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Summary

We have examined the role of presynaptic residual cal-
cium in maintaining long-term changes in synaptic effi-
cacy observed at mossy fiber synapses between hippo-
campal dentate granule cells and CA3 pyramidal cells.
Calcium concentrations in individual mossy fiber termi-
nals in hippocampal slice were optically measured with
the calcium indicator fura-2 while stimulating the mossy
fiber pathway and recording excitatory postsynaptic po-
tentials extracellularly. Short-term synaptic enhance-
ment was accompanied by increased presynaptic resid-
ual calcium concentration. A 2-fold enhancement of
transmitter release was accompanied by a 10-30 nM
increase in residual calcium. Following induction of
mossy fiber LTP, transiently elevated presynaptic cal-
cium decayed to prestimulus levels, whereas enhance-
ment of synaptic transmission persisted. Our results
demonstrate that, despite an apparent strong sensitivity
of synaptic enhancement to presynaptic residual cal-
cium levels, sustained increases in presynaptic residual
calcium levels are not responsible for the maintained
synaptic enhancement observed during mossy fiber LTP.

Introduction

There is now substantial evidence that the baseline or
residual level of intracellular free calcium ([Ca?*]g.,)
present in a presynaptic terminal before the invasion
of an action potential can strongly modulate the
amount of transmitter released (Connor et al., 1986;
Delaney et al., 1989). At the crayfish neuromuscular
junction, trains of action potentials in the presynaptic
terminal produce a buildup of [Ca?*z.s that decays
following termination of the train (Delaney et al.,
1989). Recent experiments suggest that this calcium
buildup is necessary and sufficient for the expression
of two forms of activity-dependent, short-term synap-
tic enhancement: augmentation and posttetanic po-
tentiation (Delaney and Tank, 1991). It is conceivable
that this same basic mechanism of [Ca?*}zes—induced
changes of transmitter release underlies some forms
of short-term and long-term synaptic enhancement
observed in mammalian nervous systems.
Presynaptic changes in transmitter release have
been implicated in the long-term potentiation (LTP) of
synaptic transmission in the Schaffer collateral sys-
tem in hippocampal region CA1. The induction of LTP
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in region CA1 is dependent on the activation of
N-methyl-p-aspartate (NMDA) receptors (Collingridge
et al., 1983) on the postsynaptic CA1 pyramidal cell.
However, quantal analysis suggests that the site of the
expression of synaptic enhancement resides in the
presynaptic terminal (Bekkers and Stevens, 1990; Mali-
now and Tsien, 1990), where a change in the quantal
parameter p has been interpreted as a presynaptic
change in the probability of release following the in-
duction of LTP (Bekkers and Stevens, 1990). While the
interpretations of these results are somewhat contro-
versial (Kauer et al., 1988; Muller et al., 1988), they
suggest that, even in forms of LTP in which there is
clearly a postsynaptic site of induction (Lynch et al.,
1983), the expression of LTP may be presynaptic.

Presynaptic changes in transmitter release have also
been implicated in synaptic enhancement at the
mossy fiber synapses in hippocampal region CA3. The
mossy fibers are granule cell axons that make en pas-
sant synaptic connections with spines located on the
proximal dendrites of CA3 pyramidal cells (Amaral,
1979; Claiborne et al., 1986). High frequency mossy
fiber activation produces a long-term enhancement of
synaptic strength in the granule cell to CA3 pyramidal
cell connection, which we will refer to as mossy fiber
LTP (Barrionuevo et al., 1986). Unlike the more widely
studied form of LTP that involves the NMDA receptor
(Bliss and Lomo, 1973; for reviews see Brown and Za-
dor, 1990; Nicoll et al., 1988), mossy fiber LTP does not
involve NMDA receptors and is not blocked by NMDA
receptor antagonists (Harris and Cotman, 1986; Zalut-
sky and Nicoll, 1990). There is controversy over the
conditions necessary for induction of LTP (Jaffe and
Johnston, 1990; Williams and Johnston, 1989; Zalutsky
and Nicoll, 1990), but again there is evidence that the
expression of mossy fiber LTP involves a presynaptic
change. Paired-pulse facilitation is persistently modi-
fied following induction of LTP at these synapses, sug-
gesting achange in the probability of release (Zalutsky
and Nicoll, 1990).

