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Synergistic Release of Ca21 from IP3-Sensitive
Stores Evoked by Synaptic Activation of mGluRs
Paired with Backpropagating Action Potentials

et al., 1999). More than one mechanism may be involved
since there is variation among these experiments con-
cerning the receptors that are activated (NMDA or
mGluR [metabotrophic glutamate receptor]), the path-
ways that participate (Ca21-induced Ca21 release [CICR]
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or inositol 1,4,5-trisphosphate [IP3] receptor–mediated
activation), the spatial distribution of the [Ca21]i changes
that are generated (localized to spines or widespread),Summary
and even the importance of this mechanism.

A role for backpropagating action potentials in theIncreases in postsynaptic [Ca21]i can result from Ca21

Ca21 release process has not been examined. Indeed,entry through ligand-gated channels or voltage-gated
many investigators have tried to eliminate voltage-gatedCa21 channels, or through release from intracellular
Ca21 entry in their experiments to avoid confusion as tostores. Most attention has focused on entry through
the source of Ca21 when measuring [Ca21]i increasesthe N-methyl-D-aspartate (NMDA) receptor in causing
(see Discussion). A commonly accepted view is that the[Ca21]i increases since this pathway requires both pre-
main function of spikes and Ca21 entry is to supply Ca21synaptic stimulation and postsynaptic depolarization,
to replenish the stores (Friel and Tsien, 1992; Jaffe andmaking it a central component in models of synaptic
Brown, 1994). However, studies of the IP3 receptor haveplasticity. Here, we report that repetitive synaptic acti-
noted that a rise in [Ca21]i enhances IP3-mediated re-vation of metabotropic glutamate receptors (mGluRs),
lease of Ca21 from the endoplasmic reticulum (ER; Iino,paired with backpropagating action potentials, causes
1990; Bezprozvanny et al., 1991; Finch et al., 1991).large, wave-like increases in [Ca21]i predominantly in
These observations have led to speculation that a co-restricted regions of the proximal apical dendrites and
incident increase in the two intracellular messengerssoma of hippocampal CA1 pyramidal neurons. [Ca21]i
could be an important mechanism triggering the releasechanges of several micromolars can be reached by
of Ca21 in neurons (Berridge, 1998). One possible formregenerative release caused by the synergistic effect
of this interaction is pairing postsynaptic depolarization,of mGluR-generated inositol 1,4,5-trisphosphate (IP3)
to cause Ca21 entry, with presynaptic activity, to activateand spike-evoked Ca21 entry acting on the IP3 receptor.
metabotropic receptors to release IP3. To examine this
possibility, we used whole-cell recording and high-
speed fluorescence imaging of pyramidal neurons inIntroduction
slices from the rat hippocampus. An important step was
developing conditions in which synaptic stimulation reli-Synaptically activated action potentials propagate down
ably and repeatably evoked Ca21 release from internalthe axons and back into the dendrites of hippocampal
stores. We then examined the mechanism of release,pyramidal neurons (Turner et al., 1991; Spruston et al.,
the spatial distribution of the [Ca21]i change, and the1995). There has been considerable interest in the back-
role of action potentials in this process. We found that

propagating spikes since they are a message to the cell
following synaptic activation, a single spike could trigger

that both a synaptic input and a postsynaptic response
regenerative release from IP3-sensitive stores, which

have occurred (for review, see Linden, 1999). This kind raised [Ca21]i several micromolars in the proximal apical
of Hebbian interaction is the basis for many models of dendrites.
synaptic plasticity. The form of the message is not clear.
An important component is likely to be a rise in postsyn- Results
aptic [Ca21]i. Action potentials directly cause [Ca21]i in-
creases in the dendrites by opening voltage-sensitive To isolate the contribution of mGluRs, we stimulated
Ca21 channels (Jaffe et al., 1992). There is also evidence the slice in the presence of 10 mM 6-cyano-7-nitroquin-
that the spikes enhance Ca21 entry through N-methyl- oxaline-2,3-dione (CNQX) and 100 mM (6)-2-amino-5-
D-aspartate (NMDA) receptor channels (Yuste and Denk, phosphonopentanoic acid (AP-5) to block ionotropic
1995; Koester and Sakmann, 1998; Schiller et al., 1998). glutamate receptors. The sharp point of the stimulating

