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The functional plasticity of the nervous system may result in
part from the direct modulation
of the effectiveness
of the
release machinery of synaptic terminals. To date, direct modulation of secretion in neurons has proven difficult to study
because of the lack of a suitable tool to probe the release
machinery independently
of calcium influx. We report that the
polyvalent cation ruthenium red (RR) directly evokes rapid and
reversible calcium-independent
quanta1 secretion in hippocampal neurons by binding to external sites on the presynaptic

A characteristicproperty of the nervoussystemis its plasticity, or
capacity for reorganization, as a function of past experience or
after injury. An important site of plasticity in the nervous system
is found at chemicalsynapses.
The effectivenessof synaptictransmissioncan be modifiedfor short or long periodsof time through
various possiblemechanisms.One of these is a change in the
amount of neurotransmitter released at presynaptic terminals
after action potential-dependentcalcium influx. This changemay
be accomplishedin a number of ways. First, there may be a
modification in the shapeof the action potential. For example,a
decreasein potassiumconductancecould allow broadeningof the
action potential and a prolonged depolarization of the terminals
(Klein, 1994). A prolonged opening of calcium channels and
influx of this ion into the terminal would result in an increasein
neurotransmitter release.A change in transmitter releasemay
alsoresult more directly from a modulation of the calcium channels (Scholz and Miller, 1991). A third possibility is a direct
change in the effectivenessof the release machinery of nerve
terminals,i.e., the stepsthat are downstreamfrom calciuminflux
and culminate in quanta1releaseof neurotransmitter (Man-SonHing et al., 1989). This third possibility has proven to be more
difficult to addressbut may be of great importance. Indirect
evidencehasbeenpresentedto suggestthat this type of plasticity
may be involved in the upregulation of excitatory synaptic transmissionthat characterizeslong-term potentiation, a candidate
mechanismfor the establishmentof long-term memory (Malgaroli and Tsien, 1992;Malgaroli et al., 199.5).
A major limitation in the assessment
of a direct modulation of
the releasemachineryin neuronshasbeen the lack of a suitable
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terminal membrane. This binding can be displaced by heparin
and is not associated with ultrastructural
damage to the synaptic terminals. The use of RR-evoked release as a tool has
allowed us to detect a direct modulation
of the secretory apparatus after activation
of A, adenosine
receptors
on hippocampal neurons.
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red; secretion; hippocampus;
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tool to induceneurotransmitterreleaseindependentlyof calcium
influx through calcium channels.Using invertebrate neurons,we
and others have shownpreviously that one method that may be
effective is to provide calciumto the releasemachinerydirectly by
flash photolysis of caged calcium (Zucker and Haydon, 1988;
Man-Son-Hing et al., 1989; Delaney and Zucker, 1990; Mulkey
and Zucker, 1993).However, the technical difficulties associated
with this method limit its routine use, especiallyin mammalian
neurons.Other tools that have previouslybeenfound to be useful
in probing the releasemachinery of neuronsinclude a-latrotoxin
as well as hyperosmotic challenges.The usefulnessof the first
approachis limited by its nonreversibility aswell as by its mixed
calcium-dependentand calcium-independentmodes of action
(Rosenthalet al., 1991).The useof hyperosmoticsalineto induce
neurosecretionin the context of investigationsof modulation of
releasealso is limited for the moment, owing to uncertainties
about the calciumdependenceof its modeof action (Landb et al.,
1986).For example,it hasproven difficult to usecalcium-sensitive
dyesto monitor intracellular calciumdynamicsbecauseof potential problemscausedby changesin cell volume and intracellular
ionic concentrationscausedby this stimulus(Delaney et al., 1991).
Yet additional agentsthat have been usedto induce increasesin
the frequency of spontaneousreleaseof neurotransmitter quanta
(minis) include ethanol,chlorpromazine,and ouabain.The action
of ethanol seemsto be independent of calcium (Brosius et al.,
1992),but its effectson spontaneousreleaseare obtained only at
high concentrations, which also cause significant postsynaptic
alterationsand changeminiamplitude(Gage, 1965;Quastelet al.,
1971).The action of both chlorpromazineand ouabain on minifrequency apparently is independentof external calcium,but has
not beenshownto be independentof internal calcium(Argov and
Yaari, 197.5;Baker and Crawford, 1975). Thesetwo agentsalso
accelerateminifrequencyonly after a prolonged delay and, in the
caseof ouabain,can be associatedwith ultrastructural damageto
synaptic terminals(Haimann et al., 1985).Finally, previouswork
has shownthat minifrequency could be changedafter the application of neuromodulators,thereby suggestinga direct presynap-
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tic modulation (Scanziani et al., 1992; Scholz and Miller, 1992).
This later type of analysis certainly is useful but is not necessarily
a very sensitive assay of the state of the secretory apparatus.
Spontaneous minifrequency also could be influenced by changes
in the resting levels of calcium in synaptic terminals. Considering
these limitations, we sought to develop a new tool to directly
probe the release apparatus of neurons.
Within this context we found it intriguing that polyvalent cations such as lanthanum and ruthenium red (RR) reliably increase
the rate of miniature end-plate potentials and synaptic currents
(Heuser and Miledi, 1971; Alnaes and Rahamimoff, 1975;
Raastad et al., 1990; Grubb et al., 1991). The mechanism of action
of this induction of release has not been characterized in detail,
although it generally has been thought to involve changes in
intraterminal calcium levels. Morphological observations of lanthanum-treated neuromuscular junctions have shown previously
that prolonged treatments could induce depletion of clear vesicles, whereas tetanus-toxin pretreated junctions exposed to lanthanum for short durations displayed an enhanced number of
vesicles in close apposition to the presynaptic membrane (Mellanby et al., 1988). This suggests that such treatments may facilitate interactions between vesicles and the presynaptic membrane.
Lanthanum also has been reported to promote catecholamine
release from chromaffin cells (Powis et al., 1994). Here we have
investigated in more detail the mode of action of RR at synapses
formed between hippocampal neurons in primary culture and find
that it is an extremely effective tool to induce quanta1 neurotransmitter release. We show that its action is reversible and calciumindependent and provide evidence suggesting that it acts by binding to an external site on the presynaptic plasma membrane.
Additionally, we use the A, adenosine receptor agonist cyclopentyladenosine (CPA) to illustrate the use of RR as an effective tool
in detecting a direct modulation of the secretory apparatus. We
find that RR-evoked neurotransmitter release is a highly sensitive
assay of the state of the secretory machinery of nerve terminals.
MATERIALS