By combining high resolution microfluorimetry
with electrophysiological recordings, we have directly
measured [Ca?*}g.s in individual mossy fiber presynap-
ticterminals during frequency-dependent, short-term
synaptic enhancement and LTP induction. To label
specifically the presynaptic terminals with a calcium
indicator molecule, we have used our localized fura-2
perfusion method in mammalian brain slice (Regehr
and Tank, 1991). Here we report results pertinent to
understanding the involvement of [Ca?zes in the
maintenance of mossy fiber LTP. We observed that
there is a buildup of [Ca**]g.s produced by presynaptic
action potentials which correlates with enhanced
transmitter release produced during high frequency-
induced, short-term synaptic enhancement. We char-
acterized the relationship between [CaZ?'zes and the
amount of synaptic enhancementin order to establish
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Figure 1. Localized Perfusion Labeling of Mossy Fiber Terminals

(a} Schemalic of hippocampal slice showing the local perfusion
site, stimulus-electrode placement, and recording-electrode
placement. (b) Fluorescence image of presynaptic terminals lo-
cated in the stratum lucidum approximately 600 pm from the
perfusion site {40 1.3 NA Nikon objective, expasure 2 s, 380
nm illumination). (¢} Camera lucida drawing of (b) showing the
individual presynaptic terminals and associated axons that are
resolved.,

a calibration curve for the strength of the effect. We
demanstrate that synaptic enhancement is very sensi-
tive to[Ca?* k.. and that [Ca?*}g., levels are substantially
increased by even brief stimulus trains (The detailed
formof the relationship between [Ca**]y., and synaptic
release and its similarity to that observed in inver-
tebrate systems will be described elsewhere). With
the calibration curve as a reference, we induced LTP
in mossy fiber synapses and determined whether
changes in [Ca**s... were sufficient to account for LTP.
Qur results indicate that elevated [Ca?*)s. does not
contribute to the prolonged phase of mossy fiber LTP.

Results

Simultaneous Fluorescence Imaging

and Field Potential Measurement

To investigate the role of [Ca#*]g.. in the maintenance
of LTP, we developed a method that allowed accurate,
reproducible measurements of presynaptic [Ca®'lp..
while simultaneously measuring the strength of mono-
synaptic connections. We have combined two com-
plementary methods to accomplish this goal: calcium
indicator loading by localized perfusion of the acetox-
ymethyl (AM) ester derivative of fura-2, and local stim-
ulation and extracellular recording of fluorescently
visualized mossy fibers.

The localized perfusion method we developed (Re-
gehr and Tank, 1991) is based upon providing a local
continuous stream of extracellular labeling solution
containing fura-2 AM by microperfusion methods,
Nerve cell processes near the perfusion site fill with
fura-2, Since intracellularly trapped fura-2 diffuses,
filling the cytoplasm, cellular processes distant from
the perfusion site are labeled with anatomical speci-
ficity usually obtained only by intracellular microin-
jections. When applied to the mossy fiber tract in hip-
pocampal region CA3 of the guinea pig (Figure 1a), a
fluorescent band extending parallel to the cell body
layer is produced by labeled projections of mossy fi-
bers (see Figure 2A in Regehr and Tank, 1991). When
observed with high power, high numerical aperture
objectives (Nikon UVF 40x 1.3 NA), individual termi-
nals can be easily imaged. A fluorescence image con-
taining several mossy fiber terminals filled with fura-2
by this method is shown in fFigure 1b. Acorresponding
camera lucida drawing created from the fluorescence
image is shown in Figure 1c.