A third pathway for raising [Ca21]i is release of Ca21
electrode was placed near the proximal apical dendrites

from intracellular stores. Several studies have sug- of the bis-fura-2-filled pyramidal neuron (Figure 1B). Un-
gested that synaptically activated release contributes der these conditions, stimulation at 100 Hz for 0.25–1.0
to the rise of postsynaptic [Ca21]i in pyramidal neurons s caused a slow depolarization of the membrane (Figure
(Alford et al., 1993; Frenguelli et al., 1993; Pozzo-Miller 1C, bottom). The depolarization usually was preceded
et al., 1996; Emptage et al., 1999; Yeckel et al., 1999) by a brief hyperpolarization that was caused by coacti-
and that this release could participate in the induction vation of inhibitory inputs which were not blocked in
of synaptic plasticity and gene expression (Reyes and these experiments (e.g., Figures 1D, 2A, and 5A). In many
Stanton, 1996; Wang et al., 1997; Berridge, 1998; Yeckel cells (n 5 24), this stimulation caused a transient in-

crease in [Ca21]i that began with a delay (Figure 1C).
The shortest observed delay from the beginning of stim-* To whom correspondence should be addressed (e-mail: ross@

nymc.edu). ulation was 0.4 s and the longest, 1.3 s (mean 0.72 6
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Figure 1. Repetitive Synaptic Stimulation Causes Localized Ca21 Waves in Pyramidal Cell Dendrites

(A) Pseudocolor image of the restricted spatial distribution of the amplitudes of the fluorescence changes at the time indicated by the vertical
arrow over the fluorescence traces in (C). The image is matched to the cell image in (B).
(B) Fluorescence image of a pyramidal cell filled with bis-fura-2. The patch electrode used for intracellular stimulation and recording is visible.
The position of the extracellular stimulating electrode is indicated by a dotted line. Scale bar, 50 mm.
(C) Time-dependent fluorescence changes measured at different dendritic locations (indicated by rectangles in [B]) and somatic membrane
potential change in response to 100 Hz synaptic stimulation for 1 s. AP-5 (100 mM) and CNQX (10 mM) were added to the ACSF. The fluorescence
changes began near location 2 and propagated to location 5. From location 4, the wave backpropagated for a short distance into another
dendrite (location 7). There was no detectable increase at locations 1 and 6, which border this region. The fluorescence increase at even the
earliest location (2) was delayed by about 0.5 s from the start of synaptic stimulation.
(D) In another cell, 100 Hz synaptic stimulation for 0.5 s caused a delayed [Ca21]i increase at the indicated location near the stimulating
electrode. This increase was reversibly blocked by 1 mM MCPG.

0.27 s, n 5 23 cells). Transients as short as 200 ms were in the same neuron. These Ca21 transients required ac-
tion potential-mediated release of neurotransmittermeasured in the dendrites (mean 0.48 6 0.18 s, n 5 23)

but could last more than 1.5 s in the soma if they invaded since they were blocked by tetrodotoxin (TTX, 1 mM)
when the postsynaptic responses were subthreshold (n 5that region. Multiple stimuli (usually 25) were required

to observe this [Ca21]i increase, but we did not try to 2; data not shown). To confirm that the release in our
experiments was due to activation of mGluR, we applieddetermine the threshold stimulation configuration. The

[Ca21]i increase was not synchronous at all locations; (R,S)-a-methyl-4-carboxyphenylglycine (MCPG, 1 mM;
n 5 2; Conn and Pin, 1997), which reversibly blockedthe peak spread as a wave over a restricted region near

the point of stimulation (Figure 1C; to see a movie of the slow Ca21 transients (Figure 1D). As MCPG was
added to the preparation, the spatial extent of the re-this wave, go to http://www.neuron.org/cgi/content/full/

24/3/727/DC1). Examples of propagation in one or both lease wave became more restricted before being elimi-
nated. MCPG also blocked the slow membrane depolar-directions were observed. Typical propagation veloci-

ties were 68 6 22 mm/s (n 5 18) but were not constant ization, consistent with previous observations (Davies
et al., 1995; Congar et al., 1997).along a dendrite. Transients could be evoked repeatedly
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Figure 2. Synaptic Stimulation followed by Action Potentials Causes Release of Ca21 in the Apical Dendrites

Left panel shows bis-fura-2-filled pyramidal neuron, with regions of interest and electrode positions marked. AP-5 (100 mM) and CNQX (10
mM) were added to the ACSF. Scale bar, 50 mm.
(A) Synaptic stimulation at 100 Hz for 1 s caused no detectable change in fluorescence at any somatic or dendritic location. The membrane
potential hyperpolarized because inhibition was not blocked.
(B) Synaptic stimulation (same stimulation parameters) followed immediately by action potentials, evoked by 1 ms intrasomatic pulses at 30
ms intervals, caused fast fluorescence increases at all locations and slower, larger increases, predominantly in the proximal apical dendrites.
(C) A train of ten action potentials without synaptic stimulation evoked fluorescence increases that peaked at the time of the last spike at all
locations.
(D) A similar experiment in another cell. Fluorescence changes measured from the rectangular region are indicated in the inset. The first panel
shows a fast fluorescence increase in response to ten action potentials stimulated at 30 ms intervals. The second panel shows a larger,
regenerative increase when the spikes were immediately preceded by synaptic stimulation (100 Hz for 1 s). The last panel shows a smaller,
faster increase when the spikes were delayed by 1 s.
(E) Increase in amplitude of the fluorescence change versus time of delay of spikes after the end of synaptic stimulation. Increases normalized
to 100% at zero delay. Nine cells are included in the histogram. Not all times were measured for each cell.

