of PIP2 synthesis in cells appears to be through
PI(4)P. Two families of enzymes are involved in this process:
PI-4 kinases, which phosphorylate phosphatidylinositol on
the D-4 position of the inositol ring to produce PI(4)P, and
phosphatidylinositol 4—phosphate-5 kinases, which phos-
phorylate PI(4)P to PI(4,5P)2 (Tolias and Carpenter, 2000).
In the present study, blocking of PI-4 kinases by PAO pre-
vents the increase in PIP2 in response to synaptic activity,
suggesting that this is the main pathway for PIP2 synthesis
in presynaptic boutons. It is unknown whether NO stimu-
lates either enzyme in the pathway.

The increase in the presynaptic PIP2 signal in response
to stimulation is consistent with a role for PIP2

in the endocytosis of synaptic vesicles

A major finding of the present study is that prolonged syn-
aptic activity caused a significant increase in the cytoplasmic
PIP2 signal in the majority of presynaptic boutons. This in-
crease was observed only in active synapses, as identified by
loading with FM 4-64. It occurred on average 20 s after the
beginning of electrical stimulation and continued well after
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the end of stimulation (~2 min after a 2 min stimulation of
10 Hz). Presynaptic boutons with a larger number of recy-
cling vesicles were much more likely to display such an in-
crease in GFP fluorescence. The localization and time course
of the increase in PIP2 signal correlates well with the sug-
gested role for PIP2 in synaptic vesicle endocytosis. PIP2 has
been implicated at almost all steps of synaptic vesicle en-
docytosis, such as the formation of the endocytic clathrin
coat via the PIP2 interaction with AP180, epsin, and AP2
(Gaidarov and Keen, 1999; Ford et al., 2001; Itoh et al.,
2001); the fission of the neck of the coated pit via the PIP2
interaction with dynamin (Lin and Gilman, 1996; Zheng et
al., 1996); the uncoating of the endocytosed vesicle requir-
ing the hydrolysis of PIP2 by synaptojanin (Cremona et al.,
1999); and in the transport of the endocytic vesicle because
of the PIP2 dependence of actin assembly (Rozelle et al.,
2000). Therefore, it is possible that the increased demand on
the endocytic machinery caused by prolonged synaptic activ-
ity and a large number of recycling vesicles would require
higher concentrations of PIP2.

The increase in PIP2 concentration consistently occurred
within presynaptic boutons, and not on the plasma mem-
brane. This is likely to be due to the accumulation of newly
endocytosed clathrin-coated vesicles containing PIP2 in their
membrane. Because PIP2 must be metabolized by the lipid
phosphatase synaptojanin in order for the uncoating of en-
docytic vesicles to occur (Cremona et al., 1999), mature syn-
aptic vesicles may be devoid of PIP2. Indeed, the PIP2 signal
did not colocalize with mature, FM 4-64-labeled synaptic
vesicles. Thus, our experiments may reflect part of a PIP2 cy-
cle in which synthesis occurs on the plasma membrane after
exocytosis and increased levels of PIP2 facilitate endocytosis.
The PIP2 synthesis on the plasma membrane, however, is
masked by the simultaneously occurring PLC activation and
the pinching off of clathrin-coated vesicles carrying away
PIP2. Indeed, inhibiting PLC reveals a significant increase in
the PIP2 signal of the plasma membrane in stimulated pre-
synaptic boutons (13% increase when adjusted for the effect
of pH on GFP). PIP2-containing clathrin-coated vesicles
transiently accumulate in the cytoplasm of presynaptic bou-
tons, thus accounting for the increase in PIP2 signal seen
within stimulated boutons. Degradation of PIP2 by synapto-
janin then occurs, allowing the uncoating of vesicles and
their repriming for exocytosis, and can be observed as a de-
crease in the PIP2 signal. In addition, the increase in the
PIP2 signal within stimulated boutons may also be due to
the accumulation of endocytic intermediates, called cisternae
or vacuoles (Koenig and lkeda, 1996; Takei et al., 1996),
thought to be derived from plasma membrane taken up in
bulk. As derivatives from the plasma membrane, endocytic
cisternae most probably contain PIP2, and it may even be ac-
tively synthesized there in order to facilitate the formation of
clathrin-coated vesicles. The precise localization of PH-GFP
within stimulated boutons will require further confirmation
by immunocytochemistry on the electron microscopic level.