The localized perfusion method for filling mossy
fiber terminals with fura-2 not only loaded the struc-
tures of interest with a fluorescent calcium indicator
molecule, it also enabled us to use a new method for
local stimulation and recording that provided good
measures of monosynaptic connection strength. In
general, the measurement of monosynaptic mossy fi-
ber postsynaptic potentials (PSPs) is complicated by
the recurrent excitatory connections within hippo-
campal region CA3 {Miles and Wong, 1987). As shown
in Figure 1a, we were able to use a somewhat different
stimulus electrode placement than has been generally
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used in previous studies of mossy fiber terminals.
Rather than placing a large stimulus electrode in the
cell body layer of the dentate gyrus, we placed a small
stimulus electrode in the fluorescent fura-2-labeled
mossy fiber tract 500-1000 um from the terminals to
be imaged. The fluorescence of mossy fibers was also
used to position an extracellular field potential re-
cording electrode near the stimulated terminals. Un-
der these conditions of electrode placement, field
potential recordings consisted of large presynaptic
volleys that peaked 1.0-1.5 ms after stimulation, fol-
lowed by the field PSP (Figure 2a). The PSP slope was
measured approximately 2.5-3.0 ms after the stimulus
pulse, as shown in Figure 2b. We sought to minimize
the contribution of disynaptic connections by placing
the recording electrode very near the stimulus elec-
trode and measuring the initial PSP slope. If the re-
cording electrode was moved from the mossy fiber
tract, the presynaptic volley amplitude dropped off
rapidly with distance, as did the field PSP (data not
shown). To minimize disynaptic and non-mossy fiber
synaptic currents further, the saline contained high
divalent ion concentration along with 50-100 uM
pL-AP5 (pL-2-amino-5-phospho-pentanoic acid) and 50
uM picrotoxin. Elevated divalents increased the post-
synaptic cell threshold. The presence of the y-amino-
butyric acid type A (GABA,) antagonist picrotoxin
eliminated the possibility that PSP changes were due
to a decrease in GABA, inhibition. The presence of
pL-AP5 eliminated the possibility of potentiation of
associational responses contributing to potentiation.

In the presence of the AMPA antagonist CNQX

(6-cyano-7-nitroquinoxaline-2,3-dione; RBI 20 uM),
the presynaptic volley remained, but the PSP was
blocked, as shown in Figures 2a and 2b. Our slope
measurement was made up of acomponent produced
by the synaptic current field PSP and a CNQX-insen-
sitive component produced by the afferent volley cur-
rent that contributed a small constant to all measure-
ments.

Calcium concentration measurements were made
on individual mossy fiber presynaptic terminals using
the ratio of fura-2 fluorescence produced by 340 nm
and 380 nm excitation (Grynkiewicz et al., 1985). As
shown in Figure 2c, the calcium concentration com-
puted from intensity values located within an individ-
ual terminal showed a transient 300 nM increase in
response to 10-Hz, 4-s stimulation of the mossy fiber
pathway. The increase subsequently decayed to the
prestimulus level. The presence of 10 uM CNQX did
not alter this calcium accumulation (Figure 2c) while
blocking most of the postsynaptic current (Figure 2b),
directly confirming that the fura-2 label is located in
the presynaptic terminal.

Images such as that shown in Figure 1b illustrate
that the quantity of light at an image location corre-
sponding to a presynaptic terminal contains a compo-
nent of out of focus fluorescence produced by ter-
minal and non-terminal mossy fiber regions. If our
measurements predominantly represent the change
in{Ca?*)ges in individual terminals, then as the stimulus
current intensity is gradually increased, individual ter-
minals should abruptly show a calcium response
when the threshold for the individual fiber is reached.
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In contrast, the field potential, an average over many
synapses, will change amplitude gradually. To test this
and establish that we were recording from individual
terminals, we stimulated with trains of increasing
stimulus current and recorded the field potential
while simultaneously measuring the [Ca* Jges in sev-
eral individua! terminals located in the same field of
view, but located along different mossy fibers. A rep-
resentative experiment is shown in Figure 3. The field
potential response increased in a graded manner (Fig-
ure 3a), whereas the peak [Ca*"Jges measured in three
terminals increased abruptly (Figure 3b). Such abrupt
increases were observed in 10 of 10 terminals in 6
different hippocampal brain slices. Occasionally, large
variations in the amplitude of accumulations were ob-
served around threshold, similar to that shown for
terminal 1 in Figure 3a in response to stimuli of 100
uA, 110 pA, and 120 pA.

The Sensitivity of Synaptic Enhancement to
Intraterminal Calcium Concentration

As previously described at invertebrate synapses (De-
laney and Tank, 1991; Delaney et al., 1989), the in-
creases i [Ca?']res produced by mossy fiber stimula-
tion that did not induce LTP, such as that shown in
Figure 2c, were accompanied by increases in the
strength of synaptic connections, as measured by the
slope of the field PSP. There is strong experimental
evidence in the invertebrate system that the calcium

changes are a causal link in the expression of the syn-
aptic enhancement. We therefore interpreted the cal-
cium changes we observed in the mossy fiber termi-
nals as being responsible for the observed synaptic
enhancement, and we experimentally determined the
sensitivity of the relationship.

A brief, high frequency stimulation of mossy fibers
in low calcium saline does not produce LTP, but does
produce atransientenhancement of transmission and
a concomitant transient rise in [Ca?*]ges. The transient
synaptic enhancement has been previously studied
for mossy fiber terminals (Griffith, 1990) and is charac-
terized by decay components that may be equivalent
to augmentation and posttetanic potentiation, two
forms of enhancement that have been well docu-
mented at the frog neuromuscular junction (Magelby,
1987). By simultaneously measuring both [Ca?*]g.s and
the normalized field PSP slope at various times during
the decay, a graph of synaptic enhancement versus
[Ca?*)kes was generated (Figure 4). The relationship
between the enhancement of field PSP slope and
[Ca¥res was well fitted by a linear function, qualita-
tively similar to what is observed at the crayfish neuro-
muscular junction (Delaney and Tank, 1991). Figure 4
demonstrates a tremendous sensitivity of release to
[Ca?res, With an increase of 17 + 4 nM (n = 7 slices;
range 8 to 35 nM), corresponding to a 2-fold enhance-
ment of release.

The observed relationship between PSP enhance-
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Figure 4. Relationship between the Enhancement of the Field
PSP Slope and Presynaptic Calcium Levels

Following a high frequency train (50 Hz, 2 s) in low calcium saline
(2.5 mM), field PSP slope is increased and [Ca*']g, is elevated.
Calcium and PSP amplitude return to prestimulus levels with a
similar time course (data not shown), and the graph of PSP slope
versus calcium is well approximated by a linear relationship.

ment and [Ca*'|ges shown in Figure 4 predicts that if
the prolonged synaptic changes observed during LTP
were produced by sustained increases in [Ca?lges,
then a 50% enhancement of the synaptic strength,
typical of that produced by mossy fiber LTP, would be
accompanied by a sustained increase of [Ca?']res Of
about 5-15 nM. An increase of this magnitude is both
small enough to seem like a reasonable mechanism
for the maintenance of LTP and large enough to mea-
sure with our technique.

Differentterminals produced sensitivity curves with
different slopes. We do not know whether this vari-
ability is the result of the averaging process intrinsic
to field PSP measurements or whether it represents
true individual differences in synaptic terminal sensi-
tivity. In any case, it required that sensitivity curves
be constructed for each terminal examined in an LTP
experiment.

Presynaptic Calcium Levels during LTP

To examine the contribution of sustained increases in
[Ca?*]es to the expression of maintained mossy fiber
LTP, calibration curves were measured for each ter-
minal tested. Subsequently, LTP was induced and
[Ca?*Ikes and synaptic enhancement were measured.
To establish an accurate baseline, mossy fibers were
stimulated at 0.2 Hz and the field PSP and [Ca?"ges
were measured for 15-20 min before tetanic stimula-
tion and for 15-30 min following tetanic stimulation.
During the pretetanus period, the relationship be-
tween [Ca?')res and release for each terminal in each
experiment was determined by measuring the in-
crease in PSP slope and calcium concentration follow-
ing a 1-Hz, 40-pulse stimulus train. A representative
experiment is shown in Figure 5. Following tetanic
stimulation, field PSPs showed large enhancements
in all experiments (3.9-fold + 2.3-fold average increase
for 0.5-2.0 min posttetanus interval; n = 10; range 1.8
t010.1). There was substantial variation in the duration

of this enhancement, and the enhancement observed
in the 10-15 min interval following tetanus ranged
from —8% to +390% (+87% + 25%, n = 10).

Presynaptic calcium accumulations during tetanic
stimulation were very large and returned rapidly to
prestimulus levels. The return of calcium to prestimu-
lus levels was well fitted by a double exponential de-
cay with a very rapid component and a component
with a time constant of 25-45 s. No persistentincrease
in [Ca?*]ges sufficient to account for the observed long-
lasting potentiation was observed in any of 10 experi-
ments. For the 10-15 min following tetanus [Ca?*lges,
changed relative to the pretetanus baseline level by
2 + 3 nM (range —18 to +22 nM; n = 10).

Figure 6 summarizes the 7 experiments in which
the field potential showed an enhancement of greater
than 50% in the 10-15 min period following tetanic
stimulation. In Figure 6a, the mean (+ SEM) normal-
ized field PSP slope versus time is shown for the 7
experiments. In Figure 6b the mean (+ SEM) presynap-
tic calcium accumulation is shown. Based on the cali-
brations obtained by measuring calcium accumula-
tion and synaptic enhancement produced by 1-Hz
trains, we determined the calcium increase that would
have been required for a sustained presynaptic cal-
cium concentration increase to account for the synap-
tic enhancement observed during LTP. This is also
plotted in Figure 6b. The clear discrepancy between
the observed levels and the predicted levels demon-
strates that increases in residual calcium do not ac-
count for the maintenance of enhanced transmitter
release produced by mossy fiber LTP. Even during the
early decaying period of LTP, 1-5 min after induction,
the synaptic enhancement is not fully explained by
residual calcium. There is an extra component to the
decay of enhancement that is not present when brief,
high frequency trains (as in Figure 4a) produce a tran-
sient synaptic enhancement, but do not induce LTP.
For all of the 7 experiments summarized in Figure 6,
increases in residual calcium could not account for
potentiation that persisted for longer than 30 s.

Discussion

We have directly measured calcium levels in individ-
ual mammalian presynaptic terminals under condi-
tions of normal synaptic transmission. Our measure-
ments were made possible by the localized perfusion
loading method for fura-2. As we have discussed in
detail elsewhere (Regehr and Tank, 1991), the labeling
specificity required for experiments in brain slice on
small structures like nerve terminals is difficult to
obtain with conventional bath application of mem-
brane-permeant indicators. Also, direct intracellular
injection of indicator is impractical. Patch-electrode
internal dialysis, a method quite different from local-
ized perfusion, has been used to load neurosecretory
terminals with fura-2 (Jackson et al., 1991). The local
perfusion method has several advantages over inter-
nal dialysis that are important for the work reported
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here. First, there is no washout or alteration of calcium
currents, a phenomenon commonly observed with
patch-electrode internal dialysis. Second, internal di-
alysis may also alter the intrinsic calcium buffer com-
position, since freely mobile calcium-binding pro-
teins can also be washed out. Finally, loading of the
terminal by applying the membrane-permeant deriva-
tive fura-2 AM at a site distant from the synapse elimi-
nates the washout of important subcellular biochem-
istry and endogenous buffers while still providing an
optimized fluorescence signal-to-noise ratio.

Figure 6. Summary of Observed Field Potentials and Observed
and Expected Presynaptic Calcium Levels for 7 Experiments Simi-
lar to That Shown in Figure 5