AND METHODS

Cell culture. Primary mixed cultures of hippocampal neurons and astrocytes were prepared as described in Basarsky et al. (1994). Briefly,
hippocampi were dissected from rats l-3 d after birth. Neurons were
dissociated mechanically in Mg’+- free Earle’s balanced salt solution
(Gibco, Grand Island, NY) after a 60-min papain digestion. Cells were
plated onto poly+lysine-coated glass coverslips and maintained in culture media containing 10% fetal bovine serum (Sigma, St. Louis, MO).
The mitotic inhibitor arabinosylcytosine (5 pM) was added to the cultures
3-4 d after plating. Neurons were used after lo-20 d in culture.
Ekctrophysiology. Hippocampal neurons plated on glass coverslips
were visualized by phase-contrast microscopy on a Nikon Diaphot inverted microscope. Whole-cell patch clamp recordings were obtained
from the neurons with an Axopatch-1D amplifier (Axon Instruments,
Foster City, CA). Patch pipettes were pulled in two stages from a PP-83
puller (Narashige, Tokyo, Japan); their resistance was between 4 and 8
MO when filled with the normal recording solution. The normal internal
recording solution consisted of CsGluconate 117.5 mtvt, NaCl 10 mM,
MgCl, <mu, EGTA 5 ttIM, Mg-ATP 2 KIM, Tris-GTP 0.2 mivr, and
HEPES 15 mM. The normal external saline was NaCI 140 mM. MnCl, 2
mM, CaCl, 2 mM, KC1 5 mM, HEPES 10 tnM, sucrose 6 mM, and glucose
10 mM, pH 7.35. The saline used for recording miniature excitatory
synaptic currents also contained 1 pM TTX to block sodium channels and
10 FM SR-95531 or 100 pM picrotoxin to block GABA, receptors. To
isolate calcium currents, barium was used as the charge carrier, and the
external saline was BaCl, 10 mM, TEA-Cl 160 mM, and HEPES 10 mM,
oH 7.4 fadiusted with TEA-OH). For these exoeriments, the internal
iecording solution was TEA-Cl i17 mM, MgCl,‘4.5 mM, EGTA 9 mM,
Mg-ATP 4 mM, Tris-GTP 0.3 mM, and creatine phosphate (Tris salt) 14
mM, pH 7.4 (adjusted with TEA-OH). All recordings were performed at
room temperature (20-22°C). Currents were high-pass filtered at 2 kHz
-‘.
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and digitized at 5 or 10 kHz. The data were acquired using pClamp
software from Axon Instruments (v. 6.0). Miniature synaptic currents
were analyzed further with the ACSPLOUF minianalysis software (obtained from Dr. Pierre Vincent, University of California at San Diego).
Group data presented in the text are expressed as mean 2 SEM, unless
stated otherwise.
Calcium imaging. Methods for ratiometric determination of intracellular calcium were as described in Basarsky et al. (1994). Briefly, cultured
neurons were loaded at 37°C with 2 pM Fura- AM (Molecular Probes,
Eugene, OR) for 45 min in the presence of 0.025% Pluronic F-127. The
culture was then washed, and de-esterification was allowed to proceed for
45 min at 37°C before starting experiments. Images were acquired using
a CH-250-cooled CCD camera (Photometrics, Tucson, AZ) and
Metafluor software (Universal Imaging, West Chester, PA).
Electron microscopy. Cultures were fixed for 90 min in a mixture of 1%
p-formaldehyde and 2% glutaraldehyde and 0.25% tannic acid in 0.1 M
cacodylate buffer and postfixed for 15 min in 0.5% osmium tetroxide plus
0.8% potassium ferricyanide in the same buffer. After en-block staining
with magnesium-uranyl acetate (l%, aqueous, 2 hr), cultures were embedded in Epon resin. Thin sections were stained with Reynolds lead
citrate before viewing.
Drugs. Tetrodoto&,
RR, picrotoxin, heparin (sodium salt, MW
~6000‘1. ME-ATP. and Tris-GTP were from Sigma (St. Louis. MO).
fl-cycjopeniyladenosine,
CNQX, and SR-95531u were from R&ear&h
Biochemicals (Natick, MA).

RESULTS
Rapid and reversible induction of secretion
We first determinedwhether the action of RR on secretionwasa
general phenomenonthat is not limited to the neuromuscular
junction. This wasinvestigatedat synapticconnectionsestablished
between postnatal rat hippocampalneurons in primary culture.
Exceptwhere indicated, 1 pM TTX and 10pM SR-95531(GABA,
receptor antagonist)were addedto the external salineto prevent
action potential firing and to isolate spontaneousminiature excitatory postsynapticcurrents (mEPSCs).At a holding potential of
-70 mV, mEPSCswere easily resolved and appeared as rapid
inward currents. mEPSCswere recorded for durationsof 15 set
before and in the presenceof RR. Focal application of RR from
a pressureejectionpipette (30 set puff) at 30 FM in the immediate
vicinity of the neuron that was voltage-clampedevoked a brisk
and clearly detectableincreasein the frequency of occurrenceof
mEPSCsin all cellstested (n = 31; Fig. L4). On average,an 11.1
-C1.5-fold increasein mEPSCfrequencywasobtained(p < 0.001;
paired t test). This was not associatedwith any increasein the
holding current. A slowoutward current wasactually observedin
somecells. In initial experimentscarried out in the absenceof
GABA, receptor antagonists,we alsofound that the action of RR
on secretionwas not restricted to glutamatergicsynaptic terminals. RR was equally effective at increasingthe frequency of
miniature inhibitory postsynapticcurrents (resultsnot shown).
The kinetics of RR action are rapid (Fig. 1B); upon application
from a puffer pipette, the effect developswithin the first second
and reachesa steady-statelevel within 5 set (n = 9). Figure 1C
alsoshowsthat the elevation in mEPSCfrequency by RR is both
reversibleand reproducible if the two puffs are separatedby a 5
min wash period (n = 6). A two-way ANOVA confirmed that
the overall effect of RR wassignificant(F(1,23)= 9.16,p < 0.01)
and that there was no significant difference between the magnitude of RR-evoked secretion during the two applications. A
dose-responsecurve of the effect of RR on the occurrence
mEPSCs was established(Fig. 2A). An increase in mEPSC
frequency could be detectedwith concentrationsas low as 1 pM.
The EC,, wasfound to be -5 PM.
The effect of RR on synapsesis apparently strictly presynaptic
inasmuch
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Figure 1. Rapid and reversible
action of RR on secretion. A, mEPSCs
recorded in a voltage-clamped
cultured
hippocampal
neuron at a holding
potential
of -70 mV before (&I) and after (right) puff application
of 30
pM RR. Calibration:
90 pA, 150 msec. B, Time course of the increase in
mEPSC frequency
after puff application
of RR (anow).
mEPSCs were
recorded
and summed
in 1 set bins for a total of 60 sec. Each point
represents
the mean 2 SEM for each bin (n = 9). C, Summary
of six
experiments
in which RR was puff-applied
twice to the same cell. mEPSCs
were recorded
for 15 set before and during RR. The wash period was 5
min. Data were normalized
to the number
of mEPSCs recorded
in the
initial control episode of each experiment.

amplitudes is not detectably modified in the presence of RR (Fig.
2B) (n = 8; F(1,1263)= 0.35, p = 0.55 [for control vs RR main
effect]; two-way ANOVA). Overall, the amplitude of mEPSCs in
the presence of RR was 99.6 2 9.0% of that in normal saline (Fig.
2B, inset). Additionally, the CNQX-sensitive currents produced by
puff application of L-glutamate on the neurons are unaffected by
RR (Fig. 2C) (n = 7; p = 0.15; paired t test).
Calcium-independent
mode of action
The calcium dependence of the action of RR was first investigated
by verifying whether removal of external calcium could prevent
the increase in mEPSC frequency produced by RR. The external
saline contained no added calcium and 1 mM EGTA. In these and
the following experiments, the number of mEPSCs was measured
for a duration of 15 set before and after application of RR. The
difference score was held to represent RR-evoked release. The
RR-evoked release was measured first in normal saline, then
again after 3-5 min in the modified saline. Figure 3A illustrates
that in the absence of external calcium, the efficacy of RR was in
no way decreased. In five out of seven experiments, RR-evoked
release was actually found to be increased. On average, the
RR-evoked release measured in Ca2+-free saline was 160.8 ?
21.3% of that measured in normal saline (Fig. 3B). Overall however, this increase was not statistically significant (n = 7;~ = 0.18;

C
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a.”
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RR

WASH
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Figure 2. High affinity presynaptic
action of RR. A, Dose-response
curve
of the effect of RR on mEPSCs
in cultured
hippocampal
neurons.
mEPSCs were recorded
at a holding potential
of -70 mV in the presence
of increasing concentrations
of RR applied by perfusion.
The number of
mEPSCs recorded
in each 15 set episode was normalized
to the response
obtained at 5 FM for each experiment.
Each point represents
the mean 2
SEM for four to eight experiments.
B, Cumulative
probability
plot of the
amplitude
of mEPSCs recorded
before (CULL)
and in the presence of
puff-applied
RR (30 PM). The mEPSCs (recorded
in 15 set episodes) were
normalized
to the modal mEPSC amplitude
of the control episode of each
experiment.
The normalized
mEPSC amplitudes
were then ranked
and
divided in 0.1 unit bins for the subsequent
establishment
of a cumulative
probability
plot. The probability
determined
for each bin was averaged
across eight experiments.
The points represent
the mean + SEM for each
bin. The inset illustrates
the effect of RR on the average mEPSC amplitude (normalized
to the average amplitude
of mEPSCs in the control
episode of each experiment).
C, Effect of RR (30 pM) on currents induced
by puff-applied
glutamate
(500 pM for 15 msec) in a neuron
vohageclamped
at -70 mV. The current
was completely
blocked
by 20 pM
CNQX
(right). Calibration:
40 pA, 400 msec.

paired t test). The tendency for the effect of RR to be increased
in Ca2+-free saline suggested that there might be a competition
for binding sites between RR and the calcium ions that are
normally present in the saline. This was evaluated by increasing
external calcium from 2 mM to 10 mM. Under these conditions, the
effectiveness
of RR was clearly diminished.
On average,
RRevoked release in 10 mM Ca2+ -saline was 41.5 2 10.6% of that in
normal saline (Fig. 3B) (n = 5; p < 0.05; paired t test).
The broad-spectrum calcium channel blocker cobalt chloride
(CoCl,) was used to test more directly whether calcium influx
through voltage-dependent calcium channels could play a role in
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Figure 4. RR stimulates secretion independently of internal calcium
stores.A, mEPSCs recorded in a neuron at a holding potential of -70 mV
in calcium-free saline. Bath application of the mitochondrial uncoupler
FCCP (1 pM) failed to induce large changes in mEPSC frequency. Subsequent puff application of RR in the same cell induced a large increase
in mEPSC frequency. B, Bath application of the Ca-ATPase blocker
thapsigargin (THAP) (1 PM) failed to induce a significant increase in
mEPSC frequency, whereas the subsequent puff application of RR induced a clearly detectable increase in mEPSC frequency. Calibration (for
A and E): 35 pA, 650 msec.

1 Co

Figure 3. RR-induced secretion is independent of external calcium. A,
mEPSCs recorded in a neuron at a holding potential of -70 mV. The
effect of puff-applied RR (30 FM) was investigated in the same cells first
in normal saline (N.S.) and then after the perfusion of Ca’+-free saline
(0 Cu) for 3-5 min. Note that the effect of RR is actually slightly greater
in that cell in the absence of external Cazf. Calibration: 75 pA, 475 msec.
B, Summary of experiments testing the role of external Ca2+ in the effects
of RR on secretion. RR-evoked release was computed as the difference
between the number of mEPSCs recorded in the 15 set episode before and
immediately after puff application of RR. RR-evoked release was measured twice for each neuron: first in a control period in normal saline
(KY.) and then in either 0 Ca” saline (0 Ca) (n = 7), 10 mM Cazf saline
(10 Cu) (n = 5) or in saline containing 1 mM CoCl, (I Co) (n = 5). The
effect of RR was significantly diminished in the presence of 10 rnM Ca’+.
Each column represents the mean ? SEM. *p ~0.05. C, The graph
represents a current-voltage relationship of the Ca2+ current recorded in
a neuron in a control period, and after the successive perfusion of 30 pM
RR and 1 mM CoCl,. The holding potential was -80 mV. Barium was the
charge carrier. The inset shows leak-subtracted current traces obtained by
stepping from -80 to -10 mV for 50 msec. The lower trace is the control,
the middle is in the presence of RR, and the top is after perfusion of CoCl,.
Calibration: 520 PA, 1.5 msec.

the effects of RR. We found that the ability of RR to evoke
secretionwas unhampered(Fig. 3B) at a concentration of CoCI,
(1 mM), which potently blockscalciumcurrents in thesecells(see

in these neurons.A block of 63.0 ? 3.3% of the peak I,, was
obtained (n = 6; p < 0.05; paired t test). Most of the residual
current could be blocked by 1 mM CoCl, (Fig. 3C). Together, RR
and CoCl, blocked 87.8 2 4.9% of the initial I,, (n = 5;~ < 0.05;
pairedt test). Theseresultssuggestthat it is unlikely that RR acts
by promoting influx of calcium through voltage-gated calcium
channels.
The possibility of an action of RR on intracellular calcium
storesalsowasinvestigated.It is known that in vitro, RR blocks
the Cazt uniporter of mitochondria and can inducethe releaseof
calcium from mitochondria under someconditions,although evidencefor any suchaction on intact cellsis scarce(Moore, 1971;
Broekemeieret al., 1994).The role of mitochondrial storeswas
probedby the useof FCCP, a proton ionophore that dissipatesthe
mitochondrial proton gradient and allowsthe releaseof calcium
from loaded mitochondria. We reasonedthat if RR induced
release of calcium from these stores, then pretreatment with
FCCP shoulddecreaseRR-evoked release.BecauseFCCP alsois
able to depolarize cellular membraneswith the associatedproblem of opening calcium channels(White and Reynolds, 1995),
theseexperimentswere performed in Ca’+-free saline.The effect

Fig. 3C). On average, RR-evoked

of RR was tested 3-5 min after the application

release in CoCl,-saline

was 88.7

? 9.0% of that in normal saline.The differencewasnot statistically significant(p = 0.19; paired t test). Theselater resultsmight
not be surprisingin the light of previous reports suggestingthat
RR itself is an effective blocker of voltage-dependentcalcium
channels(Gomis et al., 1994). This is illustrated in Figure 3C,
which presents a current-voltage relationship for the calcium
current (Ica) recorded in a neuron at a holding potential of -80
mV, using barium as the charge carrier. It showsthat at a concentration of 30 PM, RR waseffective at blockingcalciumcurrents

of FCCP. In six of

six experiments,FCCP (1 PM) induceda smallincreasein baseline
mEPSC frequency (2.6 + 0.3-fold change).However, the subsequent application of RR induced a clear increasein mEPSC
frequency in every neuron tested (Fig. 4A). In four of these
experiments,the effect of RR wasevaluatedboth before and after
FCCP. We found that RR-evoked releaseafter FCCP was161.21
13.7% of that in normal saline.The increasewasnot statistically
significant(p = 0.07; paired t test).
The involvement of other calciumstoressuch asthose associ-
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ated with the endoplasmic reticulum was investigated by using the
Ca2+-ATPase blocker thapsigargin, an agent that is known to
deplete such stores in many cell types. The effect of RR was tested
3-5 min after the application of thapsigargin. We found that by
itself, thapsigargin (1 FM) was unable to reliably increase the
occurrence of mEPSCs in these neurons. Only in one out of eight
cells tested was a clear increase detected. On average, the basal
minifrequency in the seven other cells was 143.3 2 40.0% of
control. The difference was not statistically significant (p = 0.41;
paired t test). In all six cells in which RR was tested after
thapsigargin treatment, a clear increase in mEPSC frequency was
obtained (Fig. 4B). In four of these experiments, the effect of RR
was tested both before and after application of thapsigargin. We
found that RR-evoked release after thapsigargin was 122.0 ?
8.1% of that in normal saline. The difference was not statistically
significant (p = 0.23; paired t test). These results, using thapsigargin and FCCP, suggest that the induction of secretion by RR
does not require any release of calcium from internal stores.
We tested more directly the possibility that RR could induce an
elevation of free calcium in the neurons by using the calciumsensitive probe Fura- for ratiometric determination of calcium
levels. In all experiments with RR, no significant increase in
intracellular calcium was detectable, either in cell bodies or in
neurites. To rule out a detection threshold problem, we verified
whether we could detect a change in intracellular calcium when
neurons were depolarized with saline containing 15 mM KCl. In
preliminary experiments we determined that this concentration of
K+ could depolarize the neurons sufficiently to induce an elevation of mEPSC frequency that was roughly of the same order of
magnitude as that produced by RR (Fig. 54,B). On average, the
increase in mEPSC frequency produced by the 15 mM K+ saline
was 7.3 t 1.4-fold (p < 0.01; paired t test). In comparison, RR
produced an 11.1 ? 1.5-fold increase, as mentioned earlier. We
found that the 15 mM Kt saline produced a clearly detectable
elevation of free calcium in the neurites and cell bodies of all cells
tested (Fig. SB). On average, free calcium increased by 54 + 8 nM
after application of the 15 mM Kt saline (n = 38 fields in 5
coverslips), whereas in the same cells, the change produced by 30
PM RR was -1 ? 1 nM. Together with the observation that the
action of RR persists in the absence of external calcium and after
perturbation of intracellular calcium stores, these results are compatible with the idea that the induction of secretion by RR is
calcium-independent.
External site of action
Although puff-applied RR reversibly increased mEPSC frequency, we noticed that the effect was difficult to completely
reverse after slow application of RR through the perfusion line.
One interpretation of this observation is that some of the RR
remained bound to the presynaptic membrane through relatively
tight interactions that were difficult to remove by washing with
saline. Another possibility is that some of the RR remained
trapped inside the nerve terminals. We reasoned that if the first
model was correct, it should be possible to compete with these
putative RR binding sites by using a polyanionic molecule such as
heparin. Previous work has shown that heparin can interact
strongly with RR in vitro (Luft, 1971; Moore, 1971). In these
experiments RR (30 PM) was perfused for 60 set and then
immediately washed out for 2-4 min with normal saline. The
mEPSC frequency remained well above control levels in all cases
and was relatively stable (Fig. 6B, CTRL). Heparin (100 PM) was
then puffed for 30 set in the immediate vicinity of the neuron that
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5. RR inducesno detectablechangein neuronal calcium levels.A,
mEPSCs recorded in a neuron at a holding notential of -70 mV. Perfusion of saline containing 15 mM KC1 indu&l a clear increase in mEPSC
Figure

frequency (middle). The subsequent puff application of RR (30 j&M)
produced a comparable increase in mEPSCfrequencyin that cell(right).
Calibration: 80 pA, 800 msec. B, Summary of calcium imaging and mEPSC
recording experiments. The left histograms
represent the change in
mEPSC frequency induced by 15 mM KCI saline or by RR. The right
histograms
represent the change in free calcium (relative to control)
produced by the same treatments in different neurons. Data are presented
as mean k.SEM. Note that although RR produced a larger increase in
mEPSC than did the 15 mM KC1 saline. it failed to induce anv detectable
increase in free calcium. The KCI saline induced an average change in
calcium of 54 nM.

waspatch-clamped.In all experiments(n = 6), puff-applied heparin produced an immediatedecreasein mEPSCfrequency (Fig.
6A,B). Slow applicationof heparin through the perfusionline also
was found to be effective (n = 10; results not shown). The
presynaptic nature of the effect of heparin is supportedby the
finding that the reversalof RR actionwasnot accompaniedby any
notable change in the cumulative probability distribution of
mEPSC amplitudes(Fig. 6C) (F(l, 959)= 0.51, p = 0.47 (for
control vs heparin main effect); two-way ANOVA). Overall, the
average amplitude of mEPSCsafter application of heparin was
97.2 4 9.6% of that in the control period (Fig. 6C, inset). The size
of CNQX-sensitive currentsobtainedby direct puff application of
glutamate also was found to be unaffected by heparin (99.7 2
3.0% of control; II = 8; p = 0.83; paired t test) (Fig. 60). These
results,together with the observationthat high external calcium
strongly decreasesthe effectsof RR on secretion,are compatible
with a model of RR action that involves binding to siteson the
extracellular side of the presynapticmembrane.
The finding that RR seemsto act through an external site may
not be surprisingin light of previousobservationssuggestingthat,
as is the casefor lanthanum, it is impermeant to intact cellular
membranes(Tani and Ametani, 1971; Korte and Rosenbluth,
1982;Humbert and P&et, 1992)and may be usedasa histological
stain of the cell surface (Luft, 1971; Parsonset al., 1992). We
wishedto verify whether its binding to the presynapticmembrane
could be associatedwith any detectable perturbations of the
synapse at the ultrastructural

level. Neurons

were exposed to 20

RR for 10min and then immediatelylixed and processedfor
electron microscopy.We found that RR application did not comPM
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7. RR does not compromise the ultrastructural integrity of the
synapse. Electron micrograph of a section taken from an 11 d hippocampal culture exposed to RR (20 PM) for 10 min before fixation. The overall
appearance of synapses from RR-treated cultures did not differ from that
of control cultures (not shown). Calibration: 1 pm.
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Figure 6. RR acts at an external site. Cultures were perfused for 60 set
with 30 pM RR and then washed with saline for 2-4 min. This lead to a
sustained increase in mEPSCs that persisted even after washout of RR.
The mEPSCs shown in A were recorded after the washout of RR. The
persistent effect of RR on mEPSC frequency is rapidly reversed by
puff-applied heparin (100 PM). Calibration: 50 pA, 2250 msec. B, Time
course of heparin reversal of RR action. The number of mEPSCs per 1 set
bin was normalized to the modal number of events in the 10 control bins
preceding the application of heparin (black squares). The effect of heparin
was maximal within 2-3 sec. The control plot (white diamonds) illustrates
that in the absence of heparin, the effect of RR was maintained. Thepoints
represent the mean ? SEM for each bin (n = 7). C, Cumulative probability distribution of normalized mEPSC amplitudes before and after
heparin. The mEPSCs recorded in the first 10 set of each experiment were
compared with those from the last 50 set (after the heparin puff). The
mEPSCs were normalized to the modal mEPSC amplitude of the control
segment of each experiment. The normalized mEPSC amplitudes were
then ranked and divided into 0.1 unit bins for the subsequent establishment of a cumulative probability plot. The probability determined for each
bin was averaged across seven experiments. Thepoints represent the mean
? SEM for each 0.1 unit bin. There was no significant difference. The inset
illustrates the effect of heparin on the average mEPSC amplitude (normalized to the average amplitude of mEPSCs before the treatment for
each experiment). D, Currents produced in a voltage-clamped neuron by
puff application of glutamate (Glu; 500 pM for 15 msec). Perfusion of 100
pM heparin induced no changes in this response. Calibration: 200 pA,
160 msec.

promisethe ultrastructural integrity of the synapse.Both pre- and
postsynapticmembranesseemedundamaged,and large numbers
of electron lucent synapticvesicleswere detectable (Fig. 7).
Direct modulation of the secretory apparatus by CPA
The ability of RR to induce neurotransmitter releaseindependently of calciumand in a reversiblemannershouldprovide a very
sensitivetool to probe the releasemachinery of neurons and to
allow detection of a direct modulation of the secretoryapparatus.
Here we used RR-evoked releaseto test whether activation of
presynaptic A, adenosinereceptors could directly modulate the
effectivenessof quanta1secretion.Previous work has shownthat

activation of these receptorsusing CPA can very effectively decrease action potential-evoked excitatory synaptic transmission
between hippocampal neurons (Scholz and Miller, 1991). Although a decreasein presynaptic calciumcurrent is likely to play
some role in the reduced synaptic transmission(Mogul et al.,
1993; Umemiya and Berger, 1994; Wu and Saggau,1994), the
observation that basalrates of spontaneousreleaseare also decreasedby CPA (Scanzianiet al., 1992;Scholz and Miller, 1992)
hasprovided somesupportfor the notion that a direct modulation
of the secretory apparatuscould be involved. RR-evoked release
was first tested in a control period, then after 3 min in, the
presenceof 400 nM CPA, and then againafter a 5 min washoutof
CPA. We found that RR-evoked releasewasstrongly attenuated
by CPA (Fig. 8A). The effect wasreversibleupon washoutof CPA
(Fig. 8s). RR-evoked releasewas decreasedby CPA in eight of
eight experiments;on average,it was 34.1 -C 6.2% of that measured in normal saline, whereas after washout of CPA, RRevokedreleaserecoveredto 79.6 5 17.3%of that in normal saline
(significantly different from the CPA period; p < 0.02; paired t
test). By comparison,spontaneousmEPSCfrequency in the presenceof CPA was81.3 t 13.4%of that in normal saline(n = 10;
p < 0.05;paired t test). Theseresultsprovide the mostcompelling
evidenceto date for the hypothesisthat activation of presynaptic
A, adenosinereceptorsinducesa direct modulation of the effectivenessof the secretory machinery in hippocampalneurons.
DISCUSSION
Modulation of secretion
The recent characterization of numerous synaptic proteins has
raised the possibility of eventually pinpointing some of these
proteins as targets for regulation during development of the
synapseand its modulation in the context of learning and memory
or pathology (Jahn and Stidhof, 1994; O’Connor et al., 1994;
Scheller, 1995). Toward this end, it is clear that tools must be
developedto directly probe the releasemachinery of neuronsin
order to identify changesin the efficacy of the processesthat are
downstreamfrom calciuminflux through voltage-dependentchannels.To date, it hasproven difficult to identify a methodto reversibly
inducequanta1releasein neuronsin a calcium-independent
manner.
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8. Direct modulation of the secretory apparatus by A, adenosine
receptor activation. A, RR-induced increase in mEPSC frequency in
normal saline (N.S.) and again in the same neuron after perfusion of 400
nM cyclopentyladenosine (CPA). The RR-evoked release is significantly
decreased. Calibration: 80 pA, 675 msec. B, Summary of experiments
performed with CPA. RR-evoked release was evaluated three times in
each neuron: during a control period in normal saline (MS.), 3 min from
the start of CPA (400 nM) perfusion, and finally again in normal saline
after a 5 min washout of CPA (WASH). The effects are expressed relative
to the RR-evoked release obtained during the initial control trial. The bars
represent the mean + SEM of eight experiments. Note that the decrease
in RR-evoked release was reversible upon washout of CPA. *p < 0.05

Figure

The work presented here suggests that RR could be used in such a
way. Four lines of evidence suggest that its induction of secretion in
cultured hippocampal neurons is calcium-independent. First, its effect is not prevented by removal of external calcium (Fig. 3A,B).
Second, RR by itself blocks calcium channels (Fig. 3C). Third,
perturbation of intracellular calcium stores neither induces large
changes in spontaneous release by itself nor prevents the effects of
RR (Fig. 44,B). Fourth, direct measurements of free calcium levels
in neurites and cell bodies of hippocampal neurons failed to detect
any change in the presence of RR (Fig. 5).
We have provided an initial demonstration of the usefulness of
RR as a probe of the release machinery of neurons by showing
that it could identify an A, adenosine receptor-mediated decrease
of the efficacy of the release process in hippocampal neurons (Fig.
8). Such a possibility had been suggested previously based on
measurements of rates of spontaneous release alone (Scanziani et
al., 1992; Scholz and Miller, 1992). We find RR-evoked release to
be a much more sensitive assay to detect modulation of the
secretory machinery. Although the decrease in spontaneous release was found to be less than 20%, RR-evoked release decreased by 65% (Fig. 8B). It will be interesting to use RR-evoked
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release as an assay for presynaptic changes in the context of
long-term potentiation (LTP) of synaptic transmission. Our data
may allow an immediate reinterpretation of the findings of Lynch
and Bliss (1986), who reported that RR-evoked release of labeled
glutamate is increased in slices in which LTP has been induced.
These authors had used RR as a stimulus for release under the
assumption that its effects were mediated by the release of calcium
from mitochondrial stores. We now suggest that their results may
be interpreted as indicating that LTP is indeed accompanied by a
direct upregulation of the effectiveness of the release machinery
in hippocampal neurons.
Mechanism
of action of RR
Our results are compatible with a model of RR action on synaptic
terminals that involves direct binding to the presynaptic membrane with a subsequent, calcium-independent induction of quantal transmitter release. Several observations support the proposition that an external site of action is involved. First, the kinetics of
action are fast; the increase in mEPSC frequency begins immediately upon puff application of RR (Fig. 1B). Second, the effect is
reversed relatively rapidly by washing with saline (Fig. 1C). Third,
increasing external Cazt dccrcascs the effectiveness of RR (Fig.
3B). Fourth, puff application of heparin is able to rapidly reverse
the sustained increase in mEPSC frequency induced by prolonged
application of RR (Fig. 6). Finally, it has been independently
determined that polycationic molecules such as RR and lanthanum are usually impermeant to the intact cellular membrane
(Tani and Ametani, 1971; Korte and Rosenbluth, 1982; Humbert
and P&et, 1992).
RR is likely to bind to multiple categories of binding sites on
neurons and cells in general. Three of these are (1) polyanionic
carbohydrates such as N-linked oligosaccharides on glycoproteins,
ganglioside headgroups, and proteoglycans containing sulfated
sugars and uranic acid; (2) amino acid residues of proteins; and
(3) membrane lipids. What then is the class of binding sites
responsible for the induction of secretion? It may be proposed
that the induction of secretion is secondary to the binding of RR
to the carbohydrate moieties of glycoproteins present at the
synapse. This could result in the aggregation of some proteins
such as receptors with tyrosine kinase function (Lemmon and
Schlessinger, 1994) and could initiate a second-messenger cascade
leading to neurotransmitter release in a way reminiscent of the
induction of histamine release from mast cells by aggregation of
Fc epsilon receptors (Beaven and Metzger, 1993). Although at
this point we cannot eliminate such a possibility, the fast kinetics
of RR action on mEPSCs and the fast reversal of its effects by
heparin are not suggestive of any involvement of complex secondmessenger pathways. A second possibility is direct binding to
proteins. One example of this is the block of Ca*+ channels by RR
(Fig. 3), which is likely to result from binding of RR to sites at the
mouth of the channel that normally allows binding and permeation of Ca*+ ions. One possibility could be that this binding of
RR also induces a conformational change in the channel such that
proteins of the presynaptic membrane and vesicle that normally
interact with calcium channels, like the neurexins and synaptotagmin, also are influenced, thereby directly facilitating exocytosis. A
third possibility is direct binding of RR to membrane lipids. Work
performed with purified lipids and liposomes has demonstrated
previously that polyvalent cations like RR and lanthanum are able
to bind strongly and be coordinated by phospholipids (Luft, 1971;
Cullis et al., 1980; Petersheim and Sun, 1989; Ohki and Arnold,
1990). This could force nonlamellar states in the membrane (Sun
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and Petersheim, 1990). The induction of inverted micelle structures, hexagonal phases, or other intermediate states in phospholipid membranes by Ca2+ and other di- and multivalent cations is
well documented
and could be a necessary step in exocytosis

(Papahadjopouloset al., 1976; Cullis et al., 1980; Allen et al.,
1990;Benfenati et al., 1993;Rand and Fang, 1993;Scheller,1995).
More simple molecular packing “mismatches”also could be induced in phospholipidbilayers and could facilitate fusion (Burgess et al., 1992). The induction of such nonlamellar states in the
presynaptic membrane after the binding of RR could directly

decreasethe energy barrier for exocytosisof predockedvesicles,
for example,by makingit easierfor the protein complexthat mediatesneurotransmitterreleasein neuronsto overcomethe repulsive
forcesprovidedby the hydrationlayersof the presynapticmembrane
and vesicle surface (Bass and Moore, 1966; Remler, 1973). However,
to be compatible with the results presented in this paper, such
alterations in bilayer organization must be reversible.
Although identification of the precise mechanism by which RR
induces calcium-independent
secretion will require more work,
we suggest that RR may be an extremely useful tool for the study
of the process of neurotransmitter
release and its modulation in
neurons because it provides a direct assay of the state of the
secretory apparatus. In particular, the use of RR as a calciumindependent
stimulus for secretion may allow a more direct investigation of questions such as the relationship
between the
mechanism of calcium-dependent
versus calcium-independent
exocytosis, and the role of calcium influx in endocytosis.
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