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Henze, Darrell A., David B. T. McMahon, Kristen M. Harris, and
German Barrionuevo. Giant miniature EPSCs at the hippocampal
mossy fiber to CA3 pyramidal cell synapse are monoquantal. J Neu-
rophysiol 87: 1529, 2002; 10.1152/jn.00394.2001. The mechanisms
generating giant miniature excitatory postsynaptic currents (mEPSCs)
were investigated at the hippocampal mossy fiber (MF) to CA3
pyramidal cell synapse in vitro. These giant mEPSCs have peak
amplitudes as large as 1,700 pA (13.6 nS) with a mean maximal
MEPSC amplitude of 366 + 20 pA (mean = SD; 5 nS; n = 25 cells).
This is compared with maximal mEPSC amplitudes of <100 pA
typically observed at other cortical synapses. We tested the hypothesis
that giant mEPSCs are due to synchronized release of multiple vesi-
cles across the release sites of single MF boutons by directly inducing
vesicular release using secretagogues. If giant mEPSCs result from
simultaneous multivesicular release, then secretagogues should in-
crease the frequency of small mEPSCs selectively. We found that
hypertonic sucrose and spermine increased the frequency of both
small and giant mEPSCs. The peptide toxin secretagogues alpha-
latrotoxin and pardaxin failed to increase the frequency of giant
MEPSCs, but the possible lack of tissue penetration of the toxins make
these results equivocal. Because a multiquantal release mechanism is
likely to be mediated by a spontaneous increase in presynaptic cal-
cium concentration, a monoquantal mechanism isfurther supported by
results that giant mEPSCs were not affected by manipulations of
extracellular or intracellular calcium concentrations. In addition, re-
ducing the temperature of the bath to 15°C failed to desynchronize the
rising phases of giant mEPSCs. Together these data suggest that the
giant MEPSCs are generated via a monovesicular mechanism. Three-
dimensional analysis through serial electron microscopy of the MF
boutons revealed large clear vesicles (50 to 160 nm diam) docked
presynaptically at the MF synapse in sufficient numbers to account for
the amplitude and frequency of giant mEPSCs recorded el ectrophysi-
ologically. It is concluded that release of the contents of asingle large
clear vesicle generates giant mEPSCs at the MF to CA3 pyramidal
cell synapse.

INTRODUCTION

The mossy fiber (MF) synapse between granule cells of the
dentate gyrus and the pyramidal cells of hippocampal area CA3
has many unique anatomical, electrophysiological and pharma
cological properties (see Henze et al. 2000 for review). For
example, in a previous study, we demonstrated that the mean
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MF miniature excitatory postsynaptic current (mEPSC) peak
amplitude is twice as large as the peak of non-MF mEPSCs
(24.6 vs. 12.2 pA, respectively) (Henze et. 1997). In addition,
we have observed that the peak conductance of individual MF
MEPSCs can be up to two orders of magnitude larger (>10 nS)
than the peak conductance of mEPSCs generally attributed to
“conventional,” i.e., non-MF synapses onto cortical pyramidal
cells (<750 pS) (Bekkers et a. 1990; Bolshakov and
Siegelbaum 1995; Henze et al. 1997; Hestrin 1992; Manabe et
al. 1992; Raastad et al. 1992; Wyllie et a. 1994). We called
these large MF mEPSCs “maxi” or giant mEPSCs and pro-
posed that they might be generated by a mechanism distinct
from that underlying the generation of non-MF mEPSCs.
Several pre- or postsynaptic mechanisms for the generation
of giant MF mEPSCs have been considered. Possible presyn-
aptic mechanisms include increased vesicular glutamate con-
centration, increased vesicle size, and/or synchronized multive-
sicular release. Possible postsynaptic mechanisms include
differentia electrotonic filtering of the MF synaptic currents,
increased density or number of AMPA receptors, and/or large
conductance AMPA receptors lacking the GIuR-B subunit.
Most of these potential mechanisms cannot easily explain a
100-fold range in mEPSC amplitude at the MF synapse. There-
fore we hypothesized (Henze et al. 1997) that the giant
MEPSCs arise due to calcium-dependent synchronized mul-
tivesicular release across the multiple release sites known to
occur between asingle MF giant bouton and an individual CA3
pyramidal cell (Amara and Dent 1981; Hamlyn 1962). Evi-
dence for multivesicular release has been recently demon-
strated at cerebellar inhibitory synapses (Llano et al. 2000). At
the MF bouton, multivesicular release across multiple release
sites could account for both the large amount of released
glutamate and the large number of postsynaptic AMPA recep-
tors that would be needed to generate a mEPSC with a peak
conductance >10 nS. Here we investigate whether the giant
MEPSCs have a mono- or multivesicular origin by applying
secretagogues, manipulating presynaptic calcium concentra-
tions, and changing temperature. We also use serial electron
microscopy to determine whether there are large enough clear
vesiclesin sufficient numbersto account for the giant mEPSCs.
Our results suggest that MF giant mEPSCs are due to monove-
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sicular release of glutamate from extraordinarily large synaptic
vesicles (more than ~60 nm diam) that dock in the same
locations as small vesicles. We further propose that the gluta-
mate released from these giant vesicles diffuses to multiple
postsynaptic densities within a single MF synaptic complex.

