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Summary

The amplitudes and kinetics of miniature excitatory
synaptic currents (MESCs) in mammalian central neu-
rons vary widely. It is unclear whether this variability
occurs at each synapse or arises from differences
among a heterogeneous population of synapses. Fur-
thermore, it is not known how variability in these cur-
rents would affect their associated postsynaptic Ca**
transients. To address these questions, we conducted
simultaneous Ca?* imaging and patch-clamp recordings
from cultured cortical neurons and mapped individual
MESCs to identified synapses displaying coincident
dendritic miniature synaptic Ca?* transients (MSCTs).
Measurements of MSCTs at dendritic sites that dis-
played muitiple events revealed that MSCT amplitude
varied considerably at each site. Simultaneous mea-
surementof MESCs and MSCTs at these sites indicated
that variability in coincident synaptic currents contri-
butes to the differences in Ca?* transient amplitude.
The ability of single synapses to exhibit variable output
may enable them to engage intracellular signaling
pathways at different levels of intracellular Ca?*.

Introduction

The synapses on neurons of the central nervous system
are structurally and functionally diverse. Thousands of dif-
ferent synaptic contacts are present on these cells, which
have highly branched and morphologically varied dendritic
arbors (Amaral et al., 1990). The amplitudes and kinetics
of the spontaneous miniature excitatory synaptic currents
(MESCs) arising at these contacts vary widely (reviewed
in Lisman and Harris, 1993; Stevens, 1993). Although this
variability is well documented in records of activity made
from the cell soma, its origin can potentially be attributed
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to a number of different factors, which include differences
in postsynaptic receptor responsiveness between syn-
apses, variation in the number of transmitter quanta re-
leased at a single synapse, and electrotonic filtering of
measured currents. To distinguish among these possibili-
ties and to understand how synaptic currents and Ca®*
transients are related in dendritic compartments, we have
performed Ca®* imaging and voltage-clamp recording si-
multaneously in cultured cortical neurons to detect both
synaptic current and Ca?* transient responses from single
identified synapses.

Previous studies have described postsynaptic Ca®* tran-
sients associated with evoked synaptic transmission (Re-
gehr and Tank, 1990, 1992; Muller and Connor, 1991;
Murphy et al., 1992; Alford et al., 1993; Perkel et al., 1993;
Malinow et al., 1994; reviewed in Regehr and Tank, 1994).
These transients have a component attributed to the entry
of Ca through N-methyl-D-aspartate (NMDA)-type gluta-
mate receptors (but see Miyakawa et al., 1992; Markram
and Sakmann, 1994). Although these studies have been
useful in defining the mechanisms by which Ca?" enters
the dendrite, it was not always possible to measure the
effect of activity at just a single synapse. In contrast, by
imaging dendritic intraceliular Ca2* concentration ([Ca?'];)
under conditions that allow only miniature release of trans-
mitter and favor the activation of NMDA receptors (the
absence of extracellular Mg?*), we have recently recorded
highly localized [Ca?*};transients, termed miniature synap-
tic Ca?* transients (MSCTs; Murphy et al., 1994a). These
transients were found to arise at discrete 1-2 um? foci,
consistent with the activation of single synapses. As these
Ca? transients were blocked by NMDA-type glutamate
receptor antagonists, we proposed that they arose via Ca?*
influx through these receptors during MESCs. Although
the Ca?* current associated with a single NMDA receptor—
mediated MESC is less than 1 pA, [Ca?') is expected to
reach micromolar levels in the small volume of a dendritic
process or spine, facilitating the detection of Ca?* entry
attributed to a single MESC (Zador et al., 1990; Koch and
Zador, 1993).

MSCTs fit many of the anatomical, kinetic, and pharma-
cological criteria expected for postsynaptic Ca** transients
triggered by the NMDA receptor component of MESCs.
However, in our previous study (Murphy et al., 1994a), we
did not directly determine how the two were related. To
evaluate the relationship between MSCTs and MESCs,
we have, in the present study, combined Ca?" imaging (at
a higher sampling rate of 30 Hz) with patch-clamp re-
cording to correlate MESCs recorded at the cell soma with
the appearance of MSCTs imaged in dendritic processes.
This approach has allowed us to demonstrate that, as ex-
pected, MESCs trigger MSCTs; to establish that these
unitary postsynaptic responses, attributed to NMDA re-
ceptors, vary within single synapses; and to investigate
the relationship between synaptic currents and the re-
sulting rise in dendritic [Ca?*).
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Figure 1. Simultaneous Records of Miniature Synaptic Currents and
Ca? Transients from Identified Dendritic Sites

(A) High temporal resolution imaging is used to determine the time
and site of MSCT initiation. Shown is a 360 nm excitation image of a
Fura 2filled dendrite from which four plots of [Ca*'], versus time were
made at the adjacent sites. The site of MSCT initiation was defined
by where the earliest rise in (Ca*] was detected (site 3).

(B) (Left) A example of the temporal correlation between MESCs and
MSCTs atsite 3 (arrowhead marks the first rise in [Ca?*) above baseline
for [B] and [C]). The [Ca**} record shown above the current record is
unfiltered and was collected at 30 Hz from a 1.0 um? dendritic area.
(Center) 19 records of MSCTs from 4 neurons were aligned by the
first time point at which [Ca®*] rose above baseline and were then
averaged (top trace). Current records corresponding to an interval 500
ms before to 2000 ms after this point (at arrow) were averaged and
plotted beneath the record of average [Ca*'};(n = 70 current records
from 12 neurons). A 5x scale is also shown for the averaged current
(lowest trace); the calibration bar corresponds to the 1 x records.
(Right) An ensemble average current (from the same data sets) based
on randomly aligned current records.