For each experiment field PSPs (a) and A[Ca*']g,; (b) (measured
relative to the —5 to 0 min time interval) were averaged over the
following time intervals (in min): —15 to —10, =10 to =5, =5 to 0,
0.5t02,2t05, 5to 10, and 10-15, with the LTP-inducing stimulus
train occurring at t = 0. For each time interval, the average of 7
experiments and the SEM are plotted against the median time of
the interval. The calcium that would have been necessary to
produce the observed enhancement if [Ca?*Jzs—induced synap-
tic enhancement were responsible is also plotted (dotted line)
in (b).
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One ~f the principle results of this work is to show
the extreme sensitivity of short-term synaptic en-
hancement to the level of [Ca?*]ge:. The data in Figure
4 demonstrate that even a change in [Ca?*]ges Of 50 NM
correlates with a severalfold enhancement of release.
This is particularly important when one considers the
dependence of calcium accumulation on frequency
that is observed at this synapse. When the back-
ground firing rate of a granule cell is only 0.33 Hz,
presynaptic calcium levels are increased approxi-
mately 20 nM (data not shown) and synaptic efficacy
can be increased 2-fold. For short, high frequency
bursts, there can be large calcium increases and con-
comitant large synaptic enhancements.

The approximately linear relationship between pre-
synaptic calcium levels and synaptic enhancement
shown in Figure 4 is also observed at the crayfish neu-
romuscular junction (Delaney and Tank, 1991; Dela-
ney et al., 1989). At the crayfish neuromuscular junc-
tion, recent experiments strongly suggest that this
observed relationship is not just a correlation, but
rather that the calcium accumulation is a causal link
in the expression of enhancement. In that system,
linear dependence is observed up to large levels of
enhancement. Compared with the n = 3-4 power law
relationship suggested for the dependence of trans-
mitter release on transient calcium current (for a re-
view see Augustineetal., 1987), the linear dependence
of synaptic enhancement on residual calcium argues
that the calcium does not simply add to the transient
influx and act at the same low affinity calcium-binding
sites associated with the release site. Rather, it argues
that the residual calcium acts at a higher affinity site,
either associated with the release site or at an inde-
pendent facilitatory site, for example, a system of
calcium-dependent phosphorylation reactions that
change the availability of synaptic vesicles for release.
In the mossy fiber experiments we report here, a lin-
ear relationship is observed for enhancement that de-
cays after a short, high frequency tetanus (Figure 4)
and also during the very different conditions of low
frequency trains (data not shown; Regehr et al., un-
published data). This suggests that, as at the crayfish
neuromuscular junction, calcium accumulation in
mossy fiber terminals is a causal link in the expression
of some forms of short-term enhancement.

The high calcium sensitivity observed at mossy fiber
terminals suggests that increases in [Ca?']res could
have been, in principle, areasonable way for the main-
tenance of the 2-fold change in synaptic strength that
is typical of the LTP observed in this system. The mod-
est increase of 10-30 nM (Figure 6b) that would be
necessary could be produced by any of a large num-
ber of biochemical alterations, including a change in
calcium buffers or calcium pumps. Our basic result,
however, isthat no such sustained increase in residual
calcium was observed within our experimental error.
Increases in [Ca?*]ges dO Not account for mossy fiber
LTP. Since our experimental error is approximately
5 nM in the experiments summarized in Figure 6, it is

still possible that a sustained increase in presynaptic
residual calcium could account for a small percentage
of the synaptic enhancement. We estimate that for the
3-5min period following tetanus, increases in [Ca?*]ges
could account for less than 30%, whereas for the 10-
15 min period increases in [Ca?*]zes could account for
less than 25% of the observed synaptic enhancement.

The finding that mossy fiber LTP is independent of
presynaptic calcium is not compromised by stimulus
artifacts contributing to the PSP slope, nor is it depen-
dent upon precise fura-2 calibrations.

Although field PSP slopes were measured in the
presence of a constant stimulus artifact (Figure 2b)
that was typically 20%-35% of the nonfacilitated PSP
slope, this offset was present in both calibration
curvesand LTP measurements and thus does not alter
our conclusions. Similarly, while we have converted
all of our fura-2 ratio measurements to calcium con-
centrations, our basic conclusions are not altered by
any potential inaccuracies in absolute calcium con-
centration values produced by using in vitro calibra-
tion procedures. Our quantitative estimates of the
sensitivity of enhancement to presynaptic calcium lev-
els (Figure 4) are, however, affected by the contribu-
tions of stimulus artifact to field potential measure-
ments and uncertainties in fura-2 calibrations. Based
on experiments in which CNQX was used to deter-
mine the nonsynaptic contribution to the PSP slope,
we estimate that errors produced by the stimulus arti-
fact in field PSP slope enhancement contribute less
than 30% to the sensitivity measurements.