METHODS

Tissue dlices for in vitro electrophysiology were prepared from
Sprague-Dawley rats 27 to 40 days old (Hilltop Labs, Hilltop, PA).
Animals were deeply anesthetized with equithesin (10.88 g chloral
hydrate, 5.44 g MgSO,7 H,0, and 2.5 g pentobarbitol dissolved in
25.6 ml 95% ethanol, 65 ml isopropylene glycol, and water to afina
volume of 256.4 ml), and their chest cavities were rapidly opened. The
rats were then transcardially perfused with a cold oxygenated solution
with the following composition (in mM): 229 sucrose, 1.9 KCl, 1.2
Na,PO,, 25 NaHCO;, 10 glucose, and 6.0 MgCl, (Aghaganian and
Rasmussen 1989). Prior to the transcardial perfusion, the sucrose
solution was bubbled with 97.5% O,-2.5% CO, to adjust the pH to 7.4
at 4°C. The hippocampus was rapidly removed and transverse slices
(350-500 wm) were prepared using a vibratome.

Following sectioning, slices were maintained at room temperature
(19-23°C) in an artificial cerebrospinal fluid (ACSF) consisting of (in
mM) 126 NaCl, 3.5 KCl, 1.2 Na,PO,, 11 glucose, 25 NaHCO,, 3.0
MgCl,, and 3.0 CaCl,,. The ACSF was bubbled with 95% O,-5% CO,
(pH to 7.4). For recording, individual slices were transferred as
needed (between 2 and 12 h following slice preparation) to a sub-
merged chamber where they were superfused with oxygenated ACSF
at 33°C.

Electrophysiological recordings

Spontaneous MEPSCs were recorded using the “blind” whole cell
recording technique (Blanton et al. 1989) and a voltage-clamp ampli-
fier (PC-501or PC 505, Warner Instruments, Hamden, CT). Current-
clamp recordings were performed with a Axoclamp 2B amplifier
(Axon Instruments, Foster City, CA). All voltage-clamp recordings
were done with the membrane potential clamped at —80 mV unless
otherwise specified. Recordings were filtered at 2-5 kHz using the
Bessel filters of the amplifier. Continuous recordings of each exper-
iment were collected simultaneously to a chart recorder as well as
digitized at 22 kHz for storage on video tape using a Neuro-corder
(NeuroData Instruments). At the end of each experiment, 3-min
epochs were replayed from the VCR tapes and digitized at 10 kHz and
stored on computer hard disk for subsequent anaysis. The 3-min
epochs were selected for having a stable baseline and stable series
resistance. Whole cell pipettes were filled with one of two solutions
each with a pH of 7.3 and osmolarity of 305-330 mOsm: 1) 122.5
cesium gluconate, 17.5 CsCl, 10 HEPES, 0.2 EGTA, 8 NaCl, 2
MgCl,, 4 MgATP, 0.3 NaGTP, and 10 Na phosphocreztine, referred
to as CsGluc solution. And 2) 100 potassium gluconate, 20 KCI, 10
HEPES, 0.2 EGTA, 4 MgATP, 0.3 NaGTP, and 10 Na phosphocre-
atine, referred to as KGluc solution.

The majority of the experiments used CsGluc with a few experi-
ments using KGluc as indicated in the text. Unexpectedly, the KGluc
solution resulted in ageneralized increase in mEPSC freguency across
all amplitudes. However, no differences were observed in the quali-
tative outcome of the experiments, and so the KGluc cases have been
included. No corrections for junction potentials were made.

In all cases, filled pipettes had a resistance of 3—6 M) in the bath.
Most recordings had series resistances <10 M(). During some re-
cordings, series resistance increased, and series resistance compensa-
tion was utilized to maintain a constant effective series resistance.
During recording, data were rejected if the uncompensated series
resistance became >20 MQ) or if compensation caused large changes
in the baseline noise. All recordings were carried out in the presence

of 1 uM tetrodotoxin (TTX; Sigma) and 10 uM bicuculline methio-
dide (Sigma) to block action potentials and GABA ,-mediated inhib-
itory postsynaptic currents (IPSCs), respectively. All drugs were
delivered by bath application except for hypertonic sucrose (see
ResULTS). All salts, tetrodotoxin, bicuculline, probenecid, and caffeine
were obtained from Sigma (St. Louis, MO). Alpha Latrotoxin and
pardaxin were obtained from Alomone Labs (Jerusalem, Israel).
BAPTA-AM was obtained from Molecular Probes (Eugene, OR).
Cyclopiazonic acid, thapsigargin, and 2-hydroxypropyl-vy-cyclodex-
trin were obtained from RBI (Natick, MA).