Because of the involvement of PIP2 in synaptic vesicle recy-
cling, it might seem surprising that we did not observe defects
in synaptic function upon expression of PH-GFP in hippo-
campal neurons. In contrast, expression of PH-GFP in neu-
roendocrine cells inhibited exocytosis (Holz et al., 2000). One

possible explanation is that the cells we selected for analysis
had relatively low levels of expression (see Materials and meth-
ods) and the sequestration of a small portion of PIP2 mole-
cules therefore had little or no functional consequence. Alter-
natively, this may be a reflection of a real functional difference
between neuroendocrine cells and hippocampal neurons.

The regulation of presynaptic PIP2 concentration by
NMDA receptor activation and a retrograde action of NO
may be involved in activity-dependent synaptic plasticity
In the present study we have described a new pathway for
retrograde signaling at the synapse, ie., the activation of
NMDA receptors by high levels of synaptic activity leads to
the production of NO at the postsynaptic side, which then
diffuses to the presynaptic side and causes an increase in
PIP2 concentration. What may be the functional signifi-
cance of an NO-mediated regulation of presynaptic PIP2
levels? The exact roles of NO in the central nervous system
are still a matter of dispute, but it has been implicated in
synaptic plasticity, including LTP, in neuronal develop-
ment, and in neurotoxicity (for review see Schuman and
Madison, 1994; Jaffrey and Snyder, 1995; Garthwaite and
Boulton, 1995). Among the well-described effects of NO in
the central nervous system is its capability to elicit or in-
crease neurotransmitter release in a variety of systems. Our
results suggest that, in parallel to regulating neurotransmit-
ter release, NO may also regulate the presynaptic PIP2 con-
centration, possibly to provide adequate amounts of this
phospholipid needed for synaptic vesicle recycling. In addi-
tion, increasing the concentration of PIP2 will stimulate ac-
tin assembly and thus may be involved in such activity-
dependent morphological rearrangements of the presynaptic
bouton as formation of perforated synapses and even syn-
apse multiplication (for review see Geinisman, 2000).

Materials and methods

Cell culture and transfection

Primary embryonic hippocampal cultures were prepared as in Goslin et al.
(1998). Cells were transfected using a modified calcium phosphate trans-
fection protocol (Xia et al., 1996). The plasmids encoding the PH domain
of PLCS; fused to GFP (PH-GFP) or the mutant PH(S34T, R40L)-GFP were a
gift of Dr. Tamas Balla (Endocrinology and Reproduction Research Branch,
NICHD, NIH, Bethesda, MD) (Varnai and Balla, 1998). Typically, 5-10%
transfection rates were obtained. For these experiments, cells within the
lower to middle range of GFP expression were selected to avoid possible
artifacts associated with high levels of expression.

Immunostaining

Due to the labile nature of this phospholipid, for PIP2 immunostaining the
cells were fixed using rapid microwave irradiation (PELCO 3451 labora-
tory microwave system; Ted Pella, Inc.; two cycles of 8 s on, 20 s off, 8 s
on) in 1% glutaraldehyde and 4% paraformaldehyde in PBS on ice. After
rinsing in PBS buffer, the cells were quenched in 20 mM glycine for 5 min,
rinsed again and permeabilized, and then blocked in a solution of 5% nor-
mal goat serum (NGS) and 0.1% saponin in PBS for 1 h. The cells were
then incubated in the primary antibody (1:500 in PBS with 1% NGS) for
2 h at room temperature, rinsed well in PBS, and incubated in fluorescent-
labeled secondary antibody for 1 h at room temperature.

For all other immunostaining, the cells were fixed in methanol for 15
min at —20°C, incubated in blocking medium (5% NGS and 5% bovine
serum albumin in PBS) for 1 h at 37°C followed by incubation in primary
antibody diluted in 1% NGS in PBS for 2 h at room temperature, and incu-
bation in the appropriate fluorescent-labeled secondary antibody for 1 h at
room temperature. After each step the cells were washed in PBS. The fol-
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lowing antibodies were used: monoclonal mouse anti-PIP2 (Assay De-
signs; 1:500), monoclonal mouse antisynapsin | (Chemicon; 1:400), poly-
clonal rabbit antisynapsin | (Chemicon; 1:1,000), monoclonal mouse
antiglutamate receptor (NMDART1; PharMingen International; 1:200), and
Cy5-conjugated goat anti-mouse or anti-rabbit IgG (Jackson ImmunoRe-
search Laboratories; 1:800).