(C) Changes in raw Fura 2 fluorescence (380 nm excitation wave-
length; thin traces on right) measured from the dendritic site (~2 um?)
indicated by the single arrowhead (left) during two separate MSCTs
(initiated at this site) and their correlation with MESCs (plotted below
fluorescence). The initiation of each MSCT is shown in the respective
gray-scale Ca?*image indicated by the long arrows (left). These images
were produced from the average of 3 consecutive video frames (100
ms), and the lightest gray value corresponds to the maximum [Ca®'};
(250 nM). The raw fluorescence data traces are gxpressed in units of
pixel value (F). Resting average pixel values over the dendrite were
123 (top record) and 127 (lower record), and resting background values
were 33 and 32, respectively. Currents were recorded in the whole-cell
mode. Data shown in (C) are from a different cell than that in (A)
and (B).

Bars, 2 um.

Results

A Temporal Correlation between MSCTs and MESCs
We have been able to localize the site and time at which
MSCTs were first initiated on fine dendritic processes us-
ing video imaging of [Ca?*];with 33 ms temporal resolution
and 0.15 um spatial resolution (nominal pixel size) in the
presence of tetrodotoxin (TTX) and no added Mg?* (Figure
1). MSCT initiation sites were usually associated with mor-
phological features of synaptic sites, such as a spine or a
swelling (Figures 1A and 1C). These features were readily
observed in averaged Fura 2 images produced at the Ca?*-
insensitive excitation wavelength (360 nm) of the dye,
allowing the assessment of dendritic structure indepen-
dently of changes in [Ca?].

Measurement of synaptic currents in voltage-clamp re-
cording mode (at —80 mV holding potential) indicated that
the initiation of a MSCT was closely preceded by a MESC
(Figure 1). For example, as shown in Figure 1B, a slow
MESC, characteristic of NMDA receptor activation (Bek-
kers and Stevens, 1989; Hestrin, 1992; Carmignoto and
Vicini, 1992), preceded the appearance of a Ca®* transient
at dendritic site 3 (Figure 1A). In another example (Figure
1C), MESCs that precede the first rise in [Ca?}; (raw fluo-
rescence values are shown) have both fast and slow com-
ponents that are presumably due to non-NMDA and
NMDA-type glutamate receptors, respectively (Bekkers
and Stevens, 1989; Silver et al., 1992). The temporal rela-
tionship between MSCTs and MESCs allowed us to assign
synaptic currents to particular dendritic sites.

Since MESCs can occur at frequencies of 1-2 Hz in
these cultured neurons and it is only possible to image a
subset of the dendritic arbor (Murphy et al., 1994a), we
wanted to check whether the apparent temporal correla-
tion between MESCs and MSCTs was merely a chance
coincidence. We assessed this possibility by averaging
currents aligned by the first time point at which a rise in
[Ca*); was detected (Figure 1B, center; 1 x and 5 x gain
shown). This ensemble average confirmed the temporal
correlation between MESCs and MSCTs. In contrast, cur-
rents from the same data sets that were averaged using
randomly generated intervals failed to yield a significant
deviation from baseline (Figure 1B, right). As expected,
the averaged currents were of lower amplitude than many
of the single MESCs. The relatively low amplitude of the
ensemble current average is likely due to the inability to
align the current records precisely with those of [Ca?'];,
because of differences in the sampling rates used to obtain
the two measurements. In addition, the noise present in
the [Ca?'}, measurements can obscure the precise detec-
tion ofthe MSCT upstroke, thereby affecting the alignment
of the current records. In general, the latency between a
MESC and the first rise in [Ca?*]; during a MSCT ranged
between 50 and 100 ms. Factors that contribute to this
relatively long latency include the 33 ms time required to
construct a video frame and the time required for Ca** to
diffuse from the synapse (essentially a point source) into
the 1 pm? area over which [Ca?'], was usually measured.

As a further test of the apparent correlation between
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Figure 2. Examples of Variability in Synapse Output

(A) (Left) Repeated [Ca*'] transients (thin traces; filtered with a boxcar
average of 3 points) were observed at a 1.0 um? site on a dendritic
shaft (see [C]) during three 10 s epochs, while synaptic currents were
also measured (lower, thick traces). The small, closed arrowheads
mark MESCs that are visible (above noise) at low time resolution and
correlate with the initiation of MSCTs. (Right) MESCs shown at higher
temporal and amplitude resolution aligned by the first point at which
arise in [Ca*"] was observed (arrowhead; determined from unfiltered
data) for each of the 4 MSCT events. An asterisk indicates the pre-
sumed beginning of a MESC. The amplitudes of the synaptic currents
were positively correlated with the MSCT amplitudes (R = 0.94; mea-
sured as in Figures 3A and 3B). Although the basal noise level of this
recording is relatively high, this neuron exhibited a very low frequency
of MESCs, aliowing a more confident correlation between MESCs and
MSCTs.

(B) During the same three 10 s epochs, 6 [Ca?*], transients were ob-
served at a nearby spine. The open arrowheads beiow the current
record in (A) (left) mark the time at which MSCTs were initiated at the
spine site. In this example, synaptic currents associated with MSCTs
that occured at the spine site were relatively smaller than those associ-
ated with activity at the shaft synapse.

(C) A 360 nm Fura 2 excitation image (Ca®*-insensitive) indicating the
dendritic shaft and spine site from which the datain (A) and (B}, respec-
tively, were obtained (Sp, spine; Sh, shaft). At both sites, resting [Ca?'];
was less <75 nM on average.