Weaker stimulation and more distal stimulation also changes caused by action potentials alone (Figure 2C).
These nonsynaptic, spike-evoked [Ca21]i changes peakedwere effective in inducing a hyperpolarization followed

by a depolarization. However, in many cells (n 5 46), simultaneously at all locations (within one frame interval)
at the time of the last action potential. The delayedstimulation under these conditions caused no change

in [Ca21]i (Figure 2A). In these experiments, we could increase, induced by synaptic stimulation and action
potentials, like the increases observed without spikes,usually cause large [Ca21]i increases if we followed the

synaptic stimulation with a short train of action poten- could be blocked by 1 mM MCPG (n 5 8; data not
shown). MCPG had no effect on the [Ca21]i transientstials (typically five to ten spikes at 30 ms intervals)

evoked with brief current pulses in the soma (Figure 2B). evoked by spikes alone. The enhanced release also was
observed in cells in which spikes were generated byThese increases had a sharp initial phase that correlated

with the spikes and a slower, secondary phase. The excitatory postsynaptic potentials (EPSPs) in experi-
ments that did not include AP-5 and CNQX in the artificialsecondary increases were not synchronous in all of the

dendritic locations where they were observed. However, cerebrospinal fluid (ACSF; data not shown).
When the spikes were evoked immediately at the endthey were more synchronous than those of the propa-

gating waves observed without spikes. This pattern was of the synaptic train, they usually caused a Ca21 release
transient in the dendrites. However, in the same cellsclearly different from the temporal profile of [Ca21]i
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Figure 3. Spatial Distribution of Synaptically Evoked Ca21 Release

(A) Distribution of [Ca21]i increases in cells in which spikes were not needed to cause release. Each line is from a different cell. The length
and position of the line indicate where release was detected (to the nearest 20 mm). The arrowhead indicates the position of the stimulating
electrode. The circle indicates the location where release was first detected. In the proximal apical region, release occurred near the site of
stimulation. Stimulation outside this region either was not effective or preferentially caused release in the proximal apical region or soma.
(B) Spatial distribution in cells in which a train of 20 spikes was used to evoke release following synaptic stimulation in the proximal apical
dendrites (20–80 mm from the soma). At each location, the ratio of the fluorescence increase with both synaptic stimulation and spikes is
compared with the increase when spikes alone were stimulated. Data from twenty-three cells are included in the histogram. The largest
increase was in the proximal apical region.
(C) Similar histogram for nine cells in which the stimulating electrode was placed more than 100 mm from the soma.
(D) Distribution of increases for six cells when the stimulating electrode was positioned at the soma to 40 mm into the basal dendrites.
Stimulation in this region often did not generate release, using currents that were effective in the apical dendrites. Higher stimulating currents
evoked antidromic action potentials.

no release was observed when the spikes were evoked initiation occurred close to the soma, and the wave
propagated toward the dendrites. If initiation was away1 s after the end of the train (Figure 2D). Similarly, release

transients were not detected when spikes were evoked from the soma, then propagation was toward the soma.
In most cases, the wave was confined to the proximalat the beginning of tetanic synaptic stimulation (data

not shown). Figure 2E shows a summary histogram of apical region of the dendrites. In some cells, the wave
spread over the soma. In several cells, the wave contin-nine similar timing experiments. For each cell, the inter-

val between the end of synaptic stimulation and the ued into the basal dendrites, but with reduced amplitude
and rarely more than 20 mm from the soma. If stimulationbeginning of spike stimulation was varied, and the mag-

nitude of release was noted. The figure shows that the was outside the sensitive region (soma to z100 mm into
the apical dendrites), then higher current densities werefractional increase in amplitude of the release transient

(normalized to the increase at zero delay) rapidly de- usually required to evoke release. However, in these
cases the release waves were still predominantly in theclined as the interval before spike stimulation increased

to 1 s. proximal apical region or soma. These patterns are sum-
marized in Figure 3A.Localized release without spikes was observed most

commonly when the stimulating electrode was placed When spikes were used to evoke release after synap-
tic stimulation, the [Ca21]i increase due to release wasclose to the base of the proximal apical dendrites. In

these experiments, release appeared to begin at a loca- also concentrated in the proximal apical dendrites, al-
though it appeared to extend over a slightly larger areation near the electrode tip and then propagated for vari-

able distances, but rarely more than 50 mm from the than release evoked without spikes. In contrast, the
spike-evoked [Ca21]i increase in normal ACSF could beinitiation point. If the electrode was close to the soma,
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Figure 4. Spikes Cause Ca21 Release in the
Proximal Apical Dendrites in the Presence of
t-ACPD

Left panel shows a pyramidal neuron filled
with bis-fura-2, with regions of interest indi-
cated. AP-5 (100 mM) and CNQX (10 mM) were
always present. Scale bar, 50 mm.
(A) In ACSF containing 30 mM t-ACPD, a train
of five intrasomatically evoked action poten-
tials (30 ms intervals) generated a fast fluores-
cence increase at all locations (1–5) followed
by a slower increase at locations 2–4 in the
proximal apical dendrites.
(B) The same action potentials generated only
fast fluorescence changes in normal ACSF.
(C) Spatial distribution of the amplitude in-
crease in t-ACPD compared with the ampli-
tude in normal ACSF. Data from nine cells are
included in the histogram. All cells showed
increases in the apical dendrites (30–50 mm).
Only six of these showed increases in the
soma (210, 10 mm). However, these in-
creases were large, explaining the bigger er-
ror bars at these locations.

observed out to the limits of the apical and basal den- positioned more distally in the apical dendrites or over
the basal dendrites. This would seem to suggest that thedrites or at least as far as fluorescence could be de-

tected (Jaffe et al., 1992; Callaway and Ross, 1995; synapses in these regions were less capable of inducing
release than those in the proximal apical dendrites. How-Spruston et al., 1995). To determine more quantitatively

the spatial distribution of release in these experiments, ever, the dendrites in these other regions are thinner
and more branched than the dendrites in the sensitivewe calculated at each location the percentage increase

in the fluorescence change when spikes followed synap- proximal apical region. In addition, the spatial organiza-
tion of fibers stimulated by the tungsten electrode wastic stimulation compared with the change evoked by

spikes alone. Data were separated into three groups, not exactly known. Therefore, extracellular synaptic stimu-
lation might not be equally effective in all regions of thedepending on the location of the stimulating electrode.

Figure 3B shows the distribution when stimulation was pyramidal neuron. One possible way of dealing with
this problem is to activate all mGluRs equally with anin the proximal apical dendrites. In this case, the greatest

increase was near the stimulating electrode. In nine cells exogenously applied agonist. To this end, 30 mM trans-
1-amino-cyclopentyl -1 ,3-dicarboxylate (t-ACPD, anin which the stimulating electrode was placed more api-

cal to the sensitive region (.100 mm), release evoked mGluR agonist; Conn and Pin, 1997) was added to the
bath. The cell depolarized by about 5 mV, and there wasby spikes was still largest in the same proximal apical

region (Figure 3C). Even when the stimulating electrode a small or no change in resting [Ca21]i, as judged by the
fluorescence intensity in the soma and proximal den-was placed near the soma or on the basal dendrites,

the largest increases were in the apical dendrites (Fig- drites (Davies et al., 1995; Bianchi et al., 1999). When a
train of action potentials was evoked with intrasomaticure 3D).

It was clear from these experiments that it was harder stimulation, large regenerative [Ca21]i changes were de-
tected, predominantly in the proximal apical dendritesto evoke release when the stimulating electrode was
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(n . 30; Figure 4A). These changes were larger and
longer lasting than the transients evoked by spikes with-
out t-ACPD in the bath (Figure 4B) and resembled the
regenerative [Ca21]i changes evoked by action poten-
tials following synaptic stimulation (Figure 2B). Figure
4C shows the spatial distribution of the increase deter-
mined from an analysis of nine cells. It is clear that, as
with the synaptically evoked transients, the enhance-
ment was most dramatic in the proximal apical dendrites
and soma.

Several pharmacological experiments support the
conclusion that the regenerative increase in [Ca21]i is
due to the synergistic action of IP3 and Ca21 acting on
the IP3 receptor to release Ca21 from intracellular stores.
First, synaptically evoked release was blocked by 20
mM cyclopiazonic acid (CPA; n 5 6; Figure 5A), which
depletes intracellular stores by blocking the ER Ca21-
ATPase (Seidler et al., 1989). CPA did not prevent the
release of neurotransmitter since the inhibitory postsyn-
aptic potential (IPSP) and slow EPSP were still recorded
(Figure 5A, insets). Further evidence that CPA acted
postsynaptically is that it prevented the slow, spike-
evoked release in the presence of 30 mM t-ACPD (n 5
7; data not shown). CPA had little effect on the spike-
evoked [Ca21]i increase in normal ACSF, consistent with
entry through voltage-sensitive channels as the primary
pathway for this [Ca21]i change (Markram et al., 1995).
Second, release was prevented by including low-molec-
ular weight heparin (1 mg/ml; n 5 5) in the pipette. Hepa-
rin blocks the binding of IP3 to its receptors in neurons
and other cell types and prevents Ca21 release (Ghosh
et al., 1988; Kobayashi et al., 1988). Group I mGluR1s,
which are prominently expressed on CA1 pyramidal
neurons and which are blocked by MCPG, stimulate
IP3 production when activated (Conn and Pin, 1997).
Heparin did not block the slow membrane depolariza-
tion, indicating that some of this depolarization is a non-
IP3-mediated consequence of mGluR activation (data
not shown).