While our experiments demonstrate that sustained
presynaptic residual calcium is not the mechanism for
the maintenance of mossy fiber LTP, these data do not
eliminate the possibility of other forms of calcium-
dependent presynaptic enhancement at this synapse.
Of particular interest is the possibility that an increase
in presynaptic calcium current might account for the
maintenance of mossy fiber LTP. The data presented
here do not eliminate this possibility. Experiments ad-
dressing this question are made difficult by the highly
nonlinear relationship expected between calcium
current and transmitter release. For example, if trans-
mitter release is dependent on the 4th power of the
calcium current, then a calcium current increase of
only 20% would produce a 2-fold enhancement of
release. While, conceptually, changes in residual cal-
cium accumulation that would be produced by such
increased calcium currents could be used to deter-
mine the calcium influx indirectly (see, for example,
Delaney et al., 1991), the experimental methods used
in the present study did not provide sufficient repro-
ducibility of calcium transients to resolve a20% differ-
encein calcium currents produced by a 1-Hz test train.
However, we anticipate that further technical refine-
ments and averaging will provide the stability neces-
sary to use calcium accumulation as an indirect mea-
sure of changes in calcium influx.

Although calcium influx and [Ca?*lges control the
neurosecretory process, there is increasing experi-
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mental evidence that some forms of synaptic plasticity
involve direct modifications of the biochemical appa-
ratus which releases synaptic vesicles (Man-Son-Hing
etal., 1989). Such Ca?*-independent mechanisms may
be responsible for the symaptic enhancement ob-
served during mossy fiber LTP. For example, at both
crayfish neuromuscular junctions (Delaney et al.,
1991) and Aplysia sensory neuron terminals (Dale and
Kandel, 1990), serotonin enhances the probability of
release without changing [{Ca*lk.. For the crayfish,
using calcium accumulation produced by short trains
as an indirect measure of calcium influx suggested
that the synaptic enhancement produced by seroto-
nin also is not associated with an increase in presynap-
tic calcium current. These results directly demon-
strate that the neurosecretory process can undergo
multiple, independent forms of calcium-dependent
and calcium-independent enhancement.

We have used the method of localized indicator
loading to examine directly the role of [Ca**Jzes in
mossy fiber LTP. We have found that increases in
[Ca¥"]kes are not responsible for the maintenance of
the sustained synaptic enhancement. In the future,
the ability to measure optically both calcium tran-
sients and chemical concentrations of other ions and
biomolecules in individual mossy fiber presynaptic
terminals contained intact within brain slice should
contribute to a greater understanding of the pro-
cesses responsible for the synaptic enhancement. We
have already demonstrated that the methods we have
developed and used here can be applied to the paral-
lel fiber presynaptic terminals in the cerebellum (Re-
gehr and Tank, 1991). It is likely that they are applica-
ble to many other synaptic systems in brain slice or
intact nervous systems.

Experimental Procedures

Brain Slice Preparation and Electrophysiology

Slice preparation and maintenance followed standard proce-
dures (Regehr et al., 1989; Schwartzkroin, 1975). The artificial
cerebral spinal fluid (ACSF) contained 124 mM NaCl, 3 mM KCl,
4 mM CaCl,, 4 mM MgCl,, 26 mM NaHCO;, 10 mM p-glucose,
50~100 pM bL-AP5 (Sigma), and 50 pM picrotoxin (Sigma). This
ionic composition, with elevated divalents, increased action po-
tential threshold so that field PSPs could be measured without
contamination from a population spike. The presence of the
GABA, antagonist picrotoxin eliminated the possibility that PSP
changes were due to a decrease in GABA, inhibition, and the
presence of oL-AP5 eliminated the possibility of potentiation of
associational responses contributing to potentiation. In some
experiments ACSF containing lower calcium concentration (2.5
mM CaCly) was used.