MESCs and MSCTs, we measured the latency between
the onset of each of the 8 MSCTs observed in the neuron
from which the examples in Figures 1A and 1B were taken
and the first negative current deflection that preceded
each MSCT and exceeded 3 pA for a duration of 15 ms.
The average latency between an inward current and the
first rise in [Ca®'}; was 91 = 29 ms (mean = SD). In con-
trast, when the time point of MSCT initiation was chosen by
arandom number generator (same data sets), the latency
increased significantly to 584 + 545 ms (ANOVA signifi-
cance at p < .05 by Schefte F test), providing further evi-
dence that the temporal association between MESCs and
MSCTs is not random.
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Figure 3. A Correlation between Variability in MSCTs and MESCs
(A) MSCTs and MESCs were quantitated (see [B]) for single dendritic
sites that exhibited multiple MSCTs. To compare these quantities be-
tween different synapses and different ceils, the MESCs and MSCTs
were normalized to the maximal response measured at a particular
synaptic site (the largest MSCT or MESC at a given site would be
equal to 1.0). (Left) Relative MSCTs for 5 different dendritic sites during
repeated MSCTs at these sites (from 3 different neurons). At site 5,
2 MSCTs had values of 0.65; to resolve them on the plot, we added
0.02 to 1 of the values. (Right) Values of relative MSCT and MESCs
(during repeated events) were plotted (scattergram) for a total of 7
different dendritic sites from 4 different neurons. The correlation coeffi-
cient (R) of the aggregate data was 0.82.

(B) An example of how MSCT and MESC were measured. in this exam-
ple, the traces shown are simultaneous records of [Ca?"} {Ca) and
current (I) derived from a site of MSCT initiation on a dendritic shaft.
The dotted line indicates the baseline (average resting value = 44
nM) of [Ca?"], measured at a 1 um? dendritic region. The dashed line
indicates 1 SD above resting [Ca®], the threshold used to detect
MSCTs (4 points must be above this value). To quantitate the MSCT,
the first 15 data points, corresponding to 500 ms, were averaged.
MESCs were quantitated by integrating their first 100 ms. The points
included in these calculations are indicated by the solid line, and the
amplitude of each point is measured from the baseline (dotted iine).

Correlation of MESC and MSCT Amplitudes

at Single Synaptic Sites

Examination of the current records as well as changes
in Fura 2 fluorescence suggested that the amplitudes of
MSCTs and their temporally associated MESCs vary when
MSCT events are repeated at the same dendritic site. In
our present study, in which we have imaged [Ca*']; with
enhanced temporal resolution (as compared with our pre-
vious study; Murphy et al., 1994a), we observed that re-
Jpeated MSCT events at a single synaptic site showed dif-
ferent peak amplitudes. For the example shown in Figure
2A, a presumed dendritic shaft synapse, MSCT peak am-
plitudes ranged from 200 to 570 nM. A comparison of these
MSCT events with their corresponding synaptic currents
(shown in Figure 2A, right) suggested that differences in
MESC amplitude contribute to MSCT variability, as the
larger amplitude MSCTs were associated with larger
MESCs. The amplitudes of MESCs varied from ~5 pA
(responses 1 and 2) to >20 pA (response 4). A comparison
ofthe currents recorded from the cell soma (representative



Neuron
162

2 .

3 . .

[ 3 .

3 PR — _ -

2 e 500 NM
3 w1500 ms

7 5,

y A
S
< Sordv.a

p

10«

; 4 oooeroet
Ca ocooovessceai

R N -SSR

i WMWVWWWWWM
500 nM/15 pA

Ca 1 _. 2. 3 _.A

At
O e
Sl

4 I
‘Y,VA_&\‘n,nw%wu,Wny‘«mw‘,.gww e " |
b

vy W
,u;wwm‘ J V\va d

250 nM/7.5 pA
[50 ms

Figure 4. Images of MSCT Initiation

(A) Plots of [Ca?'] versus time, made from three
different 0.8 pm? dendritic regions (see image)
centered at the arrowheads, are shown during
three different 10 s sampling epochs. The
[Ca*) records were produced by averaging
over 0.1 s intervals (i.e., each point is the aver-
age of 3 consecutive images). The time point
at which [Ca?']; transients were initiated is indi-
cated by a closed arrowhead. Bar, 2 um.

(B) Images of the initiation of the first MSCT in
(A) (see top traces) at 0.1 s intervals (averages
of 3 consecutive images) in the dendritic region
encompassing measurement sites 1-3. Im-
ages 0-3 show the baseline preceding the tran-
sient, images 4-15 are during 1.2 s of the tran-
sient, and unlabeled images are consecutive
[Ca**]images 7 s after the transient. The edges
of the [Ca?'] image were determined by setting
a threshold pixel intensity that was applied to
the entire image shown.

(C) (Top) Expanded record of [Ca?*] measured
at site 1, with corresponding image sequences
(see [B]) indicated above traces; the coincident
currents are shown below (i). (Bottom) The
same plot shown at higher temporal resolution.
[Ca?*], measurements were made at 33 ms in-
tervals, and the corresponding image numbers
(above) and currents (below) are shown. The
dotted lines (2.7 pA apart) indicate differences
in MESC currents consistent with the proper-
ties of the NMDA receptor channel (in the pres-
ence of moderate dendritic filtering).

of activity from all synapses) with those corresponding to
MSCTs at this synapse suggested that the output of this
dendritic shaft site ranges from the amplitude seen at the
weakest synapses (responses 1 and 2; see arrows) to
some of the largest responses measured in this neuron
(response 4). Over the same three 10 s epochs, 6 repeated
MSCTs were observed at a nearby dendritic spine (Figure
2B; expanded current records are not shown). As ex-
pected for independent events, no temporal correla-
tion was observed between the changes in amplitude of
MSCTs at the spine and those of MSCTs at the shaft (Fig-
ures 2A and 2B), suggesting that factors intrinsic to each
synapse, such as MESC amplitude (and not the recording
procedure), affect response variability.

To address further the relationship between MSCTs and
MESCs, we quantitated the responses (see Experimental
Procedures and Figures 3A and 3B) at apparent high prob-
ability synapses that exhibit multiple MSCT events. As
a more accurate measurement of MSCT amplitude, we
averaged the first 15 data points (500 ms) of the [Ca¥];
transient and used this value to compare multiple events
at a single site (Figures 3A and 3B). For comparison of
MSCT variability across different experiments, we normal-

ized the MSCTs to the maximum response observed at
a specific site. MSCTs observed at a single synapse and
measured by this method varied by up to 5-fold (Figure
3A, left). The extent of MSCT variability was quite high,
as the mean = SD of the normalized MSCTs (excluding
maximal values) was 0.52 + 0.19 (n = 17; data from
Figure 3A, right). As antagenist experiments indicated that
NMDA receptor activation is required for producing
MSCTs (Murphy et al., 1994a), we quantitated MESCs by
integration of their first 100 ms (Figure 3B). This analysis
indicated that the amplitudes of the synaptic currents were
positively correlated with the MSCT amplitudes. For a total
of 24 MSCT and MESC pairs from 4 different neurons, an
aggregate correlation coefficient of 0.82 was calculated
(see Figure 3A, right). Analysis of this population data indi-
cated that the variability ranges of both MESCs and
MSCTs atasingle synapse were 4- and 5-fold, respectively
(Figure 3A, right).

Images of MSCT Initiation

In analyzing sites that displayed multiple MSCTs, we gen-
erated images of [Ca?*]; with reduced noise by averaging
3 consecutive video frames (off-line). These images, which
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Figure 5. Variability in MSCT Amplitude between Synapses

Shown in the upper right panel is a 360 nm Fura 2 excitation image
(Ca*-insensitive excitation wavelength) of an axon and a dendritic
process from which the plots of [Ca?*) were made from averaged im-
ages (average of four 33 ms frames produced every 333 ms) as pre-
viously described (Murphy et al., 1994a). Plots of [Ca?*], versus time
for 6 different dendritic sites of MSC T origin (left) are plotted as overlays
for five different 20 s epochs. MSCTs were initiated and measured at
1.0 um? sites centered at the indicated regions (arrowheads). MSCT
records for site 5 (lower right) were aligned by the first rise in [Ca®*);
and averaged; the average amplitude of MSCTs from site 5 was com-
pared to that of all other synapses (8 other sites with 10 events; lower
record) observed in this neuron. The average includes events from
sites that are not shown. With the exception of sites 1 and 5, all sites
examined exhibited only 1 MSCT event. MSCTs that were derived
from the spread of [Ca®'} from adjacent synaptic sites or that occurred
during the falling phase of a previous transient were excluded from
analysis. All MSCTs analyzed involved at least 4 points that were 1
SD above baseline. An axon was identified by its smooth surface,
small bore, perpendicuiar branches, and varicosities. This axon made
a single, near perpendicular junction and possible contact with the
dendrite within 1 um to the left of where a single MSCT was observed
at site 2. Simultaneous records of synaptic currents were not made
from this neuron.

have 10 Hz temporal resolution, were used to evaluate
the initiation and spread of the MSCT. A total of 4 separate
MSCTs were observed at the location indicated as site 1
in Figure 4A. This initiation site was contained within an
~ 1 um?region that had a significantly higher level of Fura
2 Ca*-insensitive fluorescence (Figure 4A, left), sug-
gesting that it had a larger volume and was potentially a
vertically projecting spine or a large dendritic varicosity.
Analysis of Ca*" images (the first MSCT from Figure 4A
is shown in Figure 4B) and plots of [Ca?']; versus time from
multiple measurement sites indicated that all 4 MSCTs
were initiated from site 1 (Figure 4A; and data not shown).
Measurement of [Ca?']; along the dendritic process (sites
2 and 3) indicated that larger amplitude MSCTs initiated at
site 1 propagated further than the lower amplitude events
(Figure 4A; compare the first 2 MSCTs with the last 2).
The site of MSCT initiation and the extent of MSCT spread
along the dendrite are also shown by the [Ca?‘} image
(Figure 4B).

To evaluate the temporal relationship between the onset
of the MSCT and MESCs, we examined records of [Ca?'};

from site 1 that were made from unaveraged images (33
ms time resolution; Figure 4C, bottom). These records
indicated that a MESC preceded the first rise in [Ca®']; by
~50 ms. Examination of the currents that coincided with
the MSCT revealed that they underwent abrupt changes
in their amplitude. These changes were presumably due
to the gating of a small number of NMDA receptor chan-
nels, as they approximated the single-channel conduc-
tance of the receptor (assuming some dendritic filtering).
Although there was a tight temporal correlation between
the onset of this MSCT and a MESC, the Ca?' images
indicated that [Ca*), reached a peak ~900 ms after the
initiation of the MSCT (Figure 4B, image 13). This peak
did not correlate with a prominent inward current and was
possibly due to intracellular release of Ca®* (see Discus-
sion). These late elevations in [Ca®*]; that were not accom-
panied by prominent inward currents were observed at
three other dendritic regions that were studied in a total
of 3 different neurons.

Variability in MSCTs between Synapses

Analysis of multiple MSCTs at individual dendritic sites
indicated that there is substantial event to event variability
at these sites over time. To address whether differences
in MSCT amplitude between synapses are within the
range of variability at a single synapse, we compared the
amplitude of MSCTs between synapses in an experiment
in which we recorded a large number of events from 9
different dendritic sites on the same neuron (6 of the sites
are shown in Figure 5). At the long-necked spine (site 5),
MSCTs averaged 789 + 251 nM (mean + SD; n = 5),
whereas the average of all other sites observed in this
neuron was 237 + 175 nM (n = 10 events at 8 sites).
Statistical analysis by ANOVA indicated that the distribu-
tion of response amplitudes at spine site 5 was significantly
different (significance at p < .05, Scheffe F test) from other
sites in this neuron. Although a single synapse can exhibit
considerable variability in amplitude (see Figures 2-4),
these data suggest that the distribution of response ampli-
tudes can vary between different synapses within the
same neuron. Conceivably, these differences between
synapses could be attributed to several factors, including
the amplitude of underlying MESCs, dendritic volume or
geometry, and Ca?" sequestration or buffering (reviewed
in Regehr and Tank, 1994).