Automated mEPSC detection algorithm

The detection and measurement of the mEPSCs was accomplished
using an automated routine based on the derivatives of the recorded
waveform. The algorithm issimilar to previously published automated
detection algorithms for detecting mEPSCs and mIPSPs (Ankri et al.
1994; Henze et a. 1997; Malgoroli and Tsien 1992). The detection
algorithm was executed in the LabView programming environment
(National Instruments, Austin, TX) and run on a Pentium-based PC.
Following the initial automated detection and measurement, each file
was examined by hand to delete the events associated with the series
resistance test pulses as well as any spurious noise transients. It was
determined that the algorithm often generated false positive errors for
most events measuring <10 pA, so all events <10 pA were ignored.
Finally, in some cases where the mEPSCs overlapped closely in time
or the mEPSC rising phase was long enough to have noise, there were
two peaks in the first derivative without an intervening zero crossing.
In this case, the algorithm yielded an output of identical two mEPSCs
occurring at the same point in time. The second entry of these “double
detections’ were deleted from the data sets.

Electrophysiological analysis and statistics

Three ranges of mMEPSC peak amplitudes were selected for statis-
tical examination. The ranges chosen were 20-30, 50—-60, and >100
pA. These ranges were chosen for two reasons. First, mEPSCs were
observed in sufficient numbers in each amplitude range. It would not
have been possible to select arange from 100 to 110 pA because many
recordings failed to display more than one or two mEPSCs in this
range. The second reason for choosing these ranges was based on
previous data (Henze et a. 1997) where we showed that athough a
large proportion of mMEPSCs at 20—30 pA are from non-MF synapses
(~50%), the MFs give rise to >95% of the mEPSCs at 50—60 and all
MEPSCs >100 pA.

Changes in the frequencies of mEPSCs at the three selected peak
amplitude ranges, as well as the overall mEPSC frequency, were
tested statistically in one of two ways. If the experimental design was
such that each cell served as its own control, then the experimental
frequencies were expressed as percent of control and tested as a group
against anormal distribution centered at 100% using Student’ s t-tests.
On the other hand, if the experimental design precluded within cell
comparisons, then the nonparametric Mann Whitney-U test was used
to compared the raw numbers of mEPSCs detected in control and
experimental recordings for each peak amplitude range. All mean
values are given as = SE.

Quantification of inflections in the rising phase
of giant mMEPSCs

The following method was used to quantify the asynchrony of the
rising phases of MEPSCs as a function of temperature. A metric was
developed based on the assumption that if an mEPSC is due to the
release of a single quantized pulse of neurotransmitter, the mEPSC is
expected to have a shape with smooth rising and decaying phases that
are well approximated by an apha function and/or the sum of two
squared exponentia functions. Similar functions have been shown to
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describe synaptic EPSCs in a number of preparations (Bekkers and
Stevens 1996; Brown and Johnston 1983; Hestrin et a. 1990; Wil-
liams and Johnston 1991). If an mEPSC is not fit by such a function,
then its kinetics are influenced by factors other than a simple monove-
sicular pulsatile release of neurotransmitter. For example, the rising
phases of the waveforms are expected to have inflected rising phases
if mMEPSCs are due to dightly asynchronous release of multiple
vesicles. The magnitude and number of these inflections are expected
to increase as the temperature is decreased due to a slowing of the
reactions that underlie the release of individual vesicles (e.g., Katz and
Miledi 1965).

Thefollowing protocol was used to measure inflectionsin therising
phase of giant mEPSCs.

MEPSCs >100 pA were extracted from 3-min epochs recorded at
a variety of temperatures from 16 to 33°C. Temperatures below the
ambient room temperature of ~20°C were accomplished by perfusing
the water jacket of the recording chamber with ice-cold water. Tem-
perature above room temperature were accomplished using the heat-
ing element permanently mounted inside the recording chamber water
jacket.

Each giant mEPSC was then fit with the following equation: If (x —
X,) < 0, then

Y =Y, + Bp#x

(a straight line).
If (x — X;) > 0, then

Y = (Rueg*(1 — exp(—X — X/R))?)
+ (Dag*(1 — eXp(—X — XJ/DY)?) + (By#x) + Y,

(the sum of 2 sguared exponentials summed with a line), where x =
time; y = amplitude; X, = offset in time from the beginning of the
trace; Y, = offset of the recording baseline from zero; B, = baseline
slope, R,y = rising phase magnitude, R, = rising tau, D,,,, = decay
phase magnitude; and D, = decay phase tau.

Note: The straight line portion of the fitting equation is to account
for slow variations in the baseline over the time course of the mEPSC.

A numerical estimate of the deviation of the waveform from the
expected kinetics was determined using the sum of the squared
residuals (SSR) over the rising phase (baseline to negative peak) of
the mEPSC and the 2 ms of baseline preceding the waveform, divided
by the number of points over that time. This indicator was chosen
because the output values should be large when mEPSC rising phases
are inflected and “asynchronous’ and small when the mEPSC rising
phases are smooth and “synchronous.” Figure 3A shows the result of
using the equation above to fit two individual giant mEPSCs, one
obviously inflected and one smooth. The “residua” waveforms over
the rising-phase after subtracting the fit from the raw data are shown
also.

Determination of a threshold for rising phase inflection

It also was necessary to determine a threshold value for the mEPSC
rising phase SSRs which, when exceeded, indicated an inflection was
present and not just a normal amount of error due to fitting biologi-
caly noisy data. The normal amount of biological noise was deter-
mined by fitting realistic noisy waveforms known to be smooth. The
method described in the following text accounts for the two possible
sources of noise. First, the method determines the average SSR value
given the noise intrinsic to electrophysiological recording in these
recording conditions. Second, the method determines if background
“undetected” small mEPSCs can spontaneously overlap with rising
phases of large, and often slow, mEPSCs and cause inflections or
apparent asynchrony.

The threshold criterion for an inflected waveform was determined
separately for each recording as follows: 1) “noisy” smooth wave-
forms (NSWs) were generated by adding the best-fit waveforms

output from the fitting of the real data with periods between mEPSCs
from the same recordings. 2) The NSWs were then subjected to the
same fit analysis as the “real” data (see preceding text). 3) The
MEPSC rising phase SSR for the NSWs were then compared with the
SSRs for the original real data waveforms. 4) The threshold criterion
for “inflection” for each separate recording epoch was defined as the
mean SSR for the NSW fits plus two times the standard deviation of
the NSW fit SSRs.

If the SSRsfor thefit of any real waveform exceeds the established
threshold for that recording, then there is some additional factor
influencing the kinetics of the rising phases of large mEPSCs besides
simple receptor kinetics and electrotonic filtering. The extrainfluence
cannot be due to spontaneous overlap of small, undetected, back-
ground MEPSCs because the noise traces used to determine the
threshold for rising phase inflections were taken from the same data
sets as the origind large mEPSCs. If small undetected mEPSCs
accounted for al of the detected inflections, then the NSWs should
have the same amount of inflections as the original data. Inflectionsin
the mEPSC rising phase cannot be due to the activation of postsyn-
aptic voltage-gated active conductances due to the recording condi-
tions (TTX, intracellular cesium, and voltage clamp at —80 mV).

Tissue preparation and electron microscopy

New serial EM sections were obtained from hippocampal area CA3
from a young adult male rat of the Long-Evans strain (310 g, ~70
days old). Perfusion and tissue processing were done as previously
described (Chicurel and Harris 1992; Harris and Stevens 1989).
Briefly, perfusion through the heart was performed under deep pen-
tobarbital anesthesia with 2% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M cacodylate buffer with 2 mM CaCl,, pH 7.4. The
hippocampus was removed and sectioned into 400-mm-thick slices.
These slices were rinsed in buffer and then soaked in 1% OsO, with
1.5% K, Fe(CN)g for 1 h followed by immersion in OsO, for an
additional hour. The slices were then rinsed in buffer, soaked for 5
min each in 30 and 50% ethanol, immersed for 1 h in 1% uranyl
acetate in 70% ethanol, dehydrated through graded ethanols and
propylene oxide, and embedded in Epon. Blocks were trimmed to
contain the hippocampal CA3 pyramidal cell bodies and their apical
dendrites in stratum lucidum. Serial sections were cut on a Reichert
Ultracut E ultramicrotome, mounted on Pioloform-coated slot grids
(Synaptek) and stained for 5 min with Reynolds' lead citrate.

Each grid was put into a grid cassette, mounted on a modified
rotating stage (JEOL SRH-10 Mod) to obtain consistent orientation of
adjacent sections, and photographed at a JEOL 1200EX electron
microscope. Three samples located ~30 wm from the CA3 pyramidal
cell layer in stratum lucidum were photographed at 10,000 magni-
fication through 78 seria sections. Section thickness was determined
as previously described by measuring the diameter of longitudinally
sectioned mitochondria and then counting the number of serial sec-
tions the mitochondria traversed (section thickness = mitochondrial
diameter/No. of sections). The mean section thickness determined by
measuring 12 mitochondria was 0.055 wm. Thus small vesicles iden-
tified as having a continuous membrane appeared on just one section.

Active zone selection and vesicle analysis

Forty-five complete active zones (AZs) were identified within the
series. Six mossy fiber boutons each contained one or more complete
AZs including: 26, 3, 6, 4, 1, 4 for a tota of 44 AZs. AZs were
selected for further analysis if they were unobscured and the postsyn-
aptic density (PSD) was cut perpendicular to the plane of the section
throughout the series. This criterion made it possible to measure the
distance of synaptic vesicles from the release site within a single
micrograph. Eleven AZs were identified based on these criteria and
analyzed under higher magnification using the image analysis soft-
ware |GLtrace (http://synapses.bu.edu).
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Three pools of synaptic vesicles were delineated within each pre-
synaptic varicosity including the proximal nondocked pool, docked
vesicles, and a distal pool. The proximal pool was defined by the
region within 100 nm of the presynaptic release site delineated by the
three-dimensional extent of the PSD. Within the proxima pool,
docked vesicles were identified by their direct apposition to the
presynaptic membrane at the release site (Harris and Sultan 1995).
The proximal pool of vesicles was outlined to create a region of
interest which was then moved back to capture a distal pool of
vesicles of equal volume and shape and located between 250 and 350
nm from the release site. In 3 of the 11 AZs, the diameters of vesicles
could not be measured in the distal pool because the presynaptic
varicosities were too small, and the region of interest extended beyond
the boundaries of the presynaptic varicosity. Population histograms
(Fig. 7) were constructed on the basis of vesicle diameters measured
from the distal, proximal nondocked, and docked vesicle pools. In
total, 1,466 distal, 1,215 proxima nondocked vesicles, and 185
docked vesicles were measured.

A

1 4

All animal experimental protocols were approved by the animal
care and use committees at the respective institution where the work
was done.

RESULTS

Spontaneous MEPSCs recorded from the soma of CA3 py-
ramidal cells arise from excitatory synapses made by other
ipsi- and contralateral CA3 pyramidal cells as well as from the
MF synapse made by granule cells of the ipsilateral dentate
gyrus. The mean maximal mEPSC peak amplitude from CA3
pyramidal cellsis366 = 20 pA (£SD; 5nS; n = 25 cells), and
there are some cases where the maximal mEPSC peak ampli-
tudeiswell over 1.0 nA (13 nS; Fig. 1A). These giant MEPSCs
recorded from CA3 pyramidal cells are removed by a y-irra
diation-induced lesion of the granule cells that give rise to the
MFs (Henze et al. 1997), indicating that they are of MF origin.

B ~

Vo v

synapse
location

1mV

500 ms

500 pA
10 mV

10 ms

Fic. 1. Examples of very large miniature excitatory postsynaptic currents (mEPSCs) recorded from CA3 pyramidal cells. A:
each waveform represents a single isolated mEPSC recorded from a CA3 pyramidal cell under voltage-clamp conditions with a
holding potential of —80 mV. The flat peak of waveform 1 was caused by the extremely large peak current that causes saturation
of the output stage of the amplifier at 1,749 pA. The peak amplitudes of the other waveforms are 906 pA (2), 837 pA (3), 1280
pA (4), 722 pA (5), and 561 pA (6). B: examples of large excitatory postsynaptic potentials (EPSPs) recorded from a CA3
pyramidal cell. Two 5-s epochs of spontaneous mEPSPs recorded under current-clamp conditions from a CA3 pyramidal cell
resting at —68 mV. Notice the 2 synaptic events that exceed 2 mV in amplitude (<-). C and D: simulation of the depolarization
of aCA3 pyramidal cell dueto amEPSC with alarge peak conductance (400-pA peak amplitude from a 8.5-nS peak conductance).
C: drawing of the simulated cell with the locations of the “synaptic” and “recording” sites indicated. D, top: a simulated EPSC
recorded at —80 mV holding potential with a simulated access resistance of 8 M() (similar to what was used for empirical data
collection). Bottom: the same simulated synaptic event asin C recorded in current clamp at aresting potential of —60 mV. Notice

that it is ~10 mV in amplitude.
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The giant MEPSCs are of particular interest because they will
contribute significantly to cellular depolarization and excitabil-
ity. Figure 1B shows a current clamp recording from a CA3
pyramidal cell in the standard conditions of TTX and bicucul-
line. This cell was resting at approximately —68 mV and
several examples of ~3 mV depolarizations due to mEPSPs
can be seen, consistent with a previous report of large CA3
MEPSPs (Brown et a. 1979). Furthermore, when a giant MF
MEPSC is generated (400 pA peak amplitude) in a compart-
mental simulation of a CA3 pyramidal neuron (see Henze et al.
1996 for details of simulation), it results in a 10-mV depolar-
ization at the soma (Fig. 1, C and D).

We operationally defined the largest mEPSCs as “giant” if
they had peak amplitudes >100 pA (1.25 nS) based on the
following factors. First, mEPSCs of this size are never seen in
recordings from cells in slices without MF synapses (Henze et
al. 1997; Urban et a. 2001). Similarly, an mEPSC of 100 pA
is twice as large as the largest mEPSCs attributed to the
non-MF synapses (Henze et a. 1997). This criterion ensures
that the selected giant mEPSCs are not mixed with non-MF
MEPSCs. Finally, a 100 pA (1.25 nS) mEPSC is ~10 times
larger than the reported quantal peak amplitude for the MF
synapse (133 pS) (Jonas et al. 1993). If the quantum of neu-
rotransmission in the MFs has a Gaussian distribution with a
mean of 133 pS and a coefficient of variation of 22% (Jonas et
al. 1993), then monoquantal MEPSCs 10 times larger than the
modal peak amplitude are predicted to be so rare statistically
that they may never be observed. Our goal was to determine
whether or not there is a mechanistic rationale to make a
distinction between mEPSCs with large and small peak ampli-
tudes.

Are giant mEPSCs due to synchronous multivesicular
release?

There is evidence that a spontaneous multivesicular mech-
anism can cause large mEPSCs at synapses with multiple
release sites (Korn et a. 1993, 1994). This multivesicular
mechanism may be a mechanism for the giant MF mEPSCs
because the MF synapse has multiple synaptic release sites
between an individual giant synaptic bouton and a single CA3
pyramidal cell (Amaral and Dent 1981; Hamlyn 1962). In
addition, Jonas et al. (1993) reported that the mean quantal size
for the MF synapse is 133 pS while we have seen an mEPSC
as large as 21 nS (see Fig. 1).

Hypertonic sucrose increases the frequency of mEPSCs of
all sizes

The proposed synchronous multivesicular mechanism for
the generation of giant mEPSCs requires a signal that synchro-
nizes the release of the multiple vesicles across the multiple
release sites of the MF bouton. If vesicular release is induced
downstream of a synchronizing signal, then the frequency of
giant mEPSCs due to synchronized multivesicular release will
decrease relative to the frequency of smaller monovesicular
MEPSCs. One treatment that has been shown to induce direct
vesicular release is the application of hypertonic sucrose solu-
tions. Due to difficulties in maintaining stable recordings dur-
ing prolonged bath application of hypertonic solutions, hyper-
tonic sucrose (100 mM sucrose in regular ACSF) was applied

for a few minutes at a time from a large bore pipette placed
above the stratum lucidum of the dice in the area of the
recording pipette. The sucrose solution was gravity fed to the
surface of the slice for several minutes then the pipette was
withdrawn. Prolonged hypertonic sucrose application tended to
“rundown” the mEPSC frequency so 1-min recording epochs
were used for this analysis.

Figure 2A shows the effect of 100 mM hypertonic sucrose
solution on mEPSC frequency. The application of the hyper-
tonic solution rapidly increased the frequency of all mMEPSCs,
regardless of peak amplitude (548 + 174%; Student’s 1-tailed
t-test, P = 0.0224; n = 5). Similar to the overal effect of
hypertonic treatment, the frequency of giant mEPSCs was aso
increased (589 *= 296%), athough this effect failed to be
significant statistically (Student’s 1-tailed t-test, P = 0.0694;
n = 5). Although in every case sucrose increased the frequency
of the giant mEPSCs, the lack of statistical significance on the
giant mEPSCs is due to the large variance in the percent
changes because the smallest increase was 277% while the
largest percent change was 1635%. These experiments were
done with the KGluc pipette solution. Similar results were
obtained in two additional recordings using CsGluc electrodes
(data not shown). If these two additional cells are included in
the analysis, the standard error is reduced and the relative
increase in frequency of giant mEPSCs is significant (508 =
191%; Student’s 1-tailed t-test, P = 0.0381; n = 7).

It is concluded that hypertonic bathing media increased the
frequency of MEPSCs at all peak amplitudes. These data
suggest that the mechanism by which hypertonic sucrose in-
duces MEPSC release is the same for all mEPSCs regardless of
their size and are inconsistent with the hypothesis of a syn-
chronous multivesicular release underlying giant mEPSCs.

Secretagogues a-latrotoxin and pardaxin increase the
frequency of small mEPSCs

Two toxins, a-latrotoxin (a-LTX) (Capogna et al. 1996; see
Petrenko 1993 for review) and pardaxin (PDX) (Lazarovici and
Lelkes 1992) have been shown to induce direct vesicular
release via both calcium-dependent and independent mecha
nisms. Figure 2B illustrates the effect of a 20- to 30-min
application of 1 nM «-latrotoxin on CA3 mEPSC frequency.
Five to 10 min after the change to bath solution containing the
a-LTX, asudden increase in mEPSC fregquency was observed.
It can be seen that o-LTX increased the mean overal fre-
guency of observed mEPSCs (353 =+ 1129%, Student’s
1-tailed t-test, P = 0.0395; n = 6). It also can be seen that
despite the large increase in the overall frequency of mEPSCs,
there was not an increase in the frequency of giant mEPSCs. In
fact, giant mEPSC frequency actualy decreased (62 + 20%,
Student’s 1-tailed t-test, P = 0.0469; n = 6).

Figure 2C shows the effect of a 15- to 30-min application of
12 uM PDX. Similar to the effect of a-LTX, PDX aso
increased the mean overall mEPSC frequency (667 * 262%;
Student’s 1-tailed t-test, P = 0.0215; n = 5). The effect of
PDX also had similar onset to that of a-LTX in that 5-10 min
after the change to bath solution containing the PDX, a sudden
increase in MEPSC frequency was observed. Like a-LTX,
PDX produced alarge increase in the frequency of the smallest
amplitude mEPSCs. Notice however, that there was some
increase in the frequency of medium and large size events as
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reflected in the binned analysis (Fig. 2C, bottom). The fre-
quency of giant mEPSCs was increased by 223 + 75%, al-
though this effect was not significant (Student’s 1-tailed t-test,
P = 0.113; n = 5).

In general, these observations could be consistent with the
synchronous multivesicular hypothesis. However, PDX in-
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creased the frequency of giant mEPSCs to a lesser extent than
the small mMEPSCs. Because the toxins are large protein mol-
ecules that insert into cellular membranes, similar results could
be obtained if the toxins are “buffered” by the slice surface and
did not reach the MF boutons (see piscussion). We attempted to
overcome the potential problem of tissue penetration by using
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longer applications of the toxins; however, longer applications
lead to such high rates of mEPSCs that individual mEPSCs
could not be resolved.

Reduced temperature does not cause inflections on the rising
phase of giant mEPSCs

If the giant mMEPSCs are triggered by a signal that leads to a
synchronous release of multiple vesicles, then lowering tem-
perature should lead to a gradua desynchronization of the
vesicular release. This predicted desynchronizing effect of
lowering temperature has been reported for evoked transmis-
sion at the neuromuscular junction showing a variation in
quantal delaysfrom ~0.5to >1 msat 17.5°C withaQ,, of ~3
(Katz and Miledi 1965). A very broad range of quantal release
delays (~0.6 to >4 ms) has also been observed in the calyx
synapse of the medial nucleus of the trapezoid body inthe CNS
(Borst and Sakmann 1996). In the case of giant mEPSCs,
“desynchronization” induced by low temperature would be
reflected by either abolition of giant mMEPSCs or an increasein
the number of giant mEPSCs with inflected rising phases. This
prediction was tested by recording mEPSCs from CA3 pyra
midal cellswhile the temperature of the recording chamber was
varied from 16 to 36°C. It should be noted that below a
temperature of 15°C very few mEPSCs were observed and
evoked synaptic transmission was abolished (unpublished ob-
servations) (Bénita and Condé 1972). Cooling to 16°C did not
abolish giant mEPSCs, and the giant mEPSCs that were ob-
served did not show any signs of increased rising-phase inflec-
tions. Figure 3 shows a plot of temperature versus the fraction
of inflected giant mMEPSCs. Each point in the plot represents the
fraction of inflected giant MEPSCs at a given temperature (n =
31 recordings from 12 cells, see meTHoDS). A value equal to
one means that all giant mEPSCs for that 3-min period were
inflected. As can be seen, because there was no effect of
temperature on the relative fraction of rising phase inflected
giant mEPSCs (R? = 0.31; P = 0.31), these data indicate that
the relative number of giant mEPSCs with inflected rising
phases remains constant across a broad range of temperatures.
This result supports the qualitative observation that although
all mEPSCs were less frequent at cooler temperatures, giant
MEPSCs were detected and often had smooth rising phases. In
addition, this data set provides evidence that the spontaneous
overlap of smaller mEPSCs does not account for occurrence of
giant mEPSCs.

Based on these data, we conclude that there is no tempera
ture-sensitive synchronization of multiple vesicular release that

causes giant mEPSCs. However, the determination that giant
MEPSCs often have inflected rising phases does suggest that
those giant mEPSCs have nonstandard rising phase kinetics.

Giant mEPSCs are not calcium sensitive

If the giant mMEPSCs are due to the synchronous release of
multiple quanta, the synchronizing signal must be able to act
rapidly over distances of a micron or more to access multiple
release sites in the MF bouton (Chicurel and Harris 1992). A
logical candidate for such a signal is a rapid elevation in
intrabouton calcium that would then induce multivesicular
release much like that which occurs when an action potential
invades the MF bouton. In the case of the giant mMEPSCs, the
recording conditions eliminate the possibility that a sodium-
dependent action potential providesthe initial depolarization to
initiate calcium influx via voltage-gated calcium channels
(VGCCs). As a result, only two possible mechanisms remain
that could lead to a spontaneous, fast elevation of presynaptic
calcium: a spontaneous action potential solely mediated by
VGCCs (Hagiwara et a. 1969) or a spontaneous release of
calcium from some intracellular calcium store (Emptage et al.
2001; Llano et al. 2000).

Therefore we tested whether the occurrence of giant
MEPSCs is affected by manipulations of both extracellular and
intracellular calcium. Figure 4 summarizes the results of these
experiments. We found that giant mEPSCs are insensitive to
decreases in calcium influx either by removing extracellular
calcium (Fig. 4A) or adding 100 uM cadmium (Fig. 4B). We
also found that manipulation of intracellular calcium stores
with caffeine (10 min @ 10 mM; Fig. 4D), cyclopiazonic acid
(20-30 min @ 5-15 uM; Fig. 4E), or thapsigargin (20 min @
1 wm; Fig. 4F) did not selectively reduce the frequency of
giant MEPSCs (note that caffeine caused ageneralized increase
in the frequency of mMEPSCs across al amplitudes). In addition
ryanodine (30 min @10 uwm; n = 3) had no specific effect on
giant mEPSCs athough all mEPSCs were slightly increased in
frequency (126 + 42%; data not shown). Finally, we attempted
to buffer calcium in the presynaptic terminal using the mem-
brane permeant calcium buffer BAPTA-AM. Similar to the
other calcium manipulations, the application of BAPTA-AM
(30—45 min @ 25 uM; Fig. 4C) did not reduce selectively the
frequency of giant mEPSCs. Therefore we conclude that the
generation of giant mEPSCs is independent of elevations in
intracellular calcium due to influx through VGCCs or efflux
from intracellular calcium stores.

FIG. 2. Effects of secretagogues on CA3 mEPSC amplitude distribution. A: effect of hypertonic (100 mOsm) sucrose. Top:
average histogram of mEPSC peak amplitudes from 1-min recording epochs before (—) and during (- - -) loca application of
regular media made hyperosmotic with 100 mOsm of sucrose plotted on a logarithmic scale. Inset, top: 10 s from a control period
of recording; bottom: recorded in the presence of sucrose. A, bottom: bar graph illustrating the mean percent change in mEPSC
frequency as a function of mEPSC peak amplitude. Data are from 5 cells. All data in A were collected using a KGluc pipette
solution. B: effect of 1 nM «-latrotoxin. Top: average histogram of mEPSC peak amplitudes from 3-min recording epochs before
(—) and after (- - -) 20-30 min of 1 nM a-latrotoxin plotted on a logarithmic scale. Inset, top: 10 s from a control period of
recording; bottom: recorded in the presence of a-latrotoxin. B, bottom: bar graph illustrating the mean percent change in mEPSC
frequency as a function of mEPSC peak amplitude. Data are from 6 cells. C: effect of 1-2 nM Pardaxin. Top: average histogram
of mEPSC peak amplitudes from 3-min recording epochs before (—) and after (- - -) 15-30 min of 1-2 nM pardaxin plotted on
alogarithmic scale. Inset, top: 10 s from a control period of recording; bottom: recorded in the presence of pardaxin. C, bottom:
Bar graph illustrating the mean percent change in mEPSC frequency as a function of mEPSC peak amplitude. Data are from 5 cells.
D: histogram of average baseline noise between mEPSCs (+SD). The difference between the mean of the trace and each digitized
sample was calculated for the longest interval from each datafile used in Figs. 2, 4, and 5 was binned into 1-pA bins and normalized
to the most populated bin. The average of these resulting normalized histograms is shown here.
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Fic. 3. Decreasing temperature does not reveal an increase in rising phase inflections for giant mEPSCs. A: quantification of
rising phase inflections in mEPSC. mEPSCs were fit with a sum of 2 squared exponentials function, and the fit residuals were used
to quantify rising phase inflections. a: a selected mEPSC recorded at 22.5°C (—) with an obvious inflection during its rising phase
was fit using the equation described in METHODS (- - -). The difference (or residuals) between the rising phase of the raw data and
the best fit fit is aso shown ( - - - ). Note that the residuals trace is not a simple straight line that is indicative of an inflection on
the rising phase of the mEPSC. b: another selected mEPSC from a different recording at 19°C had no obvious inflections during
itsrising phase. The lines are the same asin a. Notice that the residuals in b are a straight line reflecting the lack of the rising phase
inflections. B: each point in the plot represents the number of mEPSCs that exceeded the threshold value for being considered
inflected for that recording (12 cells for atotal of 31 recordings) at the given temperature (see METHODS). Symbol shapes indicate
recordings from a single cell at different temperatures. The line is the best linear fit through the data. The R? value for the fit is

0.0361 with a P value of 0.31.

Blockade of AMPA-Rs lacking the GIuR-B subunit does not
inhibit giant mEPSCs

An aternative postsynaptic mechanism for giant MEPSCsis
the presence of large-conductance AMPA-Rs at the MF syn-
apse. It is known that AMPA-Rs, which lack the GIuR-B
subunit, may have as much as athreefold higher single-channel
conductance (20—-30 pS) than the AMPA-Rs containing the
GluR-B subunit. However, when membrane patches are pulled
from the proximