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SUMMARY

A rise in [Ca®*]; provides the trigger for neurotrans-
mitter release at neuronal boutons. We have used
confocal microscopy and Ca®* sensitive dyes to
directly measure the action potential-evoked [Ca®*];
in the boutons of Schaffer collaterals. This reveals
that the trial-by-trial amplitude of the evoked Ca%*
transient is bimodally distributed. We demonstrate
that “large” Ca?* transients occur when presynaptic
NMDA receptors are activated following transmitter
release. Presynaptic NMDA receptor activation
proves critical in producing facilitation of transmis-
sion at theta frequencies. Because large Ca®* tran-
sients “report” transmitter release, their frequency
on a trial-by-trial basis can be used to estimate the
probability of release, p,. We use this novel estimator
to show that p, increases following the induction of
long-term potentiation.

INTRODUCTION

In central neurones, action potential (AP)-induced depolarization
of the plasma membrane results in a transient rise in intracellular
Ca®* concentration, [Ca®*]. The rise activates the fusion of
presynaptic vesicles and the release of neurotransmitter (Katz
and Miledi, 1970; Mulkey and Zucker, 1991; Neher, 1998). The
increase in [Ca®*], primarily arises from an influx of Ca®* via
voltage-dependent Ca®* channels, VDCCs (Augustine, 2001;
Koester and Sakmann, 2000), although it is clear that Ca2* influx
triggers further Ca2* release, such as release of Ca?* from intra-
cellular stores (Emptage et al., 2001; Llano et al., 2000; Simkus
and Stricker, 2002; Verstreken et al., 2005). Interestingly, within
the central nervous system (CNS), the AP-evoked [Ca®*]; rise
exhibits large differences, both between boutons along a single
axon collateral (Koester and Sakmann, 2000; Llano et al., 1997)
and within individual boutons on a trial-by-trial basis (Frenguelli
and Malinow, 1996; Kirischuk and Grantyn, 2002; Llano et al.,
1997; Mackenzie et al., 1996; Wu and Saggau, 1994b). Given
the steep power relationship between Ca?* influx and exocytosis
(Dodge and Rahamimoff, 1967), these variations in [Ca®*]; are
likely to have a dramatic influence on neurotransmitter release

Neuron 68, 1109-1127, December 22, 2010 ©2010 Elsevier Inc.

(Borst and Sakmann, 1996; Kirischuk and Grantyn, 2002; Wu
and Saggau, 1994a, b). Although it is easy to envisage that differ-
ences in Ca?* channel type or density within a single bouton
afford an explanation for the interbouton variability (Reuter,
1996), identifying the mechanism and function of trial-by-trial
fluctuations in a single bouton is more complex, not least
because these fluctuations can occur in response to a fixed
amplitude action potential and across a time course of a few
seconds or less (Frenguelli and Malinow, 1996).

In this study we monitor AP-evoked Ca®* transients at indi-
vidual hippocampal Schaffer collateral boutons. We show that
trial-by-trial variation in [Ca2*]; elevation is a feature of the Ca%*
signal at these sites and that Ca®* transients at individual bou-
tons fall into two distinct distributions, the smaller of the two
distributions comprising the “large” Ca®* transients. We perform
a pharmacological analysis of the AP-evoked Ca®* transients to
identify the basis of these distributions. We find that the large
Ca?* transients occur when presynaptically located N-methy!
D-aspartate receptors (NMDARs) are activated. We validate
our pharmacological data by performing electron microscopy
(EM) at CA3-CA1 synapses and by uncaging glutamate at
synaptic boutons. In the uncaging experiment, NMDAR currents
are measured at the cell soma. Crucially, presynaptic NMDAR
activation facilitates synaptic transmission and appears to be
tuned to produce maximum facilitation at theta frequency
(~5 Hz). This is significant because theta frequency is known
to be effective at inducing plasticity, such as long-term potenti-
ation (LTP).

Because large transients occur when neurotransmitter is
released, we have used the amplitude of the Ca®* transients
within the bouton as a novel method with which to measure p,.
We find that LTP increases the frequency of large Ca2* tran-
sients, consistent with the idea that LTP increases p;.

RESULTS

[Ca2*]; Transients in Schaffer Collateral Boutons

Are Highly Variable

Hippocampal CA3 pyramidal cells were iontophoretically in-
jected with the Ca®* indicator dyes Oregon green 488 BAPTA-1
(1 mM) and BAPTA-2 (2 mM). Figure 1A shows a projection
image of a CA3 cell and Schaffer collateral axon following dye
loading. To investigate AP-evoked Ca®* transients within the
axonal boutons, we conducted rapid line scans that allowed us
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Figure 1. Action Potential-Evoked Ca?* Transients in Hippocampal Boutons Are Highly Variable

(A) A projection confocal image of a CA3 pyramidal cell from an organotypic hippocampal slice culture iontophoretically filled with Oregon green. Presynaptic
boutons along the Schaffer-axonal collaterals approximately 100-200 um from the soma can be readily identified as distinct varicosities. Inset panels show
enlarged images of an axonal boutons (1) and axon collaterals (2).

(B) Top panel displays three line-scan images from a presynaptic bouton. Each shows an abrupt increase in [Ca®*]; near coincident with the action potential

(bottom trace; mV) evoked by intrasomatic depolarizing current injection. The corresponding fractional changes in fluorescence (%AF/F) within the bouton
are variable.

(Ci and Cii) Histograms represent the % AF/F values for consecutive scans, in which the action potentials are spaced at 15 s intervals, for the bouton (Ci) and the
axon collateral, 10 pm from the bouton (Cii).

(Di and Dii) Frequency-amplitude histograms of the %AF/F values from (C). Best-fit Gaussian distributions are applied to each data set using the NORMDIST
function (Microsoft Excel).

to measure the amplitude and duration of the AP-evoked Ca®*  current injection. The rise in [Ca®*];, coincident with the AP
rise. Figure 1B shows an example of the Ca®* response evoked  (bottom trace, mV) is expressed as a fractional change in fluores-
in a bouton following invasion of an AP elicited by intrasomatic  cence (middle trace, %AF/F); %AF/F values for each line scan
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(2 ms intervals) within the scanning period (500 ms) were normal-
ized to baseline levels and plotted on the ordinate axis. In the
example shown, the peak values were 103.8, 156.3, and 84.6
in response to single APs spaced at 15 s intervals. A series of
80 APs was evoked in this way, and the %AF/F data are pre-
sented in Figure 1Ci. This protocol was repeated in the axon
collateral (Figure 1Cii), so that “within cell” variability of an
AP-evoked Ca?* response could be compared. Figure 1A (inset
panels 1 and 2) shows examples of the regions where the data
illustrated in Figures 1Ci and 1Cii were collected. Whereas the
amplitude of the AP-evoked Ca?* transient within the bouton
shows a high degree of trial-by-trial variability and can be fitted
by two distinct distributions (Figure 1Di), the variability within
the axon collateral is more modest and lies within a single distri-
bution (Figure 1Dii). For ease of reference, we refer to the two
distributions at the bouton as “large” and “small” events.

Although distributions can be assigned by manual data fitting,
we developed an automated approach discriminate between
large and small events using a Bayesian hierarchical mixture
model. This method uses statistical imputation to make probabi-
listic state assignments (large or small events) to each measure-
ment that accounts for experimental variation due to random and
fixed effects in the modulation of the Ca®* transients. The model
allows us to estimate parameters such as the expected ampli-
tudes of large and small events and the probability of observing
a large event. Based on the data from each experiment, this
model also delineates a threshold amplitude (red dashed line
on the raw data traces), which predicts that any Ca?* transient
above threshold is likely to be a large rather than a small event.
The estimates of parameters are expressed using 95% posterior
credible intervals that report the interval in which the true param-
eter value lies with 95% posterior probability. Differences are
deemed significant if the credible intervals are distinct and do
not overlap. We also show predictive probability distributions
that report estimates of the underlying distributions due to small
and large events. Although the use of mixture modeling is not
common, there are some important precedents (Stricker and
Redman, 1994). Because our data are either uni- or bimodally
distributed, we are able to move from a general case to one
with model-based constraints. This adds power to our analysis,
because we were able to separate out common signals from
confounding factors (i.e., use of different cells, dye loading).
The application of Bayesian statistics in this context is novel;
we therefore provide details within the Supplemental Data.

The Trial-by-Trial Variability of Ca2* Transients

Is NMDAR Dependent

To understand the significance of the large Ca®* events for trans-
mitter release, we explored routes, other than influx via VDCCs,
by which a Ca?* rise might occur within the terminal. A number of
classes of presynaptic glutamate receptor have been character-
ized, including kainate receptors (Lauri et al., 2001; Schmitz
et al., 2003) and subtypes of metabotropic glutamate receptors
(Losonczy et al., 2003; Rusakov et al., 2004; Zakharenko et al.,
2002). However, for these receptor classes, the pathways
thought to generate the rise in [Ca®*]; occur via signaling to the
endoplasmic reticulum. In light of previous work (Emptage
etal., 2001), these were unlikely to contribute to trial-by-trial vari-
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ability. Consequently, we examined whether presynaptic [Ca®];.
was influenced by alternative routes of Ca®* entry such as via the
NMDAR. Our sampling protocol was repeated under control
conditions followed by bath application of a selective NMDAR
antagonist, D-AP5. After the initial line-scan protocol, 50 uM
D-AP5 was added to the artificial cerebrospinal fluid (ACSF) for
15 min in order to block NMDARs, and the line-scan protocol
was repeated. Figures 2Ai and 2Aii show the % AF/F values for
a single bouton before and after application of D-AP5. Blocking
the NMDAR with D-AP5 abolishes large Ca2* transients in the
bouton. The %AF/F values by AP trial are shown for a single
experiment (Figures 2Ai and 2Aii), as well as the %AF/F values
for experiments on seven other boutons (eight cells; Figure 2Aiii).
A series of ten %AF/F traces are overlaid in Figures 2Aiv and
2Av so that T may be compared. No change in T occurs upon
application of D-AP5, although the large events (red traces) are
abolished in D-AP5. The probability of observing a large event
in the presence of D-AP5 is significantly reduced compared
to control, as confirmed by the 95% posterior interval (ACSF
0 = 0.166 + 0.05; D-AP5 6 = 0.005 + 0.009; n = 8; Figure 2Aiv).
Predictive probability plots suggest that large events become
small events in the presence of D-AP5. This is reflected in the
complete loss of large events and the increase in the probability
of observing a small event (Figure 2Av). There is no significant
difference in the amplitude of small events in the presence of
D-APS5 (see predictive probability distributions in Figure 2Av). In
order to test whether the abolition of large Ca®* events after
D-AP5 application is specific to boutons, nonsynaptic regions
of the axon were examined. Here the model fails to identify
distinct distributions of large and small events. This is shown
by the predictive probability plots in which attempts by the
model to separate the data into small and large events failed to
reveal a difference (Figure S1; ACSF 6 = 0.172 + 0.275; D-AP5
6 = 0.075 = 0.147; n = 5; not significant).

Because NMDAR subunit composition in the hippocampus is
known to vary (Sheng et al., 1994), we wished to identify whether
the NR2A or NR2B subunit of the NMDAR contributed to
the modulation of presynaptic [Ca®*]. The NR2B antagonist,
Ro-04-5595 (10 uM), was applied, and the % AF/F of AP-evoked
Ca®* transients was measured. The probability of observing
a large event is significantly reduced in Ro-04-5595 compared
to control (ACSF 6 = 0.253 + 0.08; Ro-04-5595 6 = 0.034 =
0.035; n = 5; Figure 2Biv), demonstrating that receptors contain-
ing the NR2B subunit are present. Like D-AP5, the predictive
probability distributions for the small events are overlaid, sug-
gesting that there is no change in the amplitude of the small
events.

Inhibition of Presynaptic NMDARs Abolishes
Trial-by-Trial Variability

Postsynaptic NMDAR activation can generate retrograde
messengers such as endocannabinoids, thereby allowing modu-
lation of transmitter release (Katona et al., 2006; Kawamura et al.,
2006; Ohno-Shosaku et al., 2007). We therefore wished to
examine whether the probability of observing large AP-evoked
Ca?* events following application of AP5 and Ro-04-5595
arose as a consequence of a postsynaptic NMDAR-mediated
retrograde response. In order to achieve this, we dialyzed
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the membrane-impermeable NMDAR antagonist norketamine
directly into the presynaptic neuron via the recording electrode.
We used norketamine because it binds noncompetitively to the
internal face of the NMDAR (dissociation constant pK, = 7.5)
and is unlikely to cross the plasma membrane (partition coeffi-
cient [log P, octanol/water], 3.1). Large AP-evoked Ca®* tran-
sients in the bouton were abolished following the introduction
of norketamine compared to control (ACSF: 6 = 0.173 = 0.07;
in norketamine, 6 = 0.012 + 0.019; n = 5; Figure 3Aiv). As with
D-APS5, the probability of observing a large event falls in the pres-
ence of norketamine (Figure 3Av), whereas the probability of
observing a small event increases, but the amplitude does not
change (Figure 3Av).
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Figure 2. Variance of Presynaptic Ca?*
Transients Is NMDAR Dependent

(Ai-Avii) Histograms of %AF/F values for repeat
line scans at boutons in control ACSF (Ai) and in
the presence of 50 uM D-AP5 (Aii). The dashed
red line represents the threshold level, generated
by our model, identifying the boundary between
large and small events. Inhibition of NMDARs
with D-AP5 abolishes large Ca®* transients in
boutons, as seen in our trial-by-trial histogram for
a single bouton (Ai) and for a further seven
boutons, in which the all % AF/F values are plotted
for each experiment before (black crosses)
and after (red crosses) AP5 treatment (Aiii). Ten
% AF/F overlaid traces from bouton 2 show that 7
is unchanged in D-AP5 (Aiv and Av). Large events
are shown by the red lines. The probability of
observing a large event in the presence of D-AP5
is significantly reduced compared to control
ACSF (Avi) (ACSF 6 = 0.166 + 0.05; D-AP5 6 =
0.005 + 0.009; n = 8). Predictive probability plots
show that the probability of observing a large
event in the presence of D-AP5 falls to zero (red
dashed line), whereas the probability of observing
a small event increases in D-AP5 (solid red line).
The amplitude distribution of small events remains
unchanged in D-AP5 (Avii).

(Bi-Bv) This protocol was repeated in the presence
of NR2B antagonist Ro-04-5595. Histograms are
shown of %AF/F values for repeat line scans at
boutons in control ACSF (Bi) and in the presence
of 10 uM Ro0-04-5595 (Bii). The dashed red line
represents the threshold level, as described
above. Inhibition by Ro-04-5595 reduces large
Ca®* transients in boutons, as seen in our trial-
by-trial histogram for a single bouton (Bii) and for
a further five boutons, in which %AF/F values are
plotted for each experiment (Biii). The probability
of observing a large event in the presence of
Ro0-04-5595 is significantly reduced compared to
control ACSF (Biv) (ACSF 6 0.253 + 0.08;
Ro-04-5595 6 = 0.034 + 0.035; n = 5). Predictive
probability plots show that the probability of
observing a large event in the presence of
Ro-04-5595 falls close to zero (red dashed line),
whereas the probability of observing a small
event increases in Ro-04-5595 (solid red line).
The amplitude distribution of small events remains
unchanged in Ro-04-5595 (Bv).
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NMDARs Are Located Both Pre- and Postsynaptically

at CA3-CA1 Synapses

Our pharmacological data suggest that presynaptic NMDARs
occur at Schaffer collateral boutons. We therefore sought to
confirm this using alternative methods. Our first approach was
to examine whether the obligatory NMDAR subunit NR1 was
present at CA3 boutons by immunolabeling. To ensure that our
labeling was specific, we performed these experiments in tissue
from CA3-NR1 knockout (KO) mice (P21) and their control litter-
mates (Nakazawa et al., 2002), because these offer a “within
animal” control. Light micrographs show NR1 immunoreactivity
present throughout the CA3 field of the control animals but
absent in the CA3 area of CA3-NR1 KO (Figure 4A). Localization
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Figure 3. Trial-by-Trial Variability of Action Potential-Evoked Ca?* Transients Is Abolished by Inhibition of Presynaptic NMDARs

(Ai-Av) lontophoretic injection of 500 uM norketamine into the cell via an intracellular recording electrode inhibits presynaptic NMDARs. Inhibition by norketamine
abolishes large Ca2* transients in boutons, as seen in our trial-by-trial histogram for single boutons (Aii) and for a further four boutons, in which %AF/F values are
plotted for each experiment (Aiii). The dashed red line (Aii) represents the threshold level, as described above. The probability of observing a large event in the
presence of norketamine is significantly reduced compared to control (Aiv) (ACSF: 6 =0.173 + 0.07; in norketamine, 6 =0.012 + 0.019; n = 5). Predictive probability
plots show that the probability of observing a large event in the presence of norketamine falls to zero (red dashed line), whereas the probability of observing a small
event increases in norketamine (solid red line). The amplitude distribution of small events remains unchanged in norketamine (Av).

of NR1 was also conducted with electron microscopy (Figures
4B and 4C). Here, tissue quality was maintained by performing
immunoperoxidase labeling. Dense patches of the DAB reaction
product are readily seen both pre- and postsynaptically at
CA3-CA1 synapses in control mice, whereas labeling is present
exclusively in the postsynaptic region of CA3-CA1 synapses in
the CA3-NR1 KO (Figure 4B).

Figure 4C shows examples of CA3-CA1 synapses from rat
hippocampus (P14), each immunolabeled with 10 nm gold.
Here, tissue is prepared so that receptor antigenicity is opti-
mized. With this approach, gold particles are evident on either
side of the synaptic cleft, consistent with the idea that there
are both pre- and postsynaptic NMDARs. We analyzed the
distribution of immunogold particles across sections from 40
synapses. No more than one section was taken from any one
synapse, and no attempt was made to reconstruct a synapse
in its entirety. Using this approach, we routinely identified NR1
labeling at both pre- and postsynaptic loci (Figure 3Biv), with
the majority of labeling occurring within 10 pm to either side of
the synaptic cleft.

Our second approach was to apply glutamate to the bouton by
performing localized photolysis of MNI-glutamate. A schematic
and a description of photolytic spot calibration are provided in
Figure S2A. Schaffer collateral boutons superfused in low
Mg?* (1 mM) ACSF to reduce the Mg?* block at NMDARs.
DNQX (20 pM), an AMPA and kainate receptor antagonist, and

Neuron 68, 1109-1127, December 22, 2010 ©2010 Elsevier Inc.

MCPG (500 uM), a metabotropic glutamate receptor antagonist
(mGIuUR, types | and V), were illuminated with three 4 uW, 355 nm
light pulses (1) in the presence of MNI-glutamate. Each photo-
lytic release of glutamate produced a rapid increase in [Ca®*];
within the bouton (Figure 5Ai) that was abolished in the presence
of 50 uM D-AP5 (Figure 5Aii). Summary statistics are provided in
Figure 5B (control % AF/F = 56.25 + 2.35%; D-AP5 =1.76 + 0.33;
n = 4; p < 0.0001). lllumination of boutons in the absence of
MNI-glutamate produced no change in [Ca*]; (data not shown).

Next we used photolysis of glutamate to explore presynaptic
NMDAR activation kinetics and receptor distribution along
the collateral. By performing rapid photolysis (single 10 ns
pulses; Figure S2D), Ca®* imaging, and whole-cell patch-
clamp recording (Figure 5C), we were able to record pharmaco-
logically isolated NMDAR-mediated currents following uncaging
(NMDAR,) at the cell soma evoked by release at single boutons.
NMDAR, currents were always accompanied by an increase in
[Ca®*]; (Figure 5Di). The kinetics of the NMDAR, currents were
rapid, mean time to peak of 1.36 + 0.29 ms (n = 6; Figure 5Dii).
Importantly, we only observe NMDAR,, currents and their asso-
ciated increase in [Ca®*]; when photolysis is directed at boutons.
Directing the photolytic spot at points along the collateral failed
to generate either. This is illustrated in Figures 5Ei and 5Eii,
where an NMDAR,, current and increase in [Ca®*], are seen at
the bouton, whereas there is no response when the spot is
moved 2 um away from the bouton.
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Figure 4. NMDARs Are Located Both Pre-
and Postsynaptically at CA3-CA1 Synapses
(A) Light micrographs of hippocampal (p14) CA3
fields in CA3 NMDAR conditional knockout (KO)
and control littermate mice DAB immunolabeled
to reveal the NR1 subunit of the NMDAR. Labeling
is only evident in control animals.

(B) Electron micrographs of CA3-CA1 synapses
from control and NMDAR KO mice DAB immuno-
labeled for the NR1 subunit of the NMDAR. The
NR1 subunit is located both pre- and postsynapti-
cally in control animals and is exclusively postsyn-
aptic in the CA3 NMDAR KO mice.

(C) Three electron micrographs of freeze-substi-
tuted rat hippocampal (p14) CA3-CA1 synapses,
immunogold-labeled for NR1 (10 nm gold). NR1
labeling is present on either side of the synaptic
cleft (SC). Electron-dense mitochondria are indic-
ative of boutons.

(D) The average number of immunogold-labeled
NMDARs for 40 CA3-CA1 synapses are plotted
as distance from the synaptic cleft in both pre-
and postsynaptic terminals (error bars + standard
error of the mean [SEM]).

1A

NMDAR (Mayer et al., 1984; Nowak
et al., 1984), we used these features to
explore the mechanism by which presyn-
aptic NMDARs generate large Ca®* tran-
sients. Initially, we increased the level of
extracellular Mg®* to 10 mM. Superfusion
of 10 mM Mg?* (Figures 6Aii and BAiii)
significantly reduced the probability of
observing a large event (ACSF 0
0.185 = 0.075; 10 mM Mg?* 6 = 0.009 =
0.018; n = 5; Figures BAii—6Aiv), whereas
the amplitude of these events remains
unchanged (Figure 6Av). In contrast, the
absence of Mg?* from the extracellular
solution did not change the probability
of observing a large Ca®* event (ACSF
0 = 0.19 + 0.079; Mg®*-free 6 = 0.197 =
0.078; n = 5; Figure 6Biv) but did increase
the amplitude of both large and small
events (Figure 6Bv).

We manipulated the release of gluta-
mate from the boutons by modifying the
duration of the AP. This was achieved
by lowering the extracellular concentra-
tion of K* ions to 0.1 mM, thereby
reducing the duration of the AP, or by
applying 4-aminopyridine (4-AP, 40 uM)
to increase AP duration (Qian and Sag-
gau, 1999). As expected, low K* condi-
tions significantly decreased the width
of the AP (ACSF: 7 [ms] = 2.35 + 0.01;
0.1 MM K*: 1 =1.65 = 0.01; n = 4; p < 0.0001). With the duration
of the AP reduced, the probability of observing large Ca%*
events was significantly decreased compared to control (ACSF
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0 = 0.178 + 0.075; 0.1 mM K* 6 = 0.134 + 0.043; n = 4; Fig-
ure 7Aiv). In contrast, 4-AP enhanced spike duration (ACSF:
7 [ms] =2.14 £ 0.07; 40 uM 4-AP: 1 = 1436 £ 2.7, n=5; p <
0.0001) and significantly increased the probability of observing
a large event (ACSF 6 = 0.196 + 0.063; 40 uM 4-AP 6 = 0.006 +
0.013; n = 5; Figure 7Biv). These results indicate that in normal
K* conditions, the depolarization arising from a single AP
invading the bouton is adequate to relieve the Mg?* block of
the NMDAR, but this is not the case when the AP duration is cur-
tailed. Enhancing the duration of the AP increases Ca2* influx
and consequently transmitter release (Mintz et al., 1995; Wu
and Saggau, 1994b); thus, the increase in the incidence of large
events is consistent with the idea that glutamate release is
required for their production.

Any one of a number of sources of glutamate might activate
presynaptic NMDARs. However, because the incidence of large
transients was reminiscent of the stochastic pattern of trans-
mitter release, we decided to block AP-evoked glutamate
release and assess whether this changed the probability of
observing large Ca?* transients. Blocking neurotransmission
by application of bafilomycin A1 (Figures 8Aii and 8Aiii) signifi-
cantly reduced the probability of observing a large Ca?* event
(ACSF 6 = 0.18 + 0.067; Baf A1 6 = 0.008 + 0.016; n = 5; Fig-
ure 8Aiv), suggesting that AP-evoked glutamate release is critical
for the generation of large Ca* events and that presynaptic
NMDARs are activated when an AP triggers this release. To
guard against off-target effects, we repeated the experiment
by blocking neurotransmission with Botulinum toxin (BoTx)
type C (500 nM). Dialysis of BoTx via micropipette into CA3 cells
significantly reduced the probability of observing a large Ca®*
event in boutons (ACSF 6 = 0.186 + 0.067; BoTx 6 = 0.008 +
0.017; n = 4; (Figures 8Bi-8Biv), again consistent with the idea
that transmitter release is necessary for the generation of large
Ca®* events.

In light of these data, we propose a model that describes the
way in which large Ca®* transients arise from NMDAR activation
(Figure 9). (1) AP invasion into the terminal depolarizes the
membrane. The duration of a somatically recorded AP in hippo-
campal neurons is ~2.5-3 ms (Qian and Saggau, 1999; Gong
et al., 2008). (2) Depolarization opens VDCCs, which elevates
[Ca®*]; and produces a small Ca2* transient in the bouton. The
time taken to open VDCCs is ~0.2 ms (Lee et al., 2000; Randall
and Tsien, 1995), and the time taken for diffusion of Ca?* from
VDCCs to synaptic vesicles is estimated to be ~0.3 ms (Mein-
renken et al., 2002). (3) When release occurs, the time taken
for exocytosis is ~0.3 ms (Bruns and Jahn, 1995; Meinrenken
et al,, 2002). Glutamate must then diffuse to the NMDARs.
Previous studies report diffusion coefficient values in the range
D = 0.3-0.76 p?/ms (Savtchenko and Rusakov, 2004; Ventriglia
and Di Maio, 2000). For diffusion to occur across the width of
a bouton (0.5-1 um), we estimate the transition time (t;) to be
between 0.05 and 0.5 ms. This is determined by assuming that
glutamate performs a random walk in which mean square
deviation (MSD) is described by MSD=6-D-t;,. By summing
each of these parameters, we estimate that glutamate will arrive
at the presynaptic NMDARs within 1.3 ms. (4) Because gluta-
mate arrival occurs during the envelope of depolarization of the
AP, relief of the Mg?* block is concurrent with the arrival of gluta-
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mate. The kinetics of Mg?* unblock are reported to be very fast,
around 100-200 ps (Jahr and Stevens, 1990; Kampa et al., 2004),
so Mg?* relief looks unlikely to be rate limiting. Once activated,
the average time of the NMDAR current to peak is ~1.36 ms
(see Figure 5). (5) Ca2* influx via NMDARs will sum with residual
Ca?* from VDCC-mediated entry, producing the large Ca®* tran-
sient. Our model assumes that because large events occur
following transmitter release, further release will not occur.
However, the subsequent arrival of an AP, in which the interspike
interval is less than the clearance rate of Ca®*, will result in facil-
itation of transmitter release.

Facilitation of Transmitter Release at Theta Frequency
Is Mediated by Presynaptic NMDARs

The functional significance of activation of presynaptic NMDARs
for transmitter release has not been explored. To assess this, we
stimulated neurons at different frequencies and examined
release under conditions in which large Ca®* transients occur
and are abolished with D-AP5. The readout for release is the
peak amplitude of the AMPAR-mediated EPSC, because this
is a measure of the level of transmitter release under conditions
in which postsynaptic NMDARs contribute minimally to the
current recorded (Durand et al., 1996; Kauer et al., 1988; Liao
et al., 1995). Three frequencies were examined: 1, 5, or 20 Hz
in trains of ten pulses. The amplitude of EPSCs for each condi-
tion was normalized to the first response in the train. Analysis
was conducted by performing a two-factor, repeated-measures
analysis of variance on a mean of ten train repetitions across
ten cells. As would be predicted, the response under control
conditions and in the presence of 50 uM D-AP5 to single
stimuli or to the first stimulus in a train remained unchanged.
Similarly, the delivery of a 1 Hz train did not significantly affect
the size of the EPSC across ten pulses (p = 0.118), nor did the
addition of D-AP5 affect the EPSC (p = 0.319; Figure 10A).
However, Figure 10B shows that a 5 Hz train produced signifi-
cant facilitation of the EPSC (p < 0.0001) that was abolished
by D-AP5 (p < 0.05). A further increase in frequency to 20 Hz
again produced significant facilitation of the EPSC (p < 0.0001);
however, application of D-AP5 did not change the magnitude of
facilitation (p = 0.191; Figure 10C). A summary showing the
amplitude ratio of the first and fifth EPSC for each frequency
reveals the extent to which stimulation at 5 Hz is NMDA autore-
ceptor dependent.

p, Determines the Incidence of Large Ca?* Events

From our data, we propose that the incidence of large Ca®*
events is directly linked to the stochastic pattern of transmitter
release (Figure 9). Because p, is heterogeneous across boutons
(Emptage et al., 2003; Kirischuk and Grantyn, 2002; Schikorski
and Stevens, 2001; Ward et al., 2006), the model is readily test-
able, because the incidence of large transients should be inde-
pendent for each bouton, even along a single axon. Furthermore,
the incidence of large Ca®* transients should change in response
to manipulations known to change p,, such as adenosine
(Asztely et al., 1994; Emptage et al., 1999; Wu and Saggau,
1994a) or the induction of LTP (Antonova et al., 2001; Bolshakov
and Siegelbaum, 1995; Emptage et al., 2003; Enoki et al., 2009;
Malgaroli et al., 1995; Ward et al., 2006).
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Line scans were performed along axon collaterals where
more than one bouton was traversed. APs were evoked and
Ca®* transient amplitudes were measured and analyzed at
each of the boutons. Each of the 40 APs is temporally matched,
i.e., the same AP evokes the Ca2* transient measured in each
bouton. Figure 11A demonstrates that the AP-evoked Ca?*
transient amplitude varies independently between boutons
separated by just a few microns following a single AP propa-
gating along the collateral. AP-evoked Ca®* transients in bouton
1 show large transients at times when bouton 2 shows small
transients.

Does manipulation of p, change the incidence of large AP-
evoked Ca?* transients? For this we applied the neuromodulator
adenosine, known to act presynaptically to reduce p,. Addition of
adenosine reduced, but did not abolish, all large Ca?* transients
(Figures 11Bii and 11Biii), as confirmed by a reduction in the
probability of observing a large Ca®* event (ACSF 6 = 0.139 +
0.05; adenosine 6 = 0.065 + 0.033; n = 5; Figure 11Biv; summa-
rized in Figure 11C).

Finally, we induced LTP using theta frequency stimulation. The
induction of LTP increases the frequency of large Ca®* transients
at boutons (Figures 12Ai and 12Aii). We observed an increase in
the probability of obtaining a large Ca®* event at six out of ten
boutons following a single LTP-inducing stimulus (control 6 =
0.134 + 0.064; LTP1 6 = 0.184 + 0.07) and a further increase in
the number of large events at four out of four boutons following
a further round of LTP induction (LTP2 6 = 0.232 + 0.076;
n = 4; Figure 12Bii). In contrast, the amplitude of the large Ca®*
events in presynaptic boutons does not change after the induc-
tion of LTP (Figure 12Biii).

DISCUSSION

The variance of AP-evoked Ca?* transients between boutons of
the same axon collateral has been reported in a number of
regions of the CNS including cortical neurons (Frenguelli and
Malinow, 1996; Koester and Sakmann, 2000; Mackenzie et al.,
1996), cerebellar basket cells (Llano et al., 1997), superior collic-
ular neurons (Kirischuk and Grantyn, 2002), and hippocampal
pyramidal neurons (Wu and Saggau, 1994b). Moreover, variance
within a single bouton has been described in layer V cortical
neurons (Frenguelli and Malinow, 1996). Here we describe vari-

ability of Ca®* transient amplitudes at single Schaffer collateral
boutons of CA3 neurons and demonstrate that the variability
arises from presynaptic NMDARs. Despite a wealth of data
about hippocampal NMDARSs, almost nothing is known of their
localization to, or role within, the presynaptic bouton. Here we
demonstrate that NMDARs are present within boutons and that
their activation is dependent on AP-evoked release of glutamate;
that is, they act as autoreceptors. Once activated, the Ca2* influx
via NMDARs adds to the influx via VDCCs, producing a large
Ca?* transient and thereby increasing the probability that trans-
mitter release will occur to a subsequent AP. Enhancement of
release appears to be “tuned” to operate optimally at theta
frequency, because excitatory postsynaptic potential (EPSP)
facilitation at this frequency is abolished by inhibition of presyn-
aptic NMDAR activation. Theta frequency is a significant oscilla-
tory rhythm in rodents, because it is observed during exploratory
behavior and is highly effective in the induction of LTP (Frick
et al., 2004; Hoffman et al., 2002; Kelso and Brown, 1986; Wata-
nabe et al., 2002). The facilitatory action of presynaptic NMDARs
on neurotransmission offers a mechanistic rationale as to why
theta frequency is effective for LTP induction. These data also
resolve the paradox of how it is that synapses with low p,
are able to contribute to the induction of LTP. A synapse with
a p, of 0.1 might be expected to release transmitter just twice
during a train of 20 APs and might therefore be expected to fail
to achieve adequate activation of the postsynaptic neuron.
However, the feedback loop generated from Ca®* influx via acti-
vation of NMDA autoreceptors will ensure that a low p, synapse
achieves augmented release during the course of the stimulus
train (Figure 10B).

The relationship between transmitter release and presynaptic
NMDAR activation also has utility, because manipulations of p,
also change the probability of observing presynaptic NMDAR-
mediated large Ca®* events. Manipulations that reduce p,
boutons, such as adenosine, decrease the number of large
Ca®* events, whereas manipulations that increase p, increase
the number of large events. Importantly, induction of LTP, which
is reported to increase p, at active synapses (Antonova et al.,
2001; Bolshakov and Siegelbaum, 1995; Emptage et al., 2003;
Enoki et al., 2009; Malgaroli et al., 1995; Ward et al., 2006),
increases the incidence of large Ca®* transients. Therefore, the
measurement of the number of large Ca* transients in the

Figure 5. Focal Uncaging of MNI-Glutamate at Presynaptic Boutons Elicits Ca®>* Transients

(Ai and Aii) Top panel shows an example of a line-scan image collected at a Schaffer collateral bouton during focal uncaging of glutamate. 355 nm light pulses (1)
applied to the bouton in the presence of MNI-glutamate (2.5 mM) produced a rapid increase in [Ca®*]; (Ai). The corresponding fractional change in fluorescence
(%F/F) within the bouton for each uncaging event is presented in the bottom panel. The uncaging protocol was repeated in the presence of D-AP5, where photol-
ysis did not evoke Ca®* transients (Aii).

(B) A histogram provides summary data of the % AF/F Ca®* response produced by glutamate uncaging in four experiments under control and D-AP5 conditions
(error bars = SEM).

(C) Individual Schaffer collateral boutons (<100 um from the cell soma) are illuminated with single 20 ns pulses of 355 nm light in the presence of MNI glutamate
(2.5 mM). Ca2* indicator dyes report glutamate-evoked elevations in intracellular Ca2* at the bouton. NMDARs were pharmacologically isolated by bathing the
tissue in DNQX and MCPG. Extracellular Mg* levels were reduced to 0.5 mM. Whole-cell patch electrode recordings were made concurrently with the glutamate
photolysis/Ca®* imaging.

(Di) Photolytic release of glutamate at a single bouton at 200 ms and again at 600 ms produced a Ca?* transient within the bouton and an NMDAR-mediated
current at the cell soma.

(Dii) An average of NMDAR currents from six boutons reveals that the time to peak following the first photolytic event (200 ms) is 1.36 + 0.29 ms.

(Ei and Eii) An example of the photolytic release of glutamate eliciting an NMDAR-mediated Ca®* transient and somatic current when delivered to the bouton, but
not when delivered to an adjacent (~2 um) section of axon collateral.
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Figure 6. [Mg?*], Influences the Probability of Observing a Large Event

(Ai-Av) Superfusion of 10 mM Mg?* ACSF significantly reduced the probability of observing a large Ca®* event. Inhibition by high (10 mM) [Mg?* ], abolishes
large Ca2* transients in boutons, as seen in our trial-by-trial histogram for single boutons (Aii) and for a further four boutons, in which %AF/F values are plotted
for each experiment (Aiii). The dashed red line (Aii) represents the threshold level, as described above. The probability of observing a large event in the presence of
high [Mg?* 1, is significantly reduced compared to control (Aiv) (ACSF 6 = 0.185 + 0.075; 10 mM Mg?* 6 = 0.009 + 0.018; n = 5). Predictive probability plots show
that the probability of observing a large event in the presence of (10 mM) [Mg?* ], falls to zero (red dashed line), whereas the probability of observing a small event
increases in (10 mM) [Mg?* ], (solid red line). The amplitude distribution of small events remains unchanged in (10 mM) [Mg?* 1, (Av).

(Bi-Bv) Superfusion of Mg?*-free ACSF for 10 min to relieve the Mg?* block did not change the probability of observing large events. Relief of the Mg®* block
produces no change in the probability of observing a large Ca* transient in boutons, as seen in our trial-by-trial histogram for single boutons (Bii) and for a further
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bouton provides a novel technique with which to measure p.
Whether this approach has utility at other axon terminals will
be dependent on the presence of NMDAR autoreceptors. There
is an interesting correlation in the literature that would seem to
suggest that Ca* transient variability at the presynaptic boutons
and presynaptic NMDARs is a general motif. For example, (1)
modulating the frequency of mini EPSPs in the entorhinal cortex
(Berretta and Jones, 1996; Woodhall et al., 2001), layer V of the
visual cortex (Sjéstrom et al., 2003), or CA1 pyramidal neurons of
the hippocampus (Madara and Levine, 2008) or (2) enhancing
long-term depression (LTD) in the visual cortex (Sjostrom et al.,
2003), the barrel cortex (Rodriguez-Moreno and Paulsen,
2008), and the cerebellum (Duguid and Smart, 2004) all require
presynaptic NMDAR activation and each are regions known to
show highly variable presynaptic Ca®* transients (Frenguelli
and Malinow, 1996; Kirischuk and Grantyn, 2002; Llano et al.,
1997; Wu and Saggau, 1994b).

The recognition that large Ca®* transients occur as part of
a process that is likely to be mechanistically distinct from AP-
elicited influx of Ca2* via VDCCs alone required an unambiguous
method of identifying large versus small events. We have devel-
oped a statistical approach enabling us to separate large and
small events using a blind procedure.

Application of the NMDAR antagonists significantly reduced
the probability of observing large Ca2* events, providing the first
indication that presynaptic NMDARs contributed to the Ca?*
signal measured in the bouton. Interestingly, inhibition of NR2B
containing NMDARs does not produce a result significantly
different from that observed in D-AP5. Because the NMDAR
subunit composition is reported to change during development,
with the number of NR2A-containing NMDARs thought to
increase and perhaps partly replace NR2B-containing receptors
within the synapse (Flint et al., 1997; Monyer et al., 1994; Stocca
and Vicini, 1998), our data suggest that we are examining termi-
nals still at an early stage in development.

There is literature describing the distribution of NMDAR
subunits in the brain, including the hippocampus. NMDAR
subunits have been identified at both the pre- and postsynaptic
locus. Of relevance here is that although NR1 subunits are
reported to localize at CA1 dendrites (Petralia et al., 1994) and
in dendritic spines (Petralia and Wenthold, 1999; Racca et al.,
2000; Takumi et al., 1999), they have not been reported in
boutons. In contrast, NR2B subunits have been shown to localize
in presynaptic terminals of primate hippocampal CA3-CA1
synapses (Janssen et al., 2005), and NR2B and NR2D subunits
have been found in presynaptic terminals of rat CA3-CA1
synapses (Charton et al., 1999; Thompson et al., 2002) and within
the dentate molecular layer (Jourdain et al., 2007). Here we take
the immunoEM literature a step further by showing that the NR1
subunit is also present.

NMDAR activation is classically dependent on both the pres-
ence of glutamate and the depolarization-induced relief of the

Mg?* block, so we manipulated each of these factors indepen-
dently in our study. The results inform us that the receptor
behaves in a classical way, but they additionally reveal that large
transients arise from transmitter release; thus, the variance in
Ca?* transient amplitude is a direct consequence of the
stochastic nature of transmitter release and, as such, can be
used as a proxy for p.

Although our pharmacological manipulations are consistent
with presynaptic NMDARs having an autoreceptor role, we
were mindful that the arrival of glutamate at the receptor must
coincide with depolarization of the membrane; in essence, this
means that the events we observe must be initiated within the
duration of a single AP. To assess this, we measured the time
required for the NMDAR current to reach its peak following rapid
release of glutamate at a bouton. We observe rapid activation
kinetics, within the range in which presynaptic NMDARs could
function as autoreceptors. Rise time constants in this range for
NMDAR have been reported previously (Kampa et al., 2004;
Steinert et al., 2010). We therefore have no reason to advocate
anything unique about the kinetic performance of hippocampal
presynaptic NMDARs.

Focal release of caged glutamate was also used to explore
whether NMDAR currents might be detected outside the region
of the bouton. Because we find this to not be the case, it appears
that the receptor density is highest at boutons. This result is
important because it indicates that the large amplitude Ca?*
transients we observe at boutons do not arise as an anomaly
of Ca2* imaging, dyes, or cellular buffers, but are a robust
measure of Ca®* influx at that site.

Direct evidence for NMDA autoreceptors in the hippocampus
is new; however, evidence linkihng NMDAR autoregulatory
release in plasticity is described in other brain areas. Presyn-
aptic NMDARs are implicated in the modulation of LTD in the
visual cortex (Sjostrom et al., 2003), cerebellum (Casado et al.,
2002; Duguid and Smart, 2004), and barrel cortex (Rodiguez-
Moreno and Paulsen, 2008). Interestingly, little evidence exists
linking presynaptic NMDARs to LTP. In fact, Rodriguez-Moreno
and Paulsen (2008) report that in barrel cortex, the type of
plasticity expressed, LTD or LTP, is linked to whether pre- or
postsynaptic NMDARs are activated. Our data suggest that
presynaptic NMDARs serve to facilitate transmission at theta
frequency and are therefore likely to augment the induction
of LTP.

Analysis of Ca?* transients evoked by single spikes provides
little information about the stimulus conditions under which
augmentation of the Ca?* signal might alter transmitter release.
We therefore measured transmitter release in response to
different stimulus frequencies. We found that presynaptic
NMDAR activation produced robust facilitation of transmission
during theta frequency and that although stimulation at higher
frequencies also facilitates the amplitude of the postsynaptic
current, the facilitation is insensitive to D-AP5. Presynaptic

four boutons, in which % AF/F values are plotted for each experiment (Biii). The dashed red line (Bii) represents the threshold level, as described above. The prob-
ability of observing a large event in the absence of Mg?* is not reduced as compared to control (Biv) (ACSF 0 = 0.19 + 0.079; Mg?*-free 6 = 0.197 + 0.078; n = 5).
Predictive probability plots show that the probability of observing a large event in the absence of Mg?* is unchanged (red dashed line). The amplitude distribution
of both large and small events increases (rightward shift) in the absence of Mg?* (Bv).

Neuron 68, 1109-1127, December 22, 2010 ©2010 Elsevier Inc.
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Figure 7. Modulation of Transmitter Release by AP Duration Influences the Probability of Observing a Large Event

(Ai-Av) Superfusion of low-K* (0.1 mM) ACSF significantly reduced both the duration of the AP (ACSF: 1 =2.35 +0.01; 0.1 mM K" 7=1.65+0.01;n=4;p <
0.0001, paired Student’s t test) and the probability of observing a large Ca?* event. Inhibition by low K* abolishes large Ca®* transients in boutons, as seen in
our trial-by-trial histogram for single boutons (Aii) and for a further three boutons, in which %AF/F values are plotted for each experiment (Aiii). The dashed
red line (Aii) represents the threshold level, as described previously. The probability of observing a large event in the presence of low K* is significantly reduced
compared to control (Aiv) (ACSF 6 = 0.178 + 0.075; 0.1 mM K* 6 = 0.134 + 0.043; n = 4). Predictive probability plots show that the probability of observing a large
event in low K* falls to zero (red dashed line), whereas the probability of observing a small event increases in low K* (solid red line). The amplitude distribution of
small events remains unchanged in low K* (Av).
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NMDARs serve to augment transmitter release at theta
frequency, but when the frequency of APs reaches 20 Hz, Ca%*
entry through VDCCs occurs with such rapidity that the bouton
becomes progressively more Ca®* loaded, that is, Ca®* entry
exceeds clearance.

Large Ca2* Transients as a Reporter of p,

Our search to understand the basis of Ca®* transient variance
serendipitously led us to identify a novel way to measure p,.
We therefore sought to verify that large Ca®* events signaled
transmitter release. We show that large events, like p,, are heter-
ogenous between boutons. This has additional significance
because it illustrates that the electrotonic spread of NMDAR-
mediated depolarization elicited in the dendrites, as reported
for cerebellar interneurons (Christie and Jahr, 2008), cannot be
responsible for the NMDAR-mediated large Ca®* transients
seen here, because large events occur at some boutons but
not others along the same axon in response to the same AP.
Furthermore, the amplitude of transients does not scale with
increased distance from the soma: a large event can occur at
a distant bouton concurrent with a small event at a bouton close
to the soma. We also show that large events decrease in number
following the addition of adenosine or increase following addition
of 4-AP. We utilized this new technique to test whether p,
changes after the induction of LTP, as we and others have
previously reported (Antonova et al., 2001; Bolshakov and
Siegelbaum, 1994; Enoki et al., 2009; Malgaroli et al., 1995;
Zakharenko et al., 2001). We find that LTP produces an increase
in the incidence of large Ca®* events at some but not all boutons
to a single round of LTP (Figure 12C). A second round of LTP
increased p, at boutons that had previously not shown an
increase or increased further the incidence of large Ca®* events
at boutons that had previously shown an increase. These data
are consistent with previous work in which LTP produces an
increase in p, at active synapses (Emptage et al., 2003; Enoki
et al., 2009) but does not show an increase in p, at silent
synapses (Emptage et al., 2003; Ward et al., 2006). However,
silent synapses once unmasked by LTP do show an increase
in p,. These data also reveal that multiple rounds of LTP are
able to repeatedly increase p, at active synapses. This not only
illustrates how heterogeneity of p, might be achieved but also
has implications for information storage, because it illustrates
that synapses are not bistable elements but instead serve as
graded storage devices capable of repeatedly updating trans-
mission efficacy.

EXPERIMENTAL PROCEDURES

Hippocampal Organotypic Slice Cultures

Transverse 350 um hippocampal organotypic slices were prepared from male
Wistar rat pups, postnatal day 7 (Harlan UK) as previously described (Emptage
et al., 1999; Stoppini et al., 1991). Each slice was maintained in culture for
7-14 days prior to use.

Electrophysiology and Imaging

Slices were transferred to a recording chamber (Scientific Systems Design)
mounted on an Olympus BX50WI microscope with a BioRad Radiance
2000 confocal scanhead (BioRad/Zeiss) and were superfused at 30°C with
oxygenated ACSF as described previously (Ward et al., 2006). Whole-cell
patch clamp and sharp microelectrode recording techniques were used in
the study, and the data were collected using WIN WCP software (Strathclyde
Electrophysiology Software). The criteria employed for identifying axons and
boutons has previously been characterized using synaptophysin staining
(Emptage et al., 2001). In brief, the Oregon green 488 fluorescence allowed
the identification of axons according to the following criteria: thin shaft
(as opposed to dendrites), tortuous trajectory, and distinct varicosities in the
absence of dendritic spines. The boutons selected were located 75-300 um
and at least two branch points distal to the initial axon segment for pharmaco-
logical characterization. Line scans were synchronized to intrasomatically
stimulated APs triggered by injecting current (~0.5-2.5 pA) with a stimulus
duration of 30 ps. At least 40 action potentials, evoked at 15 s intervals,
were sampled both before and after manipulation. AP-evoked Ca2* transients
in boutons were captured using Laser Sharp Software and (measured
over their initial 10 ms) were expressed as fractional change in fluorescence,
%AF/F =100 X (F — Finitial) / (Finitiat — Foackgrouna)- FOr details of experimental
solutions and stimulus paradigms, please consult the Supplemental Experi-
mental Procedures.

UV Spot Photolysis
355 nm photolysis was achieved using a frequency-tripled Lumonics HY
600 laser operating at 20 Hz and producing 10 ns pulses. Beam power was
controlled with a series of three polarizing prisms. Experiments were
performed with a laser power of 4 W delivered to the back aperture of the
objective lens. Temporal control was achieved using an external shutter. A
beam expander comprising two planoconvex lenses was used to back-fill
the objective lens. The UV beam was coupled into the confocal microscope
light path by way of beam-steering mirrors, a focusing lens to adjust parfo-
cality, and a custom-made band-stop dichroic mirror centered at 360 nm
(Chroma Technology). All other optical components were supplied by
Thorlabs. A schematic of the apparatus used to perform photolysis is shown
in Figure S2A.

We confirmed that our system was capable of achieving photolysis within
a focal volume comparable to that of an individual bouton with 2.5 mM
CMNB caged fluorescein (Invitrogen). Details can be found in Figure S2B.

Electron Microscopy

Two protocols were used in the preparation of the brain tissue for immunolab-
eling and electron microscopy. We adapted the published procedure of
Peddie et al., 2008 for the pre-embedding immunoperoxidase staining.
Here we sought to preserve tissue morphology. We also prepared tissue
by slam-freezing followed by flat embedding prior to immunolabeling where
we wished to preserve tissue antigenicity for immunogold labeling. The full
details of each procedure are provided in the Supplemental Experimental
Procedures.

Statistical Analysis
All data have been analyzed using the Bayesian hierarchical mixture model
analysis, unless otherwise stated.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures, Supplemental Data, and
Supplemental Experimental Procedures and can be found online at doi:
10.1016/j.neuron.2010.11.023.

(Bi-Bv) 4-AP (40 uM) significantly broadened the AP (r consistently 5x control) and significantly increased the probability of observing a large Ca?* transient, as
seen in our trial-by-trial histogram for a single bouton (Bii) and for a further four boutons, in which % AF/F values are plotted for each experiment (Biii). The dashed
red line (Bi) represents the threshold level, as described previously. The probability of observing a large event in the presence of 4-AP is significantly increased
compared to control (Biv) (ACSF 6 = 0.196 + 0.063; 4-AP 6 = 0.006 + 0.013; n = 5). Predictive probability plots show that the probability of observing a large event
in 4-AP increases (solid red line), whereas the probability of observing a small event decreases (red dashed line) (Bv).
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Figure 8. Activation of the Presynaptic NMDAR Requires Vesicular Glutamate Release

(Ai-Av) Bafilomycin A1 abolishes large Ca®* transients in boutons, as seen in our trial-by-trial histogram for single boutons (Aii) and for a further four boutons, in
which %AF/F values are plotted for each experiment (Aiii). The dashed red line (Ai and Aii) represents the threshold level, as described previously. The probability
of observing a large event in the presence of bafilomycin A1 is significantly reduced compared to control (ACSF 6 = 0.18 + 0.067; Baf A1 6 = 0.008 + 0.016; n = 5)
(Aiv). Predictive probability plots (Av) show that the probability of observing a large event in the presence of bafilomycin A1 falls to zero (red dashed line), whereas
the probability of observing a small event increases in bafilomycin A1 (solid red line).

(Bi~Bv) Introduction of 500 nM Botulinum toxin (BoTx) type C via microinjection into CA3 pyramidal cells inhibits synaptic transmission and abolishes large Ca®*
transients in boutons, as seen in our trial-by-trial histogram for single boutons (Bii) and for a further three boutons, in which % AF/F values are plotted for each
experiment (Biii). The dashed red line (Bi and Bii) represents the threshold level. The probability of observing a large event in the presence of BoTx is significantly
reduced compared to control (ACSF 6 = 0.186 + 0.067; BoTx 6 = 0.008 + 0.017; n = 4) (Biv). Predictive probability plots (Bv) show that the probability of observing
a large event in the presence of BoTx falls to zero (red dashed line), whereas the probability of observing a small event increases in BoTx (solid red line).
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ated by NMDA Autoreceptors Is Frequency
Dependent

(Ai-Cii) The amplitude of synaptically evoked
currents in ACSF (black) and 50 uM D-AP5 (gray)
are plotted as histograms (Aii, Bii, and Cii). The
currents are normalized to the first response for
a1, 5, or 20 Hz train of ten stimuli (mean of ten train
repetitions across ten cells, + standard error of the
mean). Sample currents are also shown (Ai, Bi, and
Ci). D-AP5 (50 uM) significantly blocked presyn-
aptic facilitation at 5 Hz (p < 0.05), but not at
1 Hzor 20 Hz (1 Hz: p = 0.118; 20 Hz: p = 0.191;
analysis of variance).

(D) EPSC ratios for the first and fifth EPSC in the
trains are shown for each stimulus frequency for
both control and D-AP5 conditions(error bars +
SEM).
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Figure 11. The Incidence of Large Ca®* Events Is Heterogeneous between Boutons and Can Be Manipulated by Modulators of p,

(A) Confocal image of an axon collateral approximately 100 um from the soma of a CA3 pyramidal neuron filled with Oregon green 488 BAPTA-1. Arrows indicate
the trajectory of the line scan for the data illustrated (scale bar = 10 um). Histograms of % AF/F values for two adjacent boutons are shown. The data were collected
simultaneously in response to single APs elicited by intrasomatic current injection. The dashed red line represents the threshold level, as described previously.
(Bi-Bv) Adenosine reduces, but does not abolish, the probability of observing a large Ca®* event, as seen in our trial-by-trial histogram for a single bouton (Bii) and
for a further five boutons, in which %AF/F values are plotted for each experiment (Biii). The dashed red line (Bi and Bii) represents the threshold level, as described
previously. The probability of observing a large Ca®* event is: ACSF 6 = 0.139 + 0.05; adenosine 0 = 0.065 + 0.033 (n = 5) (Biv). Predictive probability plots (Bv)
show that the probability of observing a large event in the presence of adenosine decreases (red dashed line), whereas the probability of observing a small event
increases (solid red line). Both large and small events show a leftward shift in amplitude in adenosine, consistent with adenosine’s reported action on [Ca®*]; .
(C) p, is plotted for each of the six boutons in control conditions and in adenosine using large events as a reporter of p,.
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Figure 12. LTP Increases the Probability of Observing Large Ca2* Events
(Ai-Aiii) LTP, induced using a theta frequency induction protocol, can increase the incidence of large Ca?* transients in boutons, as seen in the trial-by-trial histo-

grams for a single round (Aii) and for two rounds (Aiii) of LTP.

(Bi-Biii) In a further nine boutons, in which %AF/F values are plotted for each experiment to a single round of LTP (red crosses), the incidence of large Ca®* is
greater for some, but not all, boutons. In contrast, in four boutons, a subsequent round of LTP (blue crosses) increases the incidence of large transients in each
case (control 6 = 0.134 + 0.064; LTP1 6 = 0.184 + 0.07; n = 10; LTP2 6 = 0.232 + 0.076; n = 4) (Bi and Bii). Predictive probability plots show that the probability of
observing a large event increases (red dashed line), and, after a subsequent round of LTP, increases further (blue dashed line). The amplitude distribution for both

small and large events remains unchanged (Biii).

(C) p, is plotted for each of the boutons in control conditions and after the induction of LTP1 and LTP2 using large events as a reporter of p,.
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