Discussion

Correlating MSCTs and MESCs

Our previous study suggested that MSCTs are triggered
by underlying MESCs (Murphy et al., 1994a). To determine
their relationship directly, we made simultaneous mea-
surements of MESCs and MSCTs. These recordings indi-
cated that MESCs preceded the appearance of MSCTs.
Since MESCs recorded at the cell soma are generated at
sites throughout the dendritic tree, not just in the relatively
small segments being imaged, we needed to ensure that
this apparent correlation of MESCs and MSCTs was not
merely a random coincidence. Analysis of the latencies
between MESCs and MSCTs, as well as the ensemble
average of current records associated with MSCTs (see
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Figure 1B), confirmed that this correlation was not spuri-
ous. However, it is important to emphasize that, even
though analysis of group data demonstrates that MSCTs
are associated with MESCs, it may not be possible to as-
sign an MESC to each MSCT. At some dendritic sites, in
particular at spines and very fine dendrites (e.g., the spine
in Figure 2C), small [Ca?'], transients did not always corre-
late with well-defined MESCs (i.e., with rapid rise time and
relatively large amplitude), thus precluding unequivocal
detection of the currents triggering these MSCTs. As the
small volume of these dendritic compartments would be
expected to amplify the [Ca?*), transient, some currents
associated with events as small the opening of a single
NMDA receptor channel may go undetected owing to the
effects of dendritic filtering (Spruston et al., 1994).

A Comparison between MESC and MSCT Frequency
Measurement of MSCT frequency indicated that synapses
can exhibit MESCs at frequencies in the range of 0.1 Hz
(see Figures 2, 4, and 5) (Murphy et al., 1994a). A compari-
son of the frequency of MESCs per synapse to that of
MESCs per neuron (which ranged from 1 to 5 Hz) indicated
that as few as 10-50 synapses could account for most of
the MESCs recorded. To address this issue further, we
used presynaptic markers and estimated that our prepara-
tion has in excess of 1000 synapses per neuron (Murphy
et al., 1994a). By imaging a single dendritic region for a
relatively long period of time (2-3 min), we estimated,
based on distinct MSCT initiation sites, that the number
of functional excitatory synapses is at least 100-200 per
neuron (T. H. M. et al., unpublished data). Thus, differ-
ences in the probability of spontaneous activity between
synapses may account for the apparent disparity between
the number of synapses identified and the relatively iow
frequency of MESCs recorded. In support of this hypothe-
sis, we have shown previously that some synaptic sites
exhibit multiple MSCTs, while others exhibit lower fre-
quencies or are silent over the 1-2 min of total imaging
during a single experiment (Murphy et al., 1994a). Statisti-
cal analysis indicated that some sites have a significantly
higher probability of activity than the general population.
Consistent with our findings, two separate laboratories
that measured the use-dependent block of the evoked ex-
citatory postsynaptic current by MK-801 estimated that
the probability of evoked release varies widely between
different synaptic terminals (Hessler et al., 1993; Rosen-
mund et al., 1993). Furthermore, using Ca®* imaging, Mali-
now et al. (1994) reported that Ca®* transients with charac-
teristics similar to those of MSCTs can be evoked by
presynaptic stimulation and used to locate high and low
probability synapses in hippocampal slices.

Glutamate Receptor Types and MSCTs

Glutamate mediates fast excitatory synaptic currents in
these cultures (Murphy et al., 1992). MESCs produced
by glutamate receptors have different kinetic components
attributed to NMDA and non-NMDA receptor types (Bek-
kers and Stevens, 1989; Hestrin et al., 1990; Silver et al.,
1992). Detection of kinetic components attributed to both
receptor types in a single MESC has provided evidence

that non-NMDA- and NMDA-type glutamate receptors are
colocalized at single synapses (Bekkers and Stevens,
1989). MESCs recorded from our preparation of cultured
cortical neurons often have a relatively prominent, slow
kinetic component (see Figure 1B; Figure 3B; Figure 4C),
although MESCs with biphasic kinetics are observed in
Figure 1C. As seen in previous studies (Bekkers and Ste-
vens, 1989; Silver et al., 1992), in the presence of the
NMDA receptor antagonist D,L-APV (80 M), we observed
only MESCs with relatively rapid kinetics (data not shown),
suggesting that the slow component is mediated by NMDA
receptors. In this study, as previously reported (Murphy
etal., 1994a), we observed a complete absence of MSCTs
in the presence of D,L-APV (80 uM). These findings sug-
gestthat MSCTs are triggered by the NMDA receptor com-
ponent of MESCs. In contrast to the effects of NMDA re-
ceptor antagonists, MSCTs were still observed in the
presence of the non-NMDA-type glutamate receptor an-
tagonist 6-cyano-7-dinitroquinoxaline (CNQX; 5-10 pM;
n = 2 neurons). However, we cannot, from these prelimi-
nary experiments, exclude the possibility that blockade of
non-NMDA receptors may reduce the amplitude or fre-
quency of MSCTs. In addition, although the voitage-clamp
recording mode was used, we cannot rule out a potential
involvement of voltage-gated Ca?* channels (Jaffe et al.,
1994; Markram and Sakmann, 1994) in MSCTs, as it is
possible that voltage-clamp control may be lost locaily ow-
ing to the complex dendritic geometry. Further evidence
for arole of NMDA receptors was provided by the complete
blockade of MSCTs when [MgCl,], was raised from nomi-
nally free to 1 mM (at resting membrane potential; n = 2
neurons). The effect of elevated Mg?* was reversed when
Mg?*-free solution was washed in. Examination of the ki-
netics of the MESCs (which correlate temporally with
MSCTs) indicated that different synaptic sites may vary
in their complement of NMDA- and non-NMDA-type gluta-
mate receptors (data not shown). However, owing to the
large amount of event to event variability observed in
MESCs (at a single synapse; see Figures 1-4) and the
relative paucity of non-NMDA-type currents, much longer
recording periods than those used in this study wouid be
needed to address this issue rigorously. Therefore, our
results are applicable only to variability of the NMDA re-
ceptor component of MESCs both between synapses and
within a single synaptic site.

Stochastic Properties of NMDA Receptor Channels
and Variability in Synaptic Output

Our study, which utilizes measurements of both postsyn-
aptic [Ca?'} and synaptic currents, demonstrates that a
single synapse can have variable output and supports pre-
vious studies (Andersen et al., 1990; Bekkers et al., 1990;
Raastad et al., 1992; Gulyas et al., 1993). However, our
results would appear to contradict studies that suggest a
saturating concentration of glutamate is achieved follow-
ing the release of a single transmitter quantum (Clements
et al., 1992; Tang et al., 1994; Tong and Jahr, 1994). If a
single transmitter quantum saturates postsynaptic gluta-
mate receptors, increases in synaptic vesicle content or
number would not be expected to affect postsynaptic out-
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put. On the other hand, postsynaptic factors could explain
the variability in synaptic response, such as the stochastic
properties associated with small numbers of NMDA recep-
tor channels (Faber et al., 1992) or modulation of receptor
function (reviewed in Raymond et al., 1993). Consistent
with a stochastic mechanism, as few as four NMDA recep-
tor channels are thought to mediate the NMDA receptor
component of a MESC (Bekkers and Stevens, 1989; Rob-
inson et al., 1991; Silver et al., 1992). As these receptors
are Ca®" permeable, these properties would account for
the observed variability in MSCT amplitudes. In some ex-
periments in which we have correlated MSCTs with
MESCs at sites very close to the cell body (within 50 um)
and used cesium in the pipette solution, we have observed
changes in the MESC currents consistent with the involve-
ment of as few as three or four NMDA receptor channels
in mediating the onset of a MSCT (see Figure 4C). These
abrupt alterations in current approximated the amplitude
expected for 40-50 pS NMDA receptor channels observed
in MESCs (Robinson et al., 1991; Silver et al., 1992). Thus,
when MESCs occur at fine dendritic processes and spines,
stochastic variability (i.e., whether one, two, or three
NMDA receptor channels are activated) could produce
particularly large differences in [Ca*];, owing to the rela-
tively small volume of the postsynaptic element.

Multiquantal Responses and Variability

in Postsynaptic Output

Another possible explanation for variable synaptic output
is that MESCs (within these cultures) are not always pro-
duced by a single transmitter quantum. If there were mech-
anisms to prevent receptor saturation, multiquantal activ-
ity would be a means of enhancing postsynaptic output.
Consistent with this proposal, previous studies have de-
scribed multiquantal responses occurring at neuronal syn-
apses (Korn et al., 1993; Trussell et al., 1993; Tong and
Jahr, 1994) during both evoked and spontaneous synaptic
responses. Multiquantal responses are thought to arise
from the cooperative release of more than one transmitter
quantum from a single presynaptic terminal. Conceivably,
changes in the number or frequency of quanta released
could result in synaptic currents and Ca?* transients of
varying amplitude. Multiquantal activity can be observed
under basal conditions, although it is particularly apparent
during manipulations that promote neurotransmitter re-
lease, such as elevated [Ca?*}, or paired-pulse facilitation
(Korn et al., 1993; Trussell et al., 1993; Tong and Jahr,
1994). Therefore, the elevated [Ca?*], we have used to
enhance postsynaptic MSCTs might promote multiquantal
responses.

Though factors intrinsic to’a particular synapse could
govern the variability we have observed in synaptic output,
it is also possible that more than one synapse (or release
site) exists at these dendritic sites. Multiple synapses
could occur if axons and dendrites ran parallel to each
other, permitting multiple closely spaced contacts. How-
ever, the intersections between Fura 2-injected axons and
dendrites did not display parallel appositions, which sug-
gested only one contact point (n = 5 neurons; see Figure
5). Furthermore, we did not detect any shift (greater than

~1.0 um) in the location at which the Ca?" transient was
first initiated during the repeated events seen at the den-
dritic shaft sites. In addition, variation in MSCT amplitude
was observed at the tips of long-necked spines (~5 pm;
e.g., see Figure 2B and Figure 5), which, given the low
synaptic density of these cultures (Murphy et al., 1994a;
compared with in vivo), would not be expected to have
more than one excitatory synapse (reviewed in Harris and
Kater, 1994). However, the presumed presence of only
one synapse at these sites does not preclude the possibil-
ity that there is more than one release site contributing to
the output variability observed.

Single MESCs Do Not Invariably Result

in Saturating Levels of [Ca?*];

Based on the modeling studies of Zador et al. (1990), sin-
gle MESCs occurring at spine heads (~ 1 um in diameter)
are expected to produce elevations in [Ca?']; in the range
of 10 uM. In a preliminary computer model (data not
shown) thatincorporates features of our experimental con-
ditions, such as [Ca?*],, [Mg®*],, and Fura 2 concentration,
as well as cellular buffers and pumps (using values that
approximated those in Zador et al., 1990), we estimated
that the NMDA receptor component of a single MESC that
involves three channels would produce a spatially aver-
aged transient in excess of 50 uM. This high {Ca?*}, value
was calculated despite the inclusion of relatively high con-
centrations of Ca?* pumps and Fura 2 in the model. This
[Ca®*'] would be expected to saturate the Fura 2 Ca?* probe
(Ko = 200 nM) as well as most physiologically relevant
postsynaptic targets, such as calmodulin (Teo and Wang,
1973). In contrast to this prediction, we always observed
that spatially averaged [Ca?']; transients were <1.3 uM in
spine heads (measured over a 1 pm? area). Although there
is likely to be some error associated with the Fura 2 calibra-
tion, a large amount of variability in [Ca?*}; transient ampli-
tude (MSCTs) was apparent at a single synaptic site (see
Figures 2-5) during repeated events. This variability would
not be expected if the rise in [Ca?*], associated with a single
MESC always resulted in saturation of the Fura 2 probe
(i.e., [Ca?']; greater than 2 uM; 10 x the K;). The ability
of small dendritic compartments such as spines to exhibit
Ca* responses within the range of physiological Ca?* affin-
ities permits a graded postsynaptic biochemical response
that is related to the frequency or amplitude of synaptic
stimulation (Murphy et al., 1994b). Consistent with this
idea, Regehr and Tank (1992) and Petrozzino et al. (1993;
Soc. Neurosci., abstract) used low affinity [Ca®'}; probes
to show that spatially averaged [Ca?*); transients triggered
by high frequency synaptic stimulation (that presumably
results in a summation of MSCTs) can be in excess of
10 uM.

MESCs Trigger Delayed Elevations in [Ca®*],

Simultaneous [Ca?*} imaging and measurement of synap-
tic currents indicated a correlation between the amplitudes
of MSCTs and MESCs. However, in many cases (see Fig-
ures 1B and 1C; Figure 2A; Figure 3B; Figures 4B and
4C) neurons exhibited spike-like changes in [Ca?*]; during
the plateau or falling phase of the [Ca?*}; transient that did
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not correlate with substantial synaptic currents. Although
these spikes did not correlate with the peak of MESC activ-
ity, we cannot exclude that they were triggered by the
opening of a single NMDA receptor channel. Interestingly,
in many cases these spikes represented the peak ampli-
tude of the MSCT (see above examples). The spikes did
not appear to be associated with random noise, as they
were observed in multiple sequential video frames, were
well separated from the upstroke of the MSCT, and were
initiated at synaptic sites in regions that exhibited a rela-
tively high fluorescence signal to noise ratio (see Figures
4A and 4B). It is conceivable that these changes in [Ca?'};
are produced by the release of Ca? from internal stores
(Tsien and Tsien, 1990; Friel and Tsien, 1992). Increases
in [Ca?"]; that persist after the decay of a Ca?* current that
triggers them have been described in neurons (Hernan-
dez-Cruz et al., 1990). Furthermore, Alford et al. (1993)
observed that conditions which attenuate release of Ca*
from intracellular stores suppress the peak amplitude of
synaptically evoked [Ca?*); transients recorded in hippo-
campal slices. These authors also observed osciltatory
behavior during the falling phase of synaptically evoked
Ca? transients.

Synapses with a High Frequency of MSCTs Reflect
Increased Transmitter Release

In our initial study (Murphy et al., 1994a), we were unable
to determine whether the repeated appearance of MSCTs
at a single dendritic site was due to increased transmitter
release or increased postsynaptic sensitivity. Although
MSCTs occurred at a significantly higher frequency at
these sites, suggesting increased transmitter release and
a presynaptic mechanism, we were concerned that the
method was not sufficiently sensitive to resolve low ampli-
tude MSCTs. For example, if all synapses had the same
frequency of MSCTs but those with low amplitude events
went undetected, the synapses with large amplitude
events might be mistakenly labeled (by their apparent high
frequency) as sites with presynaptic modifications that led
to high release probabilities. Measurements of MESC and
MSCT amplitude at single postsynaptic sites performed
in the present study indicate that MSCTs can be associ-
ated with the smallest MESCs recorded from a neuron.
This observation indicates that the sensitivity of our im-
aging technique is not limiting and that dendritic sites with
a high frequency of MSCTs are likely to have a higher
probability of transmitter release.

Conclusion

By simultaneously measuring the amplitudes of MESCs
and their associated Ca?' transients, we have shown that
central synapses exhibit variable output. The ability of indi-
vidual synapses to vary their output permits a large reper-
toire of graded synaptic responses. Calcium transients
of graded amplitude may provide a means of engaging
specific biochemical pathways at different levels of [Ca?*};.
These pathways may trigger distinct forms of neuronal
plasticity such as long-term potentiation and depression
(Dudek and Bear, 1992; Mulkey and Malenka, 1992). Our
results suggest that, even though quantal release is con-

sidered to be a unitary form of synaptic transmission, the
postsynaptic response to this stimulus is highly plastic and
will likely depend on dynamic changes in receptor proper-
ties and structural features of the local dendritic environ-
ment.

Experimental Procedures

Cortical neurons and glia were dissociated from 17-18 day gestation
rat fetuses, placed in culture, and allowed to mature for 17-26 days
in vitro as previously described (Murphy and Baraban, 1990), with
the exception that the plating medium L-cystine concentration was
supplemented to 300 uM. For Fura 2 loading (Grynkiewicz et al., 1985),
neurons were impaled with 40-60 MQ microelectrodes filled (tip only)
with 10 mM Fura 2 (K* salt; Molecular Probes) in 200 mM KCI (Murphy
et al., 1994b). In some experiments (such as those in Figure 4 and
Figure 5), neurons were loaded under the whole-cell recording mode
using patch-clamp pipettes (~10-12 MQ; containing 5-10 mM Fura
2, 150 mM KCl, and 10 mM HEPES). After the neurons were loaded
(~ 10 min for microelectrodes and usually <2 min for patch-clamp
pipettes), the electrodes were removed and the cells were allowed to
recover in the presence of TTX for about 2-3 hr. Ratiometric Fura 2
imaging was performed at room temperature as described previously
(Blatter and Wier, 1990). Calibration parameters for Fura 2 were deter-
mined in vivo by intracellular perfusion of neurons using patch-clamp
pipettes containing 300 pM Fura 2 salt and a solution with either no
added Ca?* (plus 20 mM EGTA) or 10 mM Ca* and no EGTA, over
a 10-30 min period during which images of both fine dendritic pro-
cesses and the cell soma were taken. This calibration indicated that
300 uM Fura 2 approximates the amount microinjected. Plots of [Ca®};
versus time were produced from either single video frames (30 frames
per second) or 3-4 frame averages (Murphy et al., 1994a) as indicated.
The following extracellular solution (which lacked magnesium) was
used to isolate MESCs: 137 mM NaCl, 5.0 mM KCI, 5.0 mM CaCl.,
0.34 mM Na,HPO,(H;0);, 10 mM Na*-HEPES, 1 mM NaHCO,, 0.01-
0.1 mM picrotoxin, 0.001 mM TTX, 22 mM glucose (pH 7.4; 340
mOsm). Cells were switched to this solution at least 10 min before
MSCT imaging. Prior to all experiments, neurons were synaptically
stimulated by picrotoxin-induced bursting (in the absence of TTX; Mur-
phy et al., 1992) to increase the number of synapses with repeated
MSCT events (Murphy et al., 1994a).

For simultaneous measurements of synaptic currents and MSCTs,
we used a Nikon or a Zeiss 100 x, 1.3 NA objective and positioned
the cell body of a Fura 2-filled neuron at the edge of the microscopic
field so that fine dendritic processes (which were usually within 80 pm
of the soma) were visible in the video field. Typically, we chose neurons
with small and relatively uncomplicated dendritic arbors, since we
could image a larger percentage of these neurons and they tended
to have a lower frequency of MESCs, which reduces spurious correla-
tions between MESCs and MCSTs. Small bore (<3 pm in diameter)
dendrites that made a direct connection with the celi body were usually
imaged. Prior to all electrophysiological recordings, we examined sev-
eral different dendritic regions to select one with a high frequency of
MSCTs.

The perforated patch-clamp recording method (Horn and Marty,
1988) was used to record spontaneous synaptic currents at a holding
potential of —80 mV (celis previously injected with Fura 2). This method
has several advantages over the whole-cell method: cellular [Ca?"];
buffering and energy stores are intact, Fura 2 concentration is constant
throughout the experiment, and cell viability can be checked before
recording by assessing resting [Ca*] levels. For perforated patch-
clamp recordings, 6-9 MQ patch pipettes were filled (tip only) with
nystatin-free solution (120 mM KMeSO., 10 mM HEPES, 25 mM KCl,
10 mM MgCl,; pH 7.4), and the remainder of the electrodes were filled
with the same solution containing nystatin (130-170 pg/mi; diluted
from a 50 mg/mi dimethylsulfoxide stock). In a few experiments, 25
mM CsCl (see Figure 4) was substituted for KCI. After a 15-20 min
period in which nystatin channels inserted and produced a reduction
in series resistance to a stable value (which ranged from 10 to 35 MQ),
simuttaneous recordings of membrane current and [Ca?*] images were
made during 10 s sampling epochs. In none of the experiments ana-
lyzed was there a substantial loss of the Fura 2 probe indicative of
membrane rupture and a loss of the perforated patch-clamp recording
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mode. In a few experiments (see Figure 1C), the whole-cell recording
configuration was used, in which cells were dialyzed with an internal
solution containing 0.5 mM Fura 2 K* salt, 142 mM CsMeSOQ., 5§ mM
Mg*-ATP, and 10 mM HEPES (pH 7.2, adjusted with HCI and NaOH).
Currents recorded with both methods were pooled for the analysis in
Figure 1B. Because of potential for intracellular dialysis and changes
in Fura 2 concentration in the whoie-cell configuration, we did not use
[Ca*'] transients recorded in the whole-cell mode for the evaluation
of MSCT amplitude variability in Figures 2-4. Currents were digitized at
1.4-2 kHz and low-pass filtered at 0.5-1 kHz. A fiber-optically coupled,
intensified CCD camera with a Gen Il intensifier tube was used for
all experiments (Stanford Photonics, Palo Alto, CA). For each 10 s
epoch, 300 images were collected and stored digitally using an Im-
aging Technology Series 151 image processor and an Applied Memo-
ry Technology real time disk recorder (for most cells, only six epochs
could be collected). In some experiments, an Epix 4M12-64 MB frame
grabber board was used. Images and the recorded currents were ana-
lyzed together on an I1BM RISC 6000 workstation or a Pentium 90
MHz microcomputer using custom routines written in the program 1DL
(Research Systems, Inc.). To synchronize current records with the
images, a pulse based on when current records were initiated was
added to the video signal.

In cases in which the amplitudes of repeated events were quantita-
tively compared at a single dendritic site (see Figure 2; Figure 3), we
included only current records made within a 6 min period over which
input resistance and the average amplitude of MESCs (representative
of activity from all synapses) did not vary by more than 20%. To corre-
late MSCTs and MESCs temporally, it was important to determine
precisely the time and site of MSCT initiation. The initiation site had
the earliest rise in [Ca?*] and usually the greatest rate of rise. In almost
all cases, the dendritic location of MSCT initiation (a putative synaptic
site) had a structurally identifiable feature, such as a varicosity or a
spine. In some cases, spines projecting into the Z axis may appear
as a varicosity or a bright spot. Ca?* transients were considered MSCTs
if at least 4 consecutive measurements from 33 ms video frames were
more than 1 SD above the baseline noise ievel (measured from a 0.8-
2.0 um? area). The initiation time of a MSCT was defined as the first
measurement (33 ms video frame of unfiltered data) that was more
than 1 SD above the baseline noise. The end of a MSCT was defined
as a return to within 1 SD of baseline for at least 4 measurements. in
some cases, the time of MSCT initiation was determined from the
analysis of raw 380 nm Fura 2 excitation images (instead of {Ca®];
images; e.g., see Figure 1C). By defining a MSCT by its persistence
above baseline for at least 4 video frames, we were able to exclude
from our analysis potentially small and brief changes in {Ca*'] due to
spontaneous unitary Ca** release events or “sparks,” which in cardiac
cells have a ~10 ms rise time and a 20 ms decay time (Cheng et al.,
1993). For the calculation of correlation coefficients for MESC and
MSCT amplitudes at single dendritic sites, we excluded Ca?* transients
that occurred during the decay phase of a previous transient. Since
the synaptic currents leading to MSCTs have slow components, we
used charge transfer measurements (the first 100 ms of a MESC cur-
rent) for correlation with MSCT amplitude. As records of [Ca?*]; at 30
Hz resolution often had muitiple pe aks, we averaged the first 15 frames
(500 ms) of the Ca?* transient for the correlation with currents.
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