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Ca21 Imaging of CNS Axons in Culture
Indicates Reliable Coupling between Single Action
Potentials and Distal Functional Release Sites

Paul J. Mackenzie, Masashi Umemiya,* cultured cortical neurons, we have examined single neu-
rotransmitter release sites to determine whether theand Timothy H. Murphy

Kinsmen Laboratory properties of action potential-evoked Ca21 influx con-
tribute to the stochastic or unreliable nature of CNSDepartment of Psychiatry

University of British Columbia synaptic transmission (Raastad et al., 1992; Rosenmund
et al., 1993; Hessler et al., 1993; Stevens and Wang,Vancouver, British Columbia V6T 1Z3

Canada 1994). There are several potential sources of this unrelia-
bility in synaptic transmission, including the following:
variability in the threshold for action potential genera-
tion; failure of action potential conduction at axonalSummary
branch points or within a branch; variability in Ca21 influx
in response to action potentials that do arrive at a termi-A combination of Ca21 imaging and current-clamp re-
nal; unreliability in thecoupling of Ca21 influx tovesicularcording in culturedcortical neuronswas used to evalu-
release; heterogeneity in the postsynaptic response toate the reliability of coupling between the action po-
neurotransmitter release (Wall, 1995; Allen and Stevens,tential and rises in Ca21 at distal release sites as a
1994; Malinow, 1994; Stevens and Wang, 1995; Liao etpossible source of variability in CNS synaptic trans-
al., 1995). To address the first three potential sourcesmission. Local domains of enhanced Ca21 influx were
of synaptic variability, we combined high resolution Ca21observed at varicosities on axon collaterals. Func-
imaging with current-clamp recording from presynaptictional assay of vesicle turnover using FM1-43 and par-
neurons. This approach has allowed us to confirm thatallel electron microscopy confirmed that these vari-
action potentials are generated and presumably con-cosities were release sites. Single action potentials
ducted along initial segments of the axon; we can there-reliably (>95% of the time) resulted in a presynaptic
fore rule out one potential source of variability, allowingCa21 transient at all presumed release sites including
us to measure the variability due to other sources. Ourthose on distal collaterals. Variability in the amplitude
results indicate that action potentials are faithfully con-of presynaptic Ca21 transients at individual boutons
ducted to presynaptic terminals and consistently resultwas estimated to be on average less than 20%. We
in Ca21 influx at release sites despite the presence ofconclude that the coupling of somatic action poten-
axonal branches. Variability in the magnitude of the pre-tials to distal release sites is generally a reliable pro-
synaptic Ca21 transient between repeated trials of actioncess, although nonlinearity in the relationshipbetween
potentials was low (less than 20%), but significantly dif-Ca21 influx and neurotransmitter release may amplify
ferent from that due to noise.the effects of relatively small fluctuations in Ca21 influx.

Introduction Results

The axon of a pyramidal neuron of the hippocampus or Spatially Resolved Ca21 Transients in Axons
cortex is a single, highly branched process (Ramón y in Response to Action Potentials
Cajal, 1911). Along this process, there are thousands of For the majority of imaging experiments, neurons were
regularly spaced aggregates of specialized proteins that loaded with 750 mM fura-2 K1 salt (Grynkiewicz et al.,
make up thesites of neurotransmitter exocytosis termed 1985), or in some cases fluo-3 (Minta et al., 1989), using
en passant synapses (Peters et al., 1976). Although the the whole-cell recording method (Hamill et al., 1981).
recent direct application of patch-clamp recording tech- Although this high concentration of Ca21 probe would
niques to the dendrites of CNS neurons has suggested be expected to buffer peak Ca21 transients and to pro-
new computational roles for dendrites (Stuart and Sak- long their decay, this dye concentration was required
mann, 1994; Spruston et al., 1995; Magee and Johnston, to resolve axonal processes over background fluores-
1995), the behavior of individual release sites on a single cence. Relatively high affinity Ca21 probes (such fura-2
mammalian axon has eluded direct physiological analy- or fluo-3) were used to image the response to single
sis due to their electrotonic isolation and small caliber. action potentials in presynaptic terminals, in order to
Previous studies of presynaptic Ca21 dynamics in mam- maximize changes in fluorescence signals in relation to
malian neurons have been limited to measurements of baseline noise.
the averaged Ca21 response over a relatively large area. To resolve the presynaptic Ca21 response to single or
These studies have defined the pharmacology of pre- patterned action potentials, we needed to identify axons
synaptic Ca21 influx (Wu and Saggau, 1994a, 1994b) unequivocally by tracing the process from the soma to
and changes in transient amplitude and residual Ca21 distal collaterals. We were able to accomplish this using
in phenomena such as long-term potentiation and facili- two microscopic systems. The first, using a 1003 oil
tation (Regehr et al., 1994; Wu and Saggau, 1994c, Mintz immersion objective, allowed us to obtain high resolu-
et al., 1995). By using high resolution Ca21 imaging of tion images in previously microinjected cells; in these

experiments, axonal responses were evoked using local
extracellular stimulation. In other experiments, as indi-*Present address: Department of Neurophysiology, Tohoku Univer-

sity School of Medicine, Sendai 980-77, Japan. cated, we used a movable upright microscope with a
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633 water immersion objective, which allowed us to
trace the axon and to evoke and measure action poten-
tials in current-clamp mode. Axons were identified ac-
cording to several criteria that are illustrated in Figure 1A
(composite image). An axon was identified as a unique
process that originated fromthe soma or froma proximal
dendrite. Unlike the dendrites of most neurons we exam-
ined, the axon lacked spines (although small branches
were apparent) and could be traced well beyond the
dendritic field of the neuron (Figure 1Aa). In addition,
we observed collateral branches that were perpendicu-
lar and appeared to maintain a constant diameter over
their length, characteristic of CNS axons. The axons
and their collaterals also showed varicosities at regular
intervals indicative of release sites, as shown in Figure
1Ab. Only one process fitting the above description was
found in each of the 119 neurons examined.

By using digital imaging with high temporal and spatial
resolution, we were able to evaluate the spatial proper-
ties of Ca21 transients in response to single or patterned
action potentials in identified axons. Figure 1Ac shows
averaged traces of Ca21 response at four sites to four
different stimulation patterns. We consistently observed
the largest responses to single action potentials at vari-
cosities on the smaller collateral branches of the axon,
such as sites 2 and 3 (compare to sites 1 and 4 on the
main branch of the axon). Although sites such as 1 and
4 showed very little response to single action potentials,
we were able toevoke a consistent response by increas-
ing the number of action potentials. A particularly dra-