To visualize actin, the cells were fixed in 4% paraformaldehyde in PBS
for 20 min at 4°C, permeabilized with 0.3% Triton X-100 in PBS for 5 min
at room temperature, blocked with 5% NGS and 5% bovine serum albu-
min in PBS for 1 h at 37°C, and then incubated in Bodipy 650/665 phalloi-
din (Molecular Probes) for 30 min at room temperature. After each step the
cells were washed in PBS.

Microscopy, photobleaching, and FM 4-64 loading

Coverslips were mounted in a custom-built imaging chamber with 500 pl
of prewarmed (37°C) Tyrode’s saline solution (119 mM NaCl, 2.5 mM KCI,
2 mM CaCl,, 2 mM MgCl,, 25 mM HEPES, buffered to pH 7.4) with 30
mM glucose, 1% chicken albumin (Sigma-Aldrich) and 10 pM 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX; Tocris). During imaging, cells were
kept at 37°C. Imaging was done with a scanning laser confocal microscope
designed by S.J. Smith using a ZEISS 40%/1.3 NA Fluar objective or a 63X/
1.4 NA PlanApochromat objective. Microscope control software was writ-
ten by Dr. Noam E. Ziv (Technion, Haifa, Israel). Unless otherwise stated,
an electronic zoom of 2X with pixel size 0.286 wm was used during the
experiments. Images were collected every 6 s. To protect the specimen
from photodamage, and taking into account the flat nature of the prepara-
tion and the generally small size of presynaptic boutons, only one z-sec-
tion was collected at each time point. To assure further that fluorescence
from entire synapses could be captured accurately in single optical sec-
tions, a large detection pinhole (4 um referred to the specimen plane) was
used in all experiments, except for the high resolution imaging of large
presynaptic terminals.

For photobleaching experiments, 12-um stretches of transfected axons
were bleached using a very high zoom (30X, pixel size 0.019 pm) and
power (~400 mW, 488-nm wavelength). The recovery was monitored at a
lower zoom (15X, pixel size 0.038 um) and power (20 mW, 488-nm wave-
length). Average fluorescence intensity data from the bleached regions were
collected from each frame before the bleaching and during the recovery.

To identify functional synapses, the fluorescent styryl dye FM 4-64 (Mo-
lecular Probes) was used. The membrane probe FM 4-64 becomes inter-
nalized within recycled synaptic vesicles and thus stains active synapses,
which undergo exo- and endocytosis (Betz et al., 1992; Murthy, 1999).
The dye was superfused into the chamber at a concentration of 5 uM and
the neurons were electrically stimulated by passing current pulses between
electrodes placed at opposite ends of the perfusion chamber (see Ryan and
Smith, 1995). Unless otherwise noted, 10 Hz stimulation for 30 s was ap-
plied. After an additional 30 s, the dye was washed away. Regions of trans-
fected axons making synaptic contacts were then selected and time-lapse
imaged at rest and during electrical stimulation (10 Hz for 2 min). FM
loading was determined by subtracting from the initial FM values the resid-
ual FM values obtained after the second electrical stimulation, which “un-
loaded” the presynaptic boutons.

Pharmacology

The effect of the following reagents was tested: PLC inhibitor U73122
(Sigma-Aldrich; 1 pM) and its analogue U73343 (Sigma-Aldrich; 1 pM);
PAO (Sigma-Aldrich; T uM); DTT (Sigma-Aldrich; 2 mM); D(-)-2-Amino-
5-phosphonopentanoic acid (Tocris; 50 pm); (S)-a-Methyl-4-carboxyphe-
nylglycine (Tocris; 1 mM); bicuculline methobromide (Tocris, 3 pM);
2-hydroxysaclofen (Tocris; 200 wM); carboxy-PTIO (Molecular Probes; 30
wM); TRIM (Molecular Probes, Eugene, Oregon; 100 uM); and DEANO
(Molecular Probes; 100 pM).

Image analysis

Images were analyzed with custom software (N.E. Ziv, Technion). For the
analysis of the dynamics of GFP fluorescence in presynaptic boutons, aver-
age fluorescence intensities from 4 X 4 or 6 X 6 pixel squares centered on
presynaptic boutons were collected from each frame. The data for each
bouton were normalized relative to the first five frames taken at rest. For
the analysis of large presynaptic varicosities, average fluorescence intensi-
ties from seven randomly chosen pixels on the plasma membrane or in the
cytoplasm were collected and then normalized relative to the resting state.
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