The large [Ca21]i increase caused by backpropagating
action potentials suggests that the spikes might partici-
pate in the release process by transiently raising [Ca21]i

above a threshold level. To test this idea, we increased
the bis-fura-2 concentration to 1 mM in the recording
pipette to buffer the spike-evoked transients. Indeed,
as previously reported (e.g., Helmchen et al., 1996), the

Figure 5. Pharmacology of Synaptically Evoked Ca21 Release (B) Similar experiment showing that 10 mM ryanodine blocked syn-
aptically evoked release. Same scales, except that ordinate for volt-(A) Effect of 20 mM CPA. Left panel shows a bis-fura-2-filled pyrami-

dal neuron, with electrode positions and region of interest indicated. age is 75 mV.
(C) Similar experiment showing that 10 mM ryanodine did not blockIn the first trial (a), five spikes alone at 30 ms intervals generated a

small fluorescence increase that was linked in time to the spikes release when the cell was loaded from a pipette containing 120 mM
Ruthenium Red.(left inset, [a]). Subsequent trials used synaptic stimulation (100 Hz

for 500 ms) followed by the same train of action potentials. This (D) Summary of effects of different agents on the ability of synaptic
stimulation and spikes to evoke release. Cells were scored as posi-protocol evoked a regenerative fluorescence increase in the apical

dendrites that outlasted the spikes (middle inset, [b]). Following tive if the stimulated fluorescence increase was significantly larger
than the increase due to spikes alone. Abscissa labels indicate thesuperfusion with 20 mM CPA, the regenerative increase was blocked,

leaving an increase of about the same amplitude as that generated additions to the pipette and ACSF solutions used in these experi-
ments: 0.3 mM Bis-F-2 (bis-fura-2, 0.3 mM in pipette; n . 50) is theby spikes alone (right inset, [c]). The segmented line shows the peak

fluorescence amplitude for all trials during the 25 min experiment. control condition; 1.0 mM Bis-F-2 (n 5 5); Ry (ryanodine, 10–40 mM
added to ACSF; n 5 12); RuthR (Ruthenium Red, 80–120 mM inNote that the IPSP and the slow depolarization under the spikes

remained. Peaks of action potentials in all panels have been cut off pipette; n 5 10); RuthR 1 Ry (Ruthenium Red, 120 mM in pipette;
ryanodine, 10 mM in ACSF; n 5 3); Hep (heparin, 1 mg/ml in pipette;to show the synaptic responses in more detail. Scale: ordinate, 10

mV and 10% DF/F; abscissa, 1 s. Scale bar, 50 mm. n 5 5); and CPA (20 mM in ACSF; n 5 6).
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Figure 6. Synaptically Evoked and Spike-Evoked Ca21 Release Measured with the Low-Affinity Indicator Furaptra

The image shows a pyramidal neuron filled with 500 mM furaptra. The region of interest and the position of the stimulating electrode are
indicated. Scale bar, 50 mm.
(A) Response to 50 stimuli at 100 Hz, using 40 mA pulses (“high stim”). This stimulation generated a furaptra fluorescence change .5% in
the dendrite.
(B) In response to 30 mA current pulses (“low stim”), no release transient was generated.
(C) The same synaptic stimulation followed by a single intrasomatically evoked action potential generated a large release transient.
(D) Twenty action potentials at 30 ms intervals evoked intrasomatically without synaptic stimulation (“spikes”) generated a relatively small
fluorescence increase.

[Ca21]i increases due to spikes alone were smaller and Barish, 1995), but ryanodine receptor activation does
not contribute significantly to the release observed here.slower than those measured with 0.3 mM indicator but
This release is primarily mediated by the IP3 receptor.were clearly visible. In contrast, we found that synapti-
A similar conclusion was reached for release evokedcally evoked release with or without spikes did not occur
by activation of caged IP3 in cerebellar Purkinje cellswhen 1 mM bis-fura-2 was included in the pipette (n 5
(Khodakhah and Armstrong, 1997).5; data not shown), although release was reliably evoked

The complete inhibition of release by 1 mM bis-fura-2with 0.3 mM bis-fura-2. Since non-spike-evoked release
in the patch pipette suggested that the 0.3 mM indicatoralso was prevented by high-bis-fura-2 concentrations,
used in most of our experiments might buffer [Ca21]i,Ca21 is probably an important cofactor for this form of
affecting the release parameters without blocking re-release as well. In this case, it is not clear whether the
lease. In addition, since bis-fura-2 is a relatively high-high-bis-fura-2 concentration is buffering resting [Ca21]i
affinity indicator (Kd ≈ 370 nM), the fluorescence changesbelow threshold levels or buffering the released Ca21

evoked by release might be close to saturation. In thisthat contributes to the regenerative [Ca21]i increase.
case, the fluorescence change would not accuratelyCa21 could participate in the release process by acti-
follow the [Ca21]i change. To avoid these problems, wevating the ryanodine receptor and inducing CICR. This
repeated some experiments using the low-affinity indi-form of regenerative release is known to be important in
cator furaptra (also known as mag-fura-2). Qualitatively,some peripheral neurons (Friel and Tsien, 1992; Usachev
the responses, using this indicator, were similar to thoseand Thayer, 1997). Indeed, we found that 10 mM (n 5
detected using bis-fura-2 (n 5 6). Release transients

3) or 40 mM ryanodine (n 5 9), which depletes stores
were detected in response to repetitive synaptic stimu-

by blocking the ryanodine receptor in the open state lation alone (Figure 6A) and were induced by spikes
(Rousseau et al., 1987), rapidly prevented synaptically (Figure 6C) when synaptic stimulation did not evoke a
mediated release when added to the ACSF (Figure 5B). response (Figure 6B). Release was detected primarily
However, we found that Ruthenium Red (80–120 mM in in the proximal apical dendrites and propagated as a
the pipette), which blocks the ryanodine receptor in the wave in this region. However, there were some differ-
closed state (Smith et al., 1988) and which at 20 mM ences. With bis-fura-2 in the pipette, we usually (one
blocks CICR in Purkinje cells (Llano et al., 1994), did not exception) needed several action potentials to cause
prevent synaptically evoked release (n 5 10; Figure 5C). release. With furaptra in the pipette, a single spike was
To confirm that Ruthenium Red really was blocking the often effective (n 5 4/5; Figure 6C). The rate of rise of the
ryanodine receptor, we added ryanodine (10 mM) to the release transient at the fastest location was significantly
ACSF in preparations in which the pyramidal neurons faster (63 6 4 ms, 10%–90% of peak, n 5 6, mean 6
were loaded with 120 mM Ruthenium Red. In these ex- SEM) with furaptra than with bis-fura-2 (93 6 6 ms, n 5
periments, release still occurred in the presence of ryan- 10, p , 0.005, Student’s t test), although the frame rate of
odine (n 5 3; Figure 5C). Figure 5D summarizes these the camera reduced the precision of the measurements.
pharmacological experiments. Together, these results Both of these differences can be explained by the lower
suggest that the ryanodine-sensitive store communi- buffering power of furaptra. In the first case, the spike-

evoked [Ca21]i increase reaches higher levels with lesscates with the IP3-sensitive store (Seymour-Laurent and



Neuron
734

buffering and will be more effective in activating the IP3 Relationship to Previous Experiments
There are some differences between our results andreceptor. In the second case, more of the released Ca21

the recently reported synaptically evoked Ca21 releasebinds to IP3 receptors, accelerating regenerative release
transients in pyramidal cell dendritic spines (Emptage(Iino and Endo, 1992).
et al., 1999). In those experiments, release depended onThe magnitude of the furaptra fluorescence increase
NMDA receptor activation and was attributed to CICR.ranged from 5% to 15% at the site of the largest increase
NMDA receptors were blocked in our experiments; re-in the dendrites (n 5 6). In contrast, the fluorescence
lease required activation of mGluR. CICR was not signifi-increase generated by a train of 20 intrasomatically
cant compared with IP3-mediated release in our experi-evoked action potentials was about 1% (n 5 5; Figure
ments, although we cannot rule out a small contribution6D). Therefore, in conditions with minimum buffering
via this pathway. One possibility is that the localizedand in which the response of the indicator is linear,
release in spines occurs through a different mechanismthe fluorescence change and hence the [Ca21]i change
than the IP3-mediated Ca21 waves we observed in thecaused by release was 5 to 15 times larger than that
dendritic shaft. This would be consistent with the re-evoked by a train of action potentials. The ratio is proba-
ported presence of ryanodine receptors and absencebly even higher in the center of the dendritic shaft or
of IP3 receptors in pyramidal cell spines (Sharp et al.,soma since the spike-evoked [Ca21]i increase is highest
1993).just under the membrane, while that due to release is

The Ca21 waves observed without spikes in these
more uniform.

experiments (Figure 1) resemble the waves previously
We can estimate the magnitude of the [Ca21]i increase

observed in these cells following the puffing of t-ACPD
from the fluorescence change since D[Ca21]i ≈ Kd · (DF/F)/ onto pyramidal cell dendrites (Jaffe and Brown, 1994).
(DF/F)MAX if (DF/F)/(DF/F)MAX ,, 1 (Lev-Ram et al., 1992). They also have characteristics similar to the localized
From the spectral properties of furaptra, we estimate release recently described in Purkinje cells (Finch and
that (DF/F)MAX ≈ 0.8 at 380 nm (Konishi et al., 1991), Augustine, 1998; Takechi et al., 1998). In those experi-
with a maximum possible value of this parameter of 1.0. ments and ours, release was mediated by IP3 following
Using Kd 5 36–44 mM for furaptra (Konishi et al., 1991; mGluR activation, required multiple synaptic stimuli, ap-
Naraghi, 1997), our results suggest that the plateau peared after a delay, and had similar time courses. There
[Ca21]i change generated by the spike train is about 400 are some differences. The release observed in our ex-
nM, consistent with measurements made with very low- periments was most prominent in the thick dendrites
fura-2 concentrations (Helmchen et al., 1996). The larger near the soma and usually occurred as a wave. In Pur-
synaptically evoked release generated [Ca21]i increases kinje cells, release was observed at the spines and at
of 2–6 mM. the tips of the fine dendrites, consistent with the high

density of IP3 receptors at those locations in Purkinje
cells (Walton et al., 1991). Wavelike release was not

Discussion described. In addition, no role for voltage-gated Ca21

entry was suggested. Whether these differences signify
These experiments show that synaptic stimulation reli- meaningful mechanistic differences is still to be deter-

mined.ably evokes increases in [Ca21]i due to release from
Our results also offer possible explanations as to whyintracellular stores. These increases are much larger

in some previous experiments it was difficult to evokethan [Ca21]i changes due to action potentials evoked
release and why in others release was not observed atwithout synaptic stimulation and can reach amplitudes
all. First, in an effort to avoid confusion as to the sourceof several micromolars. They propagate as a wave in
of Ca21, some investigators eliminated or reducedrestricted regions of hippocampal pyramidal neurons
spikes and/or voltage-dependent Ca21 entry by givingand are due to activation of mGluR and the subsequent
subthreshold stimulation (Emptage et al., 1999), washinggeneration of IP3. These transients were observed in
out Ca21 channels (Alford et al., 1993; Frenguelli et al.,essentially 100% of more than 100 cells tested if several
1993), or blocking some Ca21 channels and depolarizingconditions were met. These include (1) placement of
the postsynaptic membrane potential beyond the Ca21

the stimulating electrode close to the proximal apical
reversal potential (Pozzo-Miller et al., 1996). These pro-dendrite, (2) application of multiple synaptic stimuli, (3)
cedures would prevent the synergistic effect that Ca21

generation of a short train of action potentials within 0.5
entry has on the release process. Second, in many early

s of the synaptic burst, and (4) use of low concentrations
experiments (e.g., Regehr and Tank, 1990; Miyakawa et

of Ca21 indicator or low-affinity indicators. Not all of these al., 1992) cells were filled with 2–15 mM fura-2, a higher
conditions were always required. In many cells, action affinity indicator than bis-fura-2. While the cells were
potentials were not necessary if the stimulating elec- filled from sharp electrodes, making it difficult to know
trode was optimally positioned and the stimulation in- the final concentration in the dendrites, it is likely that
tensity and frequency were adjusted. However, even in these indicator concentrations were higher than the lev-
these cells action potentials in conjunction with synaptic els that completely suppressed release in our experi-
stimulation would cause release when the stimulation ments.
parameters or electrode position was adjusted to be
subthreshold for release by synaptic stimulation alone. Spatial Distribution
This result is important because a weaker or more dif- Two aspects of the spatial extent of the Ca21 release
fuse stimulation protocol is likely to correspond more transients are interesting. First, synaptically evoked re-

lease without spikes extended over a distance of aboutclosely to physiological activation of pyramidal neurons.
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50 mm (Figure 3A). This distance probably reflects both models that propose that Ca21 released from the ER
acts synergistically with IP3 to cause further release andthe spatial extent of the bundle of activated presynaptic
propagating waves (Lechleiter and Clapham, 1992;fibers and the diffusion of IP3 from the site of synthesis.
Wang and Thompson, 1995). This model also may ex-The extent of spike-evoked Ca21 entry was not critical
plain why spike-evoked release transients at differentsince the release transients extended over a similar
locations were more synchronous than release tran-length when synaptic activation and action potentials
sients evoked without spikes. In this model, Ca21 mustwere needed to evoke release (Figures 2B and 3B–3D).
diffuse from the release site to neighboring sites to com-Second, we found that release transients could be
bine with IP3 at those sites to cause release. This diffu-evoked easily only when the stimulating electrode was
sion time is responsible for much of the propagationplaced close to the proximal apical dendrites and that,
delay of Ca21 waves. However, when spikes are gener-once evoked, they spread as a wave predominantly
ated, a pulse of Ca21 appears simultaneously at all loca-within this region. A similar spatial distribution for spike-
tions. If there is sufficient IP3 at those locations, releaseevoked regenerative release was found following bath
will occur without a significant delay.application of t-ACPD, which activated mGluR at all lo-

Action potentials were effective in causing releasecations on the pyramidal neurons. The reasons for this
within a window of ,1 s following synaptic stimulation.restricted distribution are not clear. It is possible that
This time is about the typical duration for a releasewe only detected regenerative release and that more
transient in the dendrites evoked by synaptic stimulationelementary, nonregenerative events (“puffs”; Koizumi et
without spikes. This similarity can be explained ac-al., 1999) were below the detection threshold in our
cording to the above model if the time course of theexperiments and were more widely distributed. Even if
[Ca21]i change evoked by synaptic stimulation alone alsothis explanation were correct, it would still require an
matches the time course of elevated IP3 within the sameexplanation for the restricted distribution of regenerative
region in the cell. If this idea is correct, then our experi-events. mGluRs are widely distributed on pyramidal neu-
ments also suggest that the combined time for the syn-rons (Lujan et al., 1996). If this distribution is roughly
thesis and persistence of IP3 within pyramidal neuronsuniform, then synaptic stimulation should activate the
is ,1 s.receptors at all locations. However, other molecules par-

The synergistic release of Ca21 by synaptic activationticipate in the synthesis of IP3, and their distribution
and backpropagating action potentials is a second Heb-within pyramidal neurons is not known. Therefore, the
bian mechanism causing [Ca21]i increases in pyramidalability to synthesize IP3 may not be uniform in these cells.
neurons. Previous studies have emphasized [Ca21]i in-Similarly, the distribution and density of IP3 receptors
creases due to Ca21 entry through NMDA receptor chan-are not accurately known. There is evidence that this
nels enhanced by postsynaptic depolarization. Spikesreceptor is concentrated in the proximal apical dendrites
also enhance these increases; the cumulative [Ca21]iof cortical pyramidal neurons (Sharp et al., 1993), but
increase is greater than the sum of the increase due tothe quantitative distribution in hippocampal cells has
NMDA receptor activation alone and the increase fromnot been reported.
spike generation alone (Yuste and Denk, 1995; Koester
and Sakmann, 1998; Schiller et al., 1998). The synergistic

Significance of Action Potentials
effect of spikes and mGluR stimulation is more dramatic.

An important observation in our experiments is that ac-
Since release is regenerative, a single backpropagating

tion potentials evoked in a time window following synap- spike can switch the [Ca21]i increase from a level close
tic stimulation could cause release even when synaptic to rest to a level of several micromolars.
stimulation alone did not cause detectable release. One The role of spikes in these Hebbian processes is inter-
spike was usually sufficient in conditions of minimal Ca21

esting since backpropagating action potentials are im-
buffering. The most likely explanation for this effect, portant in the induction of some forms of long-term
as suggested above, is that the Ca21 entering through potentiation (LTP) and long-term depression (LTD) in
voltage-gated Ca21 channels acts synergistically with pyramidal neurons (Magee and Johnston, 1997; Mark-
synaptically generated IP3 to modulate the IP3 receptors ram et al., 1997). Whether the interaction of spikes with
(Iino, 1990; Bezprozvanny et al., 1991; Finch et al., 1991). NMDA receptor–mediated processes or mGluR-medi-
Some Ca21 may be required to evoke release even with- ated processes (or both) is critical has yet to be deter-
out spikes since high-bis-fura-2 concentrations buf- mined. There is clearly a difference between the spatial
fered [Ca21]i and prevented this form of release. How- distribution of the NMDA receptor–mediated [Ca21]i
ever, the higher [Ca21]i achieved following spike activity changes and that of the mGluR-mediated release tran-
makes it easier to open the IP3 receptor channels. In sients we observed. These two spatially distinct [Ca21]i
particular, according to the coactivation model of IP3 changes may serve different functions. The NMDA re-
receptor activation, a lower concentration of IP3 would ceptor–mediated changes, possibly confined to spines
be needed to open the receptor channels when suffi- (Koester and Sakmann, 1998), indicate the location of
cient Ca21 is present. This would explain why spikes the synaptic input and could reflect the synapse speci-
following synaptic activation evoke release even when ficity of LTP induction. The large amplitude [Ca21]i

synaptic activation alone does not. changes due to release occur close to and sometimes
Release, when detected, was clearly regenerative. include the soma. At this location, they could contribute

There was usually an inflection on the rising phase of to the activation of protein synthesis and gene expres-
the [Ca21]i increase, and the magnitude of the transient sion. In addition, unlike ligand-gated or voltage-gated
was relatively constant once threshold stimulation inten- Ca21 entry, release causes [Ca21]i increases more uni-

formly within the volume of the responding part of thesity was reached. This regeneration is consistent with
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