Stimulus electrodes were placed on the mossy fiber tract, ei-
ther directly atthe site of localized perfusion or displaced slightly
toward the terminals to be imaged. They consisted of two paral-
lel, laquer-coated tungsten electrodes (FHC #25-05-3), each cut
across its axis to expose an approximately 40-pm diameter of
metal. The pair was positioned with one wire on the mossy fiber
tract and one wire situated just above the slice. Extracellular field
potentials were recorded with glass microelectrodes filled with
2 M NaCl. Electrode impedance was 3-6 MQ. Guided by the
mossy fiber fluorescence, a recording electrode was positioned
near the imaged terminals, 500-1000 pm from the stimulus elec-
trodes. Field potential recordings were amplified (Neuro Data,

model R-283 intracellular recording amplifier), filtered (Prince-
ton Applied Research, model 113, preamp 0.03-3000 Hz), viewed
on an oscilloscope (Tektronix 5223), and stored on tape (Neuro
Data, Neurocorder Model DR-484). Recordings were subse-
quently digitized, stored, and analyzed on a microcomputer. The
field PSP slope (see text) and presynaptic volley amplitude were
determined in software for each trace. No detectable change in
the presynaptic volley amplitude occurred during the course
of an experiment. Test pulses were 0.2 Hz (A.M.P.l. Master 8
stimulator) except as noted in the text, and mossy fiber LTP was
induced with either 1 or 2 100-Hz trains containing 100 pulses.

Microfluorometry of Calcium lon Concentration

Mossy fiber terminals were labeled using a localized perfusion
method described in detail elsewhere (Regehr and Tank, 1991). In
brief, slices were bathed in a submersion chamber, maintained at
30°C-32°C, and perfused (1 ml/min) with ACSF equilibrated with
95% O;and 5% CO,. Small areas of the slice were locally perfused
by a delivery pipette containing labeling solution and a nearby
suction pipette. The labeling solution was prepared as follows:
50 ug of fura-2 AM (Molecular Probes, Eugene OR) was dissolved
in a solution of 20 ul 75% DMSO, 25% pluronic acid. The mixture
was added to 500 u! of ACSF, vortexed for 1 min, and filtered (0.2
wm Rainin #38-159 mm). The final solution contained 4% DMSO,
pluronic acid, and 20 uM fura-2 AM. Labeling solution was pre-
pared each day and used within 4 hr.

Perfusion was performed on the top surface of the slice. For
imaging experiments the slices were then turned over and
viewed through an inverted epifluorescence microscope (Zeiss
IM35). Fura-2 measurements of intracellular calcium concentra-
tion were performed using the ratio method (Grynkiewicz et al.,
1985) on images acquired with a computer-controlled (Macllfx),
cooled CCD camera (CH220, Photometrics, Tucson, AZ) as de-
scribed previously (Regehr et al., 1989). Image pairs were formed
from the fiuorescence ratio at 340 and 380 nm, with an exposure
time of 360 ms for each wavelength and 140 ms between expo-
sures. In some cases fiber tracts ran obliquely through the slice
and labeled presynaptic terminals following perfusion were best
observed on the slice surface opposite to that used for local
perfusion.

Computer simulation of calcium dynamics (Sala and Hernan-
dez-Cruz, 1990) suggests that calcium gradients produced by
transient membrane calcium currents will dissipate within 1 s for
a 5-um diameter spherical structure similar in size to a mossy
fiber terminal. Thus, except during periods of tetanic stimulation
and shortly thereafter, it is unlikely that our measurements of
intracellular calcium concentration are corrupted by spatial gra-
dients and accurately reflect the level of residual intracellular
free calcium that influences cytosolic biochemistry underlying
the enhancement of transmitter release. During the low fre-
quency stimulus test trains (0.2 Hz) used during LTP experiments,
fura-2 fluorescence measurements were made in the 1-s time
period immediately before a test pulse, 4-5 s after the preceding
test pulse. Spatial gradients are thus also not expected to be
important in these measurements.
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