Figure 1. Spatially Resolved Ca21 Transients in Axons in Responsematic example of spatial heterogeneity in these Ca21

to Action Potentialsresponses is shown in Figure 1B, inwhich a singleaxonal
(A) (a) Composite image of a fura-2-filled cultured cortical neuron:varicosity consistently shows a Ca21 response sev-
image obtained after an experiment involving simultaneous current-

eralfold greater than other dendritic or axonal sites (re- clamp and Ca21 imaging. Axon is shown leaving the soma and
sponse to 1, 4, and 8 action potentials, averaged, extending for at least 500 mm. Dashed line indicates area imaged
accounting for the slow upstroke). Interestingly, respon- during the experiment. Scale bar 25 mm. (b) Averaged fura-2 image

of the main branch of the axon (z100–225 mm from soma) showingsive varicosities (in Figures 1A and 1B) were observed
a branch point of the main axon and two thinner collateral branches.at locations that were more distal to areas that showed
Numbered arrows indicate four sites where Ca21 changes weresmaller or no response; therefore, these differences
quantified (2.4 3 2.4 mm sites). Scale bar 10 mm. (c) Quantification

were not due to a failure of action potential conduction of Ca21 responses to action potentials. (Left) Records of the re-
at the less responsive sites due to electrotonic filtering. sponse to 1, 2, 3, or 4 action potentials, at four axonal sites averaged
“Hot spots” of Ca21 entry at presumed neurotransmitter over three trials, expressed as a change in [Ca21]i. Current steps

were initiated at the time indicated by arrows. Images of fura-2release sites and heterogeneity in responsiveness be-
fluorescence were collected at 30 Hz and averages of three bufferstween sites were detected using either fura-2 (data
were calculated, background subtracted, and bleach corrected off-above and Figure 5) or fluo-3 (data not shown; n 5
line as described in the methods. (Right) Current-clamp records3 cells). Axonal Ca21 transients were attributed to the illustrating stimulation protocols (1, 2, 3, or 4 depolarizing 5 ms

generation of action potentials as trials with threshold current steps, 10 Hz): horizontal lines to the right indicate the line
stimulation only produced Ca21 transients when action style for each stimulation protocol in the plotted records (left).

(B) Highly localized Ca21 response at an axonal varicosity. (Top left)potentials also occurred.
Composite fura-2 fluorescence averaged image obtained with fura-
2-filled pipette visible. Boxed area (broken line) indicates area im-
aged during the experiment. Scale bar 25 mm. (Top right) Averaged
fura-2 image of the cell at rest indicating sites that were quantifiedFunctional Sites of Vesicular Release Show (2.4 3 2.4 mm) in the Ca21 traces below (indicated by arrows; one

Local Ca21 Transients dendritic site is not shown). High responding site indicated by aster-
To determine whether the presynaptic Ca21 transient is isk. Scale bar 5 mm. (Bottom) Records of change in [Ca21]i versus

time for eight different sites (five axonal and three dendritic): eachconfined to an axonal varicosity, we examined averaged
trace represents one site; one dendritic site is not shown.One axonalimages of responses with high spatial resolution using
site, identified by asterisk, demonstrates a greater Ca21 responsea 1003 (1.3 NA) oil immersion objective. The averaged
to action potential stimulation. Traces were averaged responses ofimage in Figure 2A indicated that Ca21 transients were
six trials of different stimulation protocols (1, 4, and 8 action poten-

largely restricted to the varicosity and were considerably tials, 10 Hz). Ca21 data were collected at 30 Hz, background sub-
smaller on the flanking process that connected en pas- tracted, bleachcorrected and filtered with a boxcar average of three

points for presentation.sant synapses. Electron microscopic analysis of parallel
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Figure 2. Functional Sites of Vesicular Re-
lease Show Local Ca21 Transients

(A) High spatial resolution imaging of Ca21

transients at a single varicosity obtained us-
ing a 1003 objective. (Top) Averaged image
of a fura-2-filled axon showing one varicosity.
Scale bar 10 mm. (Middle) Enlarged images
of the varicosity showing the change in [Ca21]i

in response to extracellular stimulation;
paired pulse, 105 ms interval; average of five
stimulation trials. (Bsln) mean change in
[Ca21]i immediately before stimulation, aver-
aged over 500 ms (compared to a separate
baseline period). (Stim) mean change in
[Ca21]i for a 500 ms period immediately follow-
ing stimulation. The color scale corresponds
to a change in [Ca21]i from 0–50 nM. A boxcar
filter of 2 3 2 pixels was applied to each im-
age. (Bottom) Electron micrograph of an axo-
nal process from a different set of cultures
showing that varicosities of similar morphol-
ogy contain synaptic vesicles. The dark struc-
tures correspond to dendritic spines from a
biocytin-filled neuron. Scale bar 0.5 mm.
(B) An example of colocalization of FM1-43
loading and local Ca21 transients at axonal
varicosities (obtained using a 633 objective).
(Left) Superposition of an averaged fura-2
fluorescence image with a (negative) image
of FM1-43 loading: FM1-43 loading appears
as a dark (black) spot that colocalizes with
the varicosity at site 2 (inset). Scale bars: 5
mm; inset, 2 mm. (Right) Change in [Ca21]i ver-
sus time, in response to 8 action potentials
delivered 100 ms apart in current clamp (be-
ginning at time indicated by arrows). Records
are shown for three axonal sites quantified
as in Figure 1B. The largest Ca21 transient
was seen at site 2, the site of FM1-43 loading.
(C) An example showing colocalization of
FM1-43 loading and vesicular Ca21 transients
from another cell (obtained using a 633

objective). (Top left) Averaged fluorescence image. Scale bar 5 mm. (Top middle) Negative image of FM1-43 loading; the darkest sites (those
showing the greatest loading) are indicated by arrowheads. (Top right) Superposition of the two panels showing colocalization of varicosities
and FM1-43 loading. (Bottom) Traces of change in [Ca21]i versus time in response to paired action potentials (current clamp) at four axonal
sites and one dendritic site (site 5). The largest Ca21 transients were observed at the varicosities (sites 2 and 4) showing FM1-43 loading.

FM1-43 loading is shown in Figure 2C. The left panelcultures indicated that similar varicosities contained
shows a raw fluorescence image of a dendrite, an axon,z50 nm synaptic vesicles, as shown in Figure 2A. To
and a collateral axonal branch containing two varicosi-determine whether the local Ca21 domains that we ob-
ties. The middle panel shows a (negative) image of FM1-served were occurring at functional release sites, we
43 loading: the greatest loading occurred at the darkused FM1-43, a marker of vesicular turnover, in combi-

nation with Ca21 imaging of the same sites. Figure 2B spots indicated by the arrowheads. The right panel is
demonstrates the close correspondence observed be- a superposition of the two panels; again, the sites of
tween localized Ca21 transients and vesicular dynamics. greatest vesicular turnover coincided with the collateral
Although all three sites demonstrated a consistent Ca21

varicosities that consistently demonstrated the largest
response to action potentials, the Ca21 transient was Ca21 transients (sites 2 and 4). Selective loading of axo-
consistently larger at site 2 (8 action potentials, 10 Hz, nal varicosities with FM1-43 was observed in four neu-
accounting for the slow upstroke). This site selectively rons. Although we observed loading of these sites in
showed loading of FM1-43 during two 15 s trains of 20

response to trains of action potentials, we did not assay
Hz action potential stimulation, suggesting that it is a

for unloading in these examples, since the collecting offunctional vesicular release site (FM1-43 loading shown
Ca21 data resulted in loss of FM1-43 fluorescence andin black). To reduce background associated with the
presumed unloading of the release sites. In two neurons,loading of other cells, the stimulation was confined to
selective unloading of the FM1-43 staining at axonalthe fura-2 labeled neuron by using intracellular current
varicosities was observed during a 15 s train of 20 Hz.injection. Examination of neighboring regions indicated
stimulation with 50% unloading occurring within 5 sonly low levels of FM1-43 uptake in unstimulated cells,

suggesting selectivity. A second example of selective (data not shown).
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1994; Wheeler et al., 1994; Dunlap et al., 1995). Com-
bined application of v-agatoxin IVA (200 nM), v-cono-
toxin GVIA (1 mM), and v-conotoxin MVIIC (1 mM) consis-
tently reduced axonal Ca21 influx at varicosities by
40%–70% in response to action potential stimulation
(n 5 5 cells). Figure 3B illustrates traces of averaged
change in [Ca21]i in response to pairs of action potentials
at 11 axonal sites in one neuron. Ca21 influx was consis-
tently largest at two varicosities that were located more
distally from the soma than other sites along the axon
(sites 1 and 2); combined application of the toxins re-
duced Ca21 response on the order of 70% at these
varicosities. Although heterogeneity in responsiveness
between different axonal sites was observed under con-
trol conditions, all sites examined were sensitive to the
antagonists.

Stochastic Fluctuations in Evoked Synaptic
Activity Measured Postsynaptically
Using Ca21 Imaging
The spatial heterogeneity in presynaptic Ca21 transients
in response to action potential stimulation (Figures 1B,
2B, and 2C) suggested a mechanism underlying the re-
ported variability in postsynaptic responsiveness (Ro-
senmund et al., 1993; Hessler et al., 1993). To determine
directly whether evoked responsiveness varied both be-
tween and within single synapses, we measured local
postsynaptic Ca21 changes in response to local presyn-
aptic stimulation. Postsynaptic neurons were filled withFigure 3. Dependence of Axonal Ca21 Transients on Extracellular
fura-2 under whole-cell recording and maintained at aCa21 and on High Voltage–Activated Ca21 Channels
235 mV holding potential to decrease the Mg21 block(A) (Left) Averaged fura-2 image (1003) showing a dendrite and an
of N-methyl-D-aspartate (NMDA) receptors. Figure 4Aaxon with varicosity (enlarged in middle panel, arrowhead). Scale

bars: 5 mm, left; 2 mm, middle. (Right) Change in [Ca21]i at the varicos- shows the change in [Ca21]i along a small dendritic re-
ity (measured over a 1.4 3 1.4 mm area) during normal extracellular gion for two individual trials in response to a local pre-
Ca21 (2.5 mM, Bsln), during zero Ca21 and, following wash, in re- synaptic stimulation (single shock) by a microelectrode
sponse to extracellular stimulation (arrow). The plots are averages

(electrode indicated by an asterisk in Figure 4B). In trialof four trials, paired-pulse extracellular stimulation, 105 ms interval.
4, stimulation resulted in a local Ca21 transient at site 2(B) (Left) Averaged fura-2 image indicating 11 axonal sites (1.4 3

while site 1 failed to respond; conversely, in trial 11, site1.4 mm area) that were quantified to determine dependence of axo-
nal Ca21 transients on high voltage activated Ca21 channels. Site 8 1 showed a local response to stimulation while site 2
is closest to the soma. The inset shows sites 1, 2, and 3 at higher failed to respond. Over 16 trials performed with a supra-
magnification. The inset is 15 mm 3 20 mm. (Right) Traces of change threshold stimulus, we determined that the two sites
in [Ca21]i versus time in response to paired extracellular stimulation

showed markedly different probabilities (Psite 1 5 0.63during control (thin lines, average of eight trials) and after combined
and Psite 2 5 0.19) of a postsynaptic response (definedapplication of v-agatoxin IVA (200 nM) plus v-conotoxin GVIA (1
as being 2 SD above baseline). The responsiveness ofmM) plus v-conotoxin MVIIC (1 mM), thick lines, average of 10 trials.

(Bottom) Change in [Ca21]i, averaged over 500 ms poststimulation, the two dendritic sites appeared to be attributed to fac-
for the 11 sites, before and after addition of toxins. tors unique to each site since a cross-correlation of the

Ca21 transient amplitudes (for the two sites) did not
indicate any significant relationship (r 5 0.27, p . .05).
The difference in probability between sites was statisti-

Dependence of Axonal Ca21 Transients cally significant as determined by the x2 test (p , .05).
on Extracellular Ca21 and on High Inspection of the records of postsynaptic current con-
Voltage–Activated Ca21 Channels firmed that the extracellular stimulation resulted in a
The axonal Ca21 transients were completely abolished synaptic response in every stimulation trial. The average
in nominally zero extracellular Ca21; this effect was re- postsynaptic current in the presence and absence of
versible as shown in Figure 3A, suggesting that the Ca21 APV is shown in Figure 4B. As there were at least two
transients are due predominantly to Ca21 influx (n 5 5 postsynaptic sites that were responsive to presynaptic
cells). Therefore, we examined the effects of high volt- stimulation, for each trial responses at sites 1 and 2
age–activated (HVA) Ca21 channel antagonists on the were averaged for correlation with synaptic currents.
axonal Ca21 transients. We used a combination of three There was a significant correlation between the Ca21

toxins to block the multiple types of HVA channels that response and the magnitude of the inward synaptic cur-
have been shown to play a crucial role in synaptic trans- rent (r 5 0.64; p , .05; the first 100 ms of the current

integrated) for the 16 trials performed in the absence ofmission (Takahashi and Momiyama, 1993; Castillo et al.,
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traces of Ca21 response versus time at sites 1 and 2 for 16
trials. Both sites show a large variability in postsynaptic
responsiveness following presynaptic stimulation. In the
case of site 1, a statistically significant increase in vari-
ance over baseline was observed despite the exclusion
of trials that did not result in a significant Ca21 transient
(p , .05, F test), suggesting that the postsynaptic vari-
ability is due to additional factors other than failure of
transmission. Significant variability (p , 0.05, F test)
in postsynaptic evoked activity for the sites discussed
above was observed when responses were expressed
as a ratio to baseline fluorescence from which values
of [Ca21]i were calculated (as above and in Figure 4), or
if changes in raw fluorescence were fitted to an average
response (see Experimental Procedures as in Figure 6).
Figure 4Cb plots the magnitude of Ca21 response (aver-
aged over 500 ms) at each site as a function of trial. Trials
were observed in which both sites responded (e.g., trial
9), only site 1 responded (e.g., trial 11), or only site 2
responded (e.g., trial 4). Statistically significant hetero-
geneity in evoked postsynaptic responsiveness was ob-
served in three other neurons that were analyzed. To
investigate to what extent variability in the amplitude
of the presynaptic Ca21 transient contributed to this
observed postsynaptic heterogeneity, we determined
the reliability of presynaptic Ca21 influx.

Figure 4. Stochastic Fluctuations in Evoked Synaptic Activity Mea-
Reliable Coupling between Single Somatic Actionsured Postsynaptically Using Ca21 Imaging
Potentials and Elevation in Ca21 at Presumed(A) Images of changes in dendritic [Ca21]i averaged over 500 ms
Presynaptic Release Sitesbefore and after extracellular stimulation of presynaptic fibres for

trials 4 and 11. Two responsive sites were identified and are indi- At presumed neurotransmitter release sites with a rela-
cated by arrowheads. Trial 4, stimulation resulted in a local Ca21

tively high signal-to-noise ratio (.2.5), we examined the
transient at site 2; trial 11, stimulation resulted in a local Ca21 tran-

reliability of coupling between single action potentialssient at site 1. Scale bar 5 mm. The color scale corresponds to a
and a rise in Ca21. Figure 5 (top right) presents recordschange in [Ca21]i from 0–100 nM; for presentation purposes, a 2 nM
of change in [Ca21]i versus time at six sites in responsethreshold increase in Ca21 was applied to the images shown, and

a boxcar filter of 2 3 2 pixels was applied to each image. to single action potentials for 30 trials (every third trial
(B) (Left) Combined bright-field and fluorescence image showing overplotted). Sites 3, 4, and 5 each showed a significant
dendrite and position of presynaptic stimulating electrode, indicated increase in variance following single action potential
by the asterisk. (Inset) Averaged fura-2 image illustrating the sites

stimulation (data fit as in Figure 6; F test, p , .05). Figureexhibiting the localized Ca21 responses illustrated in (A). Scale bar10
5 (bottom)plots the 500ms average of the Ca21 responsemm. (Right) The postsynapticcurrent recordedfollowing presynaptic

stimulation, averaged over 16 trials prior to addition of APV and (and of baseline) across the 30 trials for each of the
averaged over 7 trials following addition of APV. The slow compo- six sites. Although some sites (1, 4, 5, and 6) showed
nent of the EPSC is reduced following addition of APV. The average occasional response failures, which we defined as a
response in the presence of APV was scaled to the amplitude of

response within 2 SD of baseline, these failures werethe control response. The stimulus artifact was removed for presen-
relatively uncommon. For example, although site 3 ex-tation.

(C) (a) Record of change in [Ca21]i versus time, superimposed for hibited a high level of response variability, we did not
16 trials, for sites 1 and 2 in the absence of APV. A single presynaptic observe failure within 30 trials of single action potentials.
stimulation was delivered at the time marked by the arrow. (b) Base- In all 71 low noise axonal sites from eight cellsexamined,
line and stimulated Ca21 response versus trial for sites 1 and 2 over

we observed 43 response failures in 994 total trials, or16 trials before APV addition and 7 trials following APV addition;
4.3%. Using a fitting procedure described in Figure 6,responses are 500 ms averages.
a similar low level of apparent failures was observed:
15 failures in 709 trials, or 2.1% (50 sites). These failures
were not attributed to lack of action potential generationthe NMDA receptor antagonist APV. Application of APV
or propagation for two reasons: first, in all cases, actionabolished the Ca21 transients and reduced the slow
potentials were recorded in current-clamp mode; sec-component of the synaptic current response; therefore,
ond, Ca21 responses were observed in the same trial inthe slow NMDA receptor mediated component of the
neighboring distal regions. Conceivably, these apparentsynaptic current appeared to underlie the postsynaptic
failures are due to variation in response due to noise asCa21 transients.
they were infrequent and usually occurred at the sitesFigure 4C demonstrates the variability in Ca21 re-

sponse at sites1 and 2. Figure 4Ca shows superimposed with lower signal to noise properties.
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Figure 5. Reliable Coupling of Single Action Potentials to Axonal
Ca21 Transients

(Top left) Averaged fura-2 fluorescence image showing six individual
numbered axonal sites where responses were quantified (2.4 3 2.4
mm area) over 30 trials. Scale bar 10 mm. (Top right) Records of Figure 6. Variation in Presynaptic Ca21 Transients in Response to
change in [Ca21]i versus time for six individual sites for 30 trials: Single Action Potentials
every third trial is plotted for clarity. (Bottom) Baseline and stimu- (A) (a) Constructed and real Ca21 responses to a single action poten-
lated axonal Ca21 response (500 ms averages) plotted across 30 tial from a presumed release site exhibiting significant variability in
trials for the six sites. Dotted lines indicate 2 SDs above baseline response. Constructed responses were generated by adding (for
(used as a response criterion). Note that raw fluorescence data was each trial) segments of baseline to a mean response. (Top) Records
converted to [Ca21]i to compare Ca21 influx between sites. This of raw fura-2 fluorescence versus time overplotted for 24 individual
procedure will likely exaggerate variability in Ca21 transients across trials. The single action potential was delivered at the time indicated
trials (see Experimental Procedures and Figure6 for variability analy- by arrow. (Bottom) Overplotted fitted traces (24 trials) for real and
sis using raw data). constructed data corresponding to the “noisy data” shown above

illustrating the variability in the scaled traces. For the purposes of
presentation, each trace was offset (,5 raw pixel value) to overlay

Variation in Presynaptic Ca21 Transients in the baseline periods. (b) Constructed and real Ca21 responses to a
Response to Single Action Potentials single action potential from a presumed release site exhibiting no

significant variability of response. Raw fura-2 traces (top); fittedInitial experiments suggested that variability in presyn-
traces (bottom). (c) Illustration of the fitting procedure for a singleaptic Ca21 transients during evoked synaptic transmis-
trial for the site shown in (a). For both the constructed and realsion was small compared with the variability we mea-
responses, the raw trace (thin line) was fitted by multiplying an

sured postsynaptically (in dendrites, see Figure 4) and averaged trace (thick line) by a scaling factor (real data on right).
could be occluded by the high baseline noise.Therefore, (d) Scale factor versus trial for constructed and real data for the site
we confined analysis to experiments and axonal sites shown in (a); each point represents the magnitude of the amplitude

scaling factor used to fit the average curve to the raw curve for awith the highest signal-to-noise properties (ratio . 2.5).
given trial. The dotted line illustrates the average scale factor (1.0);Variability in responsiveness was evaluated separately
the solid line illustrates the slope of the regression versus trial,for each site by comparing the variance in baseline be-
illustrating possible run up or run down over time. For this site, the

fore stimulation to the variance in response after action CVreal was 26.9% and the CVcons was 13.6%; subtraction of variance
potential stimulation. For each trial, we constructed sim- due to steady state changes (estimated by regression) did not
ulated responses (with baseline variance) by adding the greatly alter these values (CVreal 5 26.5%, CVbsln 5 13.0%).

(B) Frequency distribution of the ratio of the variance of the realaverage Ca21 transient for that site to a baseline period
data divided by the variance of the constructed data (s2

real/s2
cons) forfor that trial (Figure 6A). We then compared the variability

the 40 putative release sites examined from 5 cells using fura-2 (583in the constructed (baseline) data to the variability of
total trials of single action potentials). A ratio 5 1 represents no

the real (response to stimulation) data using a curve difference in variance between real and constructed traces for a
fitting procedure. The actual responses and the con- given site; a ratio . 1 represents increased variance in the real data
structed responses were fitted by scaling the averaged compared to baseline (constructed) data. The mean ratio was equal

to 2.7 and the median was 2.3; 32 of 40 sites had a ratio . 1.Ca21 transient (Figure 6Ac, thick trace) using an ampli-
tude scaling factor. The amplitude scaling factor was a
measure of the difference of each curve (corresponding an amplitude that was identical to the mean. A CV for
to a single trial) from the mean response; for example, the scaling factors was calculated by dividing the SD

of the scaling factors by the mean scaling factor (meana scaling factor of 1.0 meant that a particular trial had
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scaling factor 5 1.0). The CV of the constructed re- cannot be attributed to random behavior. The lack of
significance using the F test at some sites (28 of 40)sponse scaling factors (CVcons), a measurement of the

variability due to baseline noise alone, averaged 19%, could be due to the relatively low number of trials and
to high noise levels compared with the small increaseindicating a relatively high signal-to-noise ratio (z5 as

100%/CVcons 5 signal to noise). Scaling factors for actual in variance associated with single action potentials (Zar,
1984). Consistent with the distribution analysis, when(real) response trials were compared to constructed re-

sponses using an F test. Figures 6Aa and 6Ab illustrates the 40 presumed release sites were examined together,
the average CVcons for baseline constructed responsestraces of raw fura-2 fluorescence (above) and traces of

fitted average responses (below) for both constructed was smaller than the average CVreal attributed to actual
responses (average 6 SD; CVcons, 18% 6 5%; CVreal,and real data. For the records from the presumed release

site shown in Figure 6Aa, the amplitude scaling factors 26% 6 9%; p , .00001, F test). As the CV of the actual
responses reflects bothbaseline and Ca21 transient vari-were significantly more varied for the real responses

than for the constructed responses. For the release site ability, we assumed that the variability attributed to
baseline (estimated from constructed responses) andillustrated in Figure 6Ab, there was no significant differ-

ence in the variance of the amplitude scaling factors the variability attributed to Ca21 transients were additive
by the equation:between real and constructed responses by individual

F test. Examination of all low noise presumed release
CVreal 5 Sqrt (CVcons

2 1 CVCa21
2) (1)sites imaged with fura-2 indicated that for 12 of 40 sites

(30%; 5 cells) the actual scaling factors were signifi-
Solving the equation for CVCa

21 indicated that the Ca21cantly more varied than the constructed scaling factors
(p , .05; F test); none of the 40 sites showed a statisti- transient in the absence of baseline variation would on

average have a CV of 19%. Thus, results using fura-2cally significant decrease. Since the level of significance
was set at .05, 2 of the 12 significant observations could indicate that variability in the magnitude of the presyn-

aptic Ca21 transient due to single action potentials is onhave been spurious.
Although 12 of 40 sites showed individual significance average low, but consistently above that attributed to

baseline alone. As F tests on individual boutons indi-by F test, at sites that lacked significance we observed
that scaling factors for real data were often more varied cated that some sites had significantly greater variability

in Ca21 transients than others, it is possible that thesethan constructed data (see example in Figure 6Ab), sug-
gesting that a larger proportion of boutons may show sites may constitute a subpopulation of more variable

sites. In this scenario, the 12 of 40 sites (30%) thatvarying responses. To better evaluate variability at indi-
vidual boutons, we constructed a histogram of variance showed significantly greater s2

real than s2
cons have a

CVCa
21 of 29%, while the remaining sites, that as a groupratios to express the variance of the real data as a pro-

portion of the variance of the constructed data (s2
real/ show significance, have a CVCa

21 of 13%.
Apparent variability in the presynaptic Ca21 transients2

cons; s is the SD of the scaling factors) for each of 40
putative release sites examined (Figure 6B). If there was was not attributed to a consistent run down or run up

of responsiveness over trials as boutons that showedno consistent difference between the real and the con-
structed baseline variance, the mean of the distribution a significant time-dependent change in response (p ,

.05) were excluded from analysis (see Experimental Pro-should be 1 with an equal number of observations
greater than and less than 1. In contrast, we observed cedures and Figure 6Ad). For the remaining sites with

a poor correlationwith trial number (p. .05),an unpaireda skewed distribution with a mean of 2.7, a median of
2.3, and 32 of 40 observations greater than 1. A t test t test revealed no significant difference between con-

structed and real data in the average slope derived fromindicated that the mean of the distribution was signifi-
cantly different from 1 (p , .0001). The significance by linear regression analysis. This indicated that any poten-

tial error was probably due to random factors and wouldt test was not merely due to the 12 of 40 sites that
showed significantly greater variability in s2

real than s2
cons affect CVreal and CVcons equally. Furthermore, the error

was small and was estimated to account for less thanby individual F test, since exclusion of these values
resulted in a mean ratio of 1.7 (s2

real/s2
cons), which was 5% of CVreal and CVcons (see Figure 6Ad). Therefore,

steady changes in responsiveness could not accountalso significantly different from a mean of 1 (p , .001).
A second method used to analyze the distribution of for the observation that s2

real was significantly greater
than s2

cons (Figure 6B). As an additional test, in two repre-variance ratios was to convert the variance ratio at each
site to a percentile of its F distribution (the entire popula- sentative cells, we examined whether the amplitude

scaling factors (for the Ca21 responses) were signifi-tion could not be fitted to a single distribution because
of uneven trial numbers between cells). From the distri- cantly correlated between different axonal sites within

the same cell across trials of action potentials (144 totalbution of the percentiles, we found the median percen-
tile score was 0.91. That is, 50% of the sites had a pairwise comparisons). In only 8 of 144 cases did we

observe a significant correlation (p , .05), suggestingvariance ratio in the upper 9% of the F distribution,
which was unlikely to have occurred by chance (x2, p , that the observed variability in scaling factors was

unique to each site and presumably not attributed to.00001). After exclusion of the individually significant
sites (by F test), the nonsignificant sites had a median changes in recording conditions or action potential

propagation (see examples in Figure 5). The low degreepercentile score of 0.78, which was also significant by
x2 (p , .00005). Thus, although not significant by individ- of correlated activity between sites is likely spurious as

constructed data sets also showed a small number ofual F test, analysis of group data on these sites indicates
significantly greater variability in s2

real than s2
cons that significant correlations (4 of 144 pairwise comparisons).
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Discussion passant presynaptic elements that occur in the mamma-
lian CNS and are involved in forms of activity dependent

Local Domains of Ca21 Influx plasticity (Sorra and Harris, 1993; Harris, 1995).
at Neurotransmitter Release Sites The observed overlap of sites of functional vesicular
Using fluorescence microscopy on cultures of cortical turnover and sites of enhanced Ca21 influx supports
neurons, in which light scattering due to out of focus previous studies that have used FM1-43 as a marker
fluorescence is minimal, we have been able to trace the for functional presynaptic terminals (Betz and Bewick,
axon of a mammalian central neuron from the soma to 1992; Ryan and Smith,1995; Reuter, 1995; Liu and Tsien,
distal release sites on collateral branches. Measurement 1995). These studies have also shown overlap between
of Ca21 influx in response to single action potentials FM1-43 uptake and presynaptic markers such as synap-
indicated that axonal varicosities have enhanced Ca21 sin 1 (Betz and Bewick, 1992; Ryan et al., 1993). In some
influx when compared with the large main branches of experiments, we did observe axonal varicosites that
the axon or the segments of axon collaterals that occur showed localized Ca21 transients yet failed to take up
between release sites (Figures 1A, 2A, 2B, and 5). Con- FM1-43 in response to a short train of action potentials
ceivably, this could be due to differences in surface (data not shown). This observation raises the possibility
area-to-volume ratio of the regions imaged (Smith et al., that factors other than Ca21 influx regulate vesicular
1993). However, when sites along collateral branches turnover, consistent with the recent study of Malgaroli
were compared, we observed that varicosities, which et al. (1995). However, owing to complicating factors
had higher fura-2 fluorescence and presumably larger such as a poor signal to noise in the FM1-43 uptake
volume, showed larger responses than neighboring re- experiments (due to apparent diffuse glial uptake) and
gions of similar or smaller volume (Figures 1B, 2A, 2B, the possibility that fura-2 may buffer rises in intracellular
2C, and 3B), arguing against hot spots of Ca21 elevation Ca21 and reduce vesicular turnover (at some synapses),
due merely to surface-to-volume ratio. The presence we are cautious in concluding that differential uptake
of release sites at these varicosities was determined of FM1-43 occurs in our system (Betz and Bewick,1993).
morphologically at both the light and electron micro- However, despite these caveats, our results indicate
scopic level. Although we could identify the release that vesicular turnover and apparent neurotransmitter
sites, we could not determine whether some axonal vari- release can occur under the conditions of our imaging
cosities contained multiple release sites (Harris, 1995). experiments, as evidenced by the specific loading and
Subcellular fractionation studiesand immunocytochem- unloading of boutons labeled with FM1-43.
istry suggest that there are mechanisms to concentrate
the machinery for neurotransmitter release at en passant
synapses selectively (Sheng et al., 1994). Furthermore, Local Variability in Evoked Postsynaptic

Ca21 Transientstheory and experimental observations suggest that
there should be a close correspondence between pre- Synaptic transmission occurring at individual mamma-

lian CNS synapses is an unreliable process, as evokedsynaptic Ca21 channels and release sites (Pumplin et
al., 1981; Adler et al., 1991; Zucker, 1993). Our study synaptic stimulation often fails (del Castillo and Katz,

1954; Malinow and Tsien, 1990; Stevens and Wang,indicates that the function of voltage-gated Ca21 chan-
nels is enhanced at the sites of neurotransmitter release 1994; Malinow, 1994). Previous studies have used Ca21

imaging postsynaptically to evaluate the reliability ofand suggests that Ca21 channels may fall into the same
category as proteins of the release apparatus that un- evoked synaptic transmission (Malinow et al., 1994;

Yuste and Denk, 1995). These studies observed sto-dergo selective targeting. Although the axonal Ca21 tran-
sient was enhanced at release sites, changes in Ca21 chastic failures (Yuste and Denk, 1995) and apparent

differences in response probability between synapsesconcentration also occurred along the segment of axon
between sites of neurotransmitter release (Figures 2A (Malinow et al., 1994). However, these studies were lim-

ited in that it was not possible to resolve multiple post-and 2B). In the dendritic experiments (Figure 4A), evoked
postsynaptic Ca21 transients diffused from a point synaptic sites simultaneously (Yuste and Denk, 1995)

and in some cases involved multiple presynaptic stimulisource; in contrast in the axon, Ca21 concentration be-
tween varicosities increased too rapidly and homoge- (Malinow et al., 1994). Using a similar postsynaptic im-

aging approach, we have extended these studies byneously to have spread from sources at nearby varicos-
ites, suggesting that Ca21 channels must be located observing differences in responsiveness, including fail-

ure, between adjacent synaptic sites on the same den-along the intervening segments. Conceivably, Ca21

channels at sites other than release sites could function dritic branch. Our studies directly demonstrate selective
regulation of response probability with single presynap-in the propagation or regulation of the action potential,

or processes such as axonal transport. Our findings in tic stimuli. Analysis of the current records indicated that
each stimulus resulted in a postsynaptic response, sug-en passant central synapses are consistent with reports

from invertebrate neuromuscular junction and sympa- gesting that the differences were not due to failure to
generate an action potential. However, we cannot ex-thetic neurons in which increased Ca21 channel function

at nerve terminal arborizations have been observed clude the possibility that the synapses we observed
were innervated by two different axons with different(Smith and Augustine, 1988; Robitaille et al., 1990; Smith

et al., 1993; Delaney et al., 1991; Toth et al., 1993; Cooper thresholds for action potential generation. The relatively
high signal-to-noise ratio of our images allowed us toet al., 1995). Unlike these previous studies, we demon-

strate the concentration of Ca21 channel function at en demonstrate variability in the evoked response despite
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the exclusion of trials in which failures occurred, consis- underestimate due to possible saturation of fura-2 (Re-
gehr and Atluri, 1995), as preliminary experiments withtent with imaging of miniature synaptic activity and re-
fluo-3, a lower affinity probe, indicate a similar low levelcordings of postsynaptic currents elicited at single bou-
of variability in the range of 15% (3 cells, 5 boutons;tons (Murphy et al., 1995; Liu and Tsien, 1995).
data not shown). At synapses that did show a significant
amount of Ca21 transient amplitude variability, we deter-Reliable Conduction through Axonal Arbors
mined whether the source of fluctuations in [Ca21]i tran-

Imaging of axonal arbors indicated that virtually every
sient amplitude was due to factors common to all synap-

action potential generated at the cell soma penetrates
tic sites by correlating the amplitudes of different sites

even distal collateral branches to result in a Ca21 tran-
along the same axon across trials (see results). Signifi-

sient at all presumed release sites. These results indi- cant correlations between sites were rare and sites in
cated that failure of axonal conduction is not a source which the amplitude of the Ca21 transient correlated
of unreliability in CNS evoked synaptic transmission. with trial number were excluded from the analysis, sug-
Our direct imaging of the axon extends previous studies gesting that the variability at a given site was due to
of paired-pulse facilitation that demonstrated that even properties unique to each site. Thus, Ca21 transient vari-
if the first response fails paired-pulse facilitation still ability at a single release site could be due to stochastic
occurs (Stevens and Wang, 1995) with the observation properties of a small number of Ca21 channels opening
that this reliability in the Ca21 transient occurs at all as a consequence of a single action potential (Pumplin
boutons. In some experiments when baseline noise lev- et al., 1981; Smith and Augustine, 1988). If Poisson sta-
els were high (30%–60% CV; noise not attributed to tistics are assumed, a CV of 15%–20% could be attrib-
stimulation), we observed that some axonal sites ap- uted to the stochastic properties associated with the
peared to show frequent failures (z50%) in response to opening of z50 presynaptic Ca21 channels at a single
action potential stimulation. Conceivably, these appar- release site (Hille, 1992). Alternatively, moment to mo-
ent failures were due to overlap between the distribution ment changes in a biochemical process such as phos-
of the noise and the responses to single action poten- phorylation or G protein modulation could lead to vari-
tials. When cells with higher signal to noise were ana- ability in Ca21 response at a single axonal site. Although
lyzed, we observed that single action potentials pro- variability in the presynaptic Ca21 transient was low
duced a rise in [Ca21]i 2 SDs above baseline in 96% (z15%–20%), it would be sufficient to affect synaptic
of trials (see Results and Figure 5), indicating reliable transmission given the suggested power relationship
coupling between single action potentials and presyn- between Ca21 influx and transmitter release (Dodge and
aptic Ca21 transients. Although failures were rare with Rahamimoff, 1967; Augustine and Charlton, 1986;
single action potentials, with high frequency stimulation Heidelberger et al., 1994; Mintz et al., 1995).
we observed saturation of the presynaptic Ca21 re- To evaluate the extent to which small changes in pre-

synaptic Ca21 transient amplitude could affect transmit-sponse with increasing numbers of action potentials (1,
ter release, we calculated the range of postsynaptic2, 3, and 4; see Figure 1A). Nonlinearity in axonal Ca21

responses expected for 10% variability in the presynap-responses to paired-pulse stimulation has been pre-
tic Ca21 transient for a linear and fourth power relation-viously described (Wu and Saggau, 1994c); however,
ship between Ca21 influx and neurotransmitter release.this effect may be due to saturation of fura-2 in response
In the case of a fourth power law, a 10% variation in theto trains of action potentials (Regehr and Atluri, 1995).
presynaptic Ca21 transient would lead to a postsynapticWe are currently in the process of comparing axon col-
response that varied by up to 35%. Measurements oflaterals to main branches to determine whether distal
variability in postsynaptic evoked responses range frombranches are more likely to exhibit frequency dependent
z20% (Jonas et al., 1993) to z50% (for this system, seeresponse failure. Branch-point failure has been reported
Figure 4; Bekkers and Stevens, 1990; Raastad et al.,for both axonal and dendritic action potential conduc-
1992; Volgushev et al., 1995). These results indicate thattion (Lüscher et al, 1994; Wall, 1995; Spruston et al.,
a small amount of variability in the presynaptic Ca21

1995).
transient could contribute to the observed variability
in postsynaptic responsiveness. However, variability in

Variability in Presynaptic Ca21 Transients postsynaptic responses is not likely to be entirely con-
at Individual Release Sites trolled at the level of the presynaptic Ca21 transient,
and Implications for Release Probability as miniature synaptic currents recorded from a single
By capturing relatively low noise images of Ca21 influx synapse can also vary in amplitude (Murphy et al., 1995;
into the axons of cultured cortical neurons, we observed Frerking et al., 1995; Liu and Tsien, 1995). Furthermore,
that most release sites undergo a stereotyped, relatively Ca21 transients measured with high affinity probes over
constant increase in Ca21 levels in response to single a relatively large volume (as we have done) reflect the
action potentials. Using a fitting procedure, we esti- amount of Ca21 that enters the terminal and not neces-
mated that variability in the presynaptic Ca21 transient sarily the flux that triggers transmitter release. Although
was in the of range of 15%–20% (Figure 6 and Results). a 3–4 power relationship between Ca21 entry and release
Although the variability associated with presynaptic would suggest that small changes in the number of Ca21

Ca21 transients was small, several observations indi- channels would have a large effect on neurotransmitter
cated that this variability was not due to factors associ- release, it is also possible that the observed small fluctu-
ated with the detection of fluorescence (for discussion ations in Ca21 transients reflect the recruitment of chan-
see Experimental Procedures). Furthermore, the vari- nels that do not interact cooperatively to induce trans-

mitter release. This scenario would lead to a linearability observed with fura-2 does not appear to be an
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indicating that it is an all or none phenomenon (data not shown).relationship between the observed fluctuations and re-
The following extracellular solution was used to isolate the effectslease, as cooperativity between Ca21 channels is re-
of action potential stimulation from spontaneous synaptic activityquired to observe a power relationship between Ca21
(Murphy et al., 1994) 137 mM NaCl, 5.0 mM KCl, 2.5 mM CaCl2, 1 mM

and transmitter release (Mintz et al., 1995; Augustine et MgCl2, 0.34 mM Na2HPO4(7H2O), 10 mM Na-HEPES, 1 mM NaHCO3,
al., 1990). Nevertheless, our experiments suggest that 0.01–0.1 mM picrotoxin, 100 mM APV, 3 mM CNQX, and 22 mM

glucose (pH 7.4 and z320 mOsm). Cells were switched to this solu-the coupling of somatic action potentials to distal func-
tion at least 10 min before imaging. With the exception of the datational release sites is a reliable process, as virtually all
in Figure 5 and the example in Figure 6 (which used 5 mM CaCl2action potentials produce an elevation in Ca21 within
and was not noticeably different from other experiments), all experi-z70%–80% of maximal values. The existence of a rela-
ments used 2.5 mM extracellular CaCl2.

tively heterogeneous complement of Ca21 channels (as- For experiments in which the postsynaptic effects of evoked re-
sayed by influx) between synapses (Figure 1; Reuter sponses were measured, CNQX and APV were omitted from the

recording medium and 10–20 nM TTX was added to the bath to1995; Cooper et al., 1995) and the low but consistent
block polysynaptic evoked activity and to suppress spontaneouslevel of variability at a single synapse (Figure 6) suggest
activity (Fields et al., 1991). The patch pipette solution for thesefruitful future experiments in which the relationship be-
experiments contained 0.5–0.75 mM fura-2 K1 salt, 126.0 mMtween presynapticCa21 dynamics and release aresimul-
CsMeSO4, 5.0 mM Mg-ATP, 0.3 mM GTP, 1.0 mM QX-314, 10.0 mM

taneously measured at a single synapse. KCl, and 10.0 mM HEPES (pH 7.2). For simultaneous measurements
of synaptic currents and evoked dendritic Ca21 transients, we used
a Zeiss 1003, 1.3 numerical aperture objective and positioned theExperimental Procedures
cell body of a fura-2-filled neuron at the edge of the microscopic field
so that the dendritic field was visible in the video field. ExtracellularCortical neurons and glia were dissociated from rat fetuses (17–18
presynaptic stimulation was performed as described above.day gestation), 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 FM1-43 Imaging
was supplemented to 300 mM. In all experiments, the whole-cell FM1-43 recycling was performed as described by Reuter (1995) with
recording configuration (Hamill et al., 1981) was used to fill neurons the exception that, in order to avoid background uptake, action
with fura-2 or fluo-3/Mag-fura (Minta et al., 1989; Ragu et al., 1989). potentials used to stimulate exocytosis were delivered only to the
The patch pipette solution contained 0.75–1.0 mM fura-2 K1 salt cell that was also imaged using fura-2. Fura-2 and FM1-43 fluores-
(Grynkiewicz et al., 1985), 140 mM K1 MeSO4, 5 mM Mg-ATP, 0.3 cence were measured in the same neuron by alternating between
GTP, 10 mM NaCl, and 10 mM HEPES (pH 7.2). In experiments using 380 nm (fura-2) and 490 nm (FM1-43) excitation filters with the use of
fluo-3, 750 mM K1 salt was used in combination with 500 mM Mag- a 535/40 band-pass filter and a combined fluorescein/fura-2 dichroic
fura (Mag-fura used to view basal fluorescence). Imaging was per- mirror (Chromo Technologies). Using this configuration, no fura-2
formed with a 633 water immersion Zeiss objective on a movable signal was detected at gain settings and filter combinations used
upright Zeiss Axioskop microscope. The current-clamp recording to detect FM1-43 fluorescence. For presentation purposes, FM1-43
method was used for all experiments done with the upright micro- images were reversed (negative) and subjected to a pixel threshold.
scope. Resting membrane potential typically ranged from 250 to
260 mV. Membrane potential was adjusted to 260 mV by injection
of a small negative or positive current, and overshooting action Imaging and Analysis
potentials were produced by injection of positive current (5 ms dura- A fiberoptically coupled intensified CCD camera with a Gen III inten-
tion). In all trials of action potentials, records of membrane potential sifier tube was used for all experiments (Stanford Photonics, Palo
were inspected carefully to determine whether the action potential Alto, CA) in combination with an Epix 4M12-64 MB frame grabber
changed shape over time or whether stimulation failed. Cells that board. Images and electrophysiological data were analyzed to-
fired more than one action potential during a 5 ms current injection gether on a Pentium 90 MHz microcomputer using custom routines
were not analyzed. Experiments were terminated if a progressive written in the program IDL (Research Systems, Incorporated). Plots
change in the action potential shape occurred, or if resting mem- of [Ca21]i versus time were produced off-line, either from single video
brane potential changed by more than 10 mV. Experiments involving frames (30/s) or three frame averages as indicated (see figures).
higher resolution axonal imaging (as indicated) were performed on Following analysis, data was discarded if basal Ca21 levels were
a Axiovert inverted microscope using a Zeiss 1003 oil 1.3 NA objec- found to significantly rise during the course of an experiment or if
tive. Fura-2 loading with this system was performed under the we observed progressive changes in the amplitude of [Ca21]i attrib-
whole-cell recording mode using patch-clamp pipettes (z10–12 uted to factors such as spike broadening. Since the evoked synaptic
MV, containing 5–10 mM fura-2, 150 mM KCl, and 10 mM HEPES). currents have slow components (that were attributed to the rises in
After the neurons were loaded (z2 min of perfusion), patch-clamp Ca21), the first 100 ms of a synaptic current was averaged for correla-
pipettes were removed and the cells were allowed to recover in the tion with evoked Ca21 transients. To improve the signal-to-noise
presence of TTX for about 1–2 hr (Murphy et al., 1995). Calibration ratio for Ca21 transients, we averaged the first 500 ms of the Ca21

parameters for fura-2 were determined in vitro. Using intracellular transient in response to presynaptic or action potential stimulation
perfusion with known amounts of fura-2, we estimated that 750– (in fluo-3 experiments, the first 333 ms was used). Comparison of
1000 mM fura-2 approximates the amount microinjected. The axon Ca21 transients between different regions of dendrite or axon was
of the neuron was identified (see Results) and positioned in the performed on background-subtracted 380 nm excitation fura-2 fluo-
center of the video field. Extracellular stimulation with a z2–4 MV rescence in which values were divided by a 0.5 s baseline period
patch pipette filled with bathing solution and positioned over the (Fo) that preceded action potential or presynaptic stimulation (ex-
cell body but not in contact with the cell (usually near the origin of pressed as F/Fo*100). Although statistical comparisons were made
the axon) was used elicit action potentials. The stimulus parameters on changes in raw fluorescence values, these values were converted
were 0.2 ms and 10–90 V. The stimulus voltage varied considerably to a change in [Ca21]i using a 380 nm excitation self-ratio for presen-
between different cells and electrodes and was presumably due to tation by conservatively assuming a resting Ca21 level of zero and
distance from the neuron or the electrode characteristics. For a by using the following equation (KD assumed to be 200 nM):
given cell, a threshold was estimated and the stimulus voltage was
adjusted so it was typically 50% above threshold. Experiments with (1 2 F/Fo)/(F/Fo 2 FmaxCa/FminCa)*KD.
extracellular stimulation were terminated if threshold increased by
more than 50% during an experiment or if a rise in resting [Ca21]i Calculation of [Ca21]i by ratio to the isobestic point of fura-2 (360

nm) indicated that with 750 mM K1 fura-2, the [Ca21]i approachedoccurred. Once threshold was exceeded increases in stimulation
did not result in a further rise in the presynaptic Ca21 transient, zero resting levels (values usually below 40 nM). These low resting
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levels were conceivably due to buffering by the relatively high con- (fluo-3 fluorescence increases with [Ca21]i). As changes in detector
noise were small and could not account for the observed increasescentration of fura-2 and suggested that the assumptions of the self-

ratio were valid. Owing to the characteristics of the objective and in variance following action potential stimulation, we did not attempt
to correct data to account for this error. Other sources of noiselight path used (which had relatively poor 360 nm light intensity),

we found images produced by 380 nm/360 nm ratio to be less such as fluorescence lamp flickering were minimal (for the experi-
ments and trials analyzed) compared with camera noise, as judgedaccurate than a 380 nm fura-2 self-ratio.
by performing cross-correlations between different regions of back-
ground fluorescence. In a few experiments, arc lamp flickers wereAnalysis of Variability in Presynaptic Ca21 Transients
observed in the occasional stimulus trial; these flickers resulted inStatistical testing was performed on the raw data to avoid small
obvious highly correlated increases in fluorescence intensity at allartifactual increases in variance due to expressing data as a fluores-
sites. Rather than attempt to correct for these events (which maycence ratio (F/Fo*100). Variance in Ca21 transients was determined
in itself introduce noise), we removed these trials from the analysis.using a fitting procedure in which an averaged Ca21 transient (for a

particular release site) was scaled by a multiplication factor (a base-
Electron Microscopyline offset constant was also used) for optimal fit to single “noisy”
During recording, selected neurons were perfused with 0.24 mg/mlresponse trials (using routines in Microcal Origin). This procedure
biocytin and 8 mg/ml neurobiotin. Cultures were then fixed with 4%was repeated for constructed responses that were generated by
paraformaldehyde and 0.2%–0.5% glutaraldehyde in 0.1 M Sören-adding averaged responses to baseline periods, creating data with
sen’s Na1 phosphate buffer (pH 7.2–7.4, 1.5 hr, at room tempera-defined variance (that of baseline only for comparison). The scaling
ture), rinsed briefly in Dulbecco’s phosphate-buffered saline (DPBS),factors required for best fit of the averaged data to the noisy re-
permeabilized in 0.2% Triton X-100 inDPBS (4 min, at room tempera-sponses were compared by F test as described in the Results.
ture), washed with DPBS (3–5 vol over 5 min, at room temperature),The fitting analysis was performed prior to any nonlinear scaling of
and blocked in 2.5% normal goat serum in DPBS (4–12 hr, at 48C).signals (to account for saturation of fura-2 with Ca21). This was a
Cultures were washed with DPBS (3–5 vol over 15 min, at roomnecessary precaution in order to avoid artifactual increases in noise
temperature), incubated with Vector Labs A/B reagent (avidin/biotin-due to nonlinear scaling of fluorescence changes to [Ca21]i as fura-2
ylated peroxidase complex) (30 min to 1 hr, at room temperature),approached saturation. This error tended to underestimate rather
washed with DPBS (3–5 vol over 30 min, at room temperature), andthan account for changes in [Ca21]i due to saturation of fura-2, al-
then incubated in 0.5 mg/ml diaminobenzidine (DAB) plus 0.015%though it was likely to be minimal due to the relatively small changes
H2O2 in DPBS plus 0.025% NiCl2 (5–20 min, at room temperature,in [Ca21]i. Although each cell was carefully examined for time depen-
intensity monitored to prevent overstaining). Extensive DPBS wash-dent changes in total fluorescence, resting [Ca21]i, and action poten-
ing (5 vol over at least 30 min, at room temperature) was followedtial properties, it was possible that significant run down or run up
by further fixation in 2.5% glutaraldehyde in 0.1 M Sörensen’s Na1of responsiveness could account for the variability we observed.
phosphate buffer (pH 7.2–7.4, 1 hr, on ice), washing in the sameTherefore, we excluded any axonal sites that showed potentially
buffer (3 vol over 30 min, on ice), storage overnight in fresh buffertime dependent changes in Ca21 transient amplitude. This was ac-
(48C), and then postfixation in 1% OsO4 in the same buffer (1 hr, oncomplished by performing a linear regression analysis on amplitude
ice). Following a final buffer wash (3 vol over 30 min, on ice), culturesscaling factors versus trial number for each site. Sites that showed a
were dehydrated in a graded ethanol series (50%, 70%, 85%, 95%,significant negative or positive correlation (p , .05) with trial number
100%) and flat embedded in Spurr resin on Aclar plastic. Followingwere excluded from the analysis even though these changes were
polymerization, areas containing single stained neurons were ex-local to each bouton, were observed in both real and constructed
cised, separated from the Aclar, and mounted on blank blocks.data, and within the same cell varied in the sign of the slope. For a
Serial sections of z70 nm thickness were collected on Formvar-total of 50 sites examined (100 regression analyses for both the
coated single slot grids, stained with 2%–3% aqueous uranyl ace-actual and constructed data sets), 10 showed a significant correla-
tate followed by Reynold’s lead citrate (Reynolds, 1963), and thention. For the remaining sites, examination of the slopes derived from
examined at 80 kV in a Zeiss EM 10C STEM.linear regression of the scaling factors versus trial number (40 sites

correlations all p . .05) indicated that no consistent negative or
Acknowledgmentspositive correlation was apparent as slopes derived for real and

constructed values were not significantly different by unpaired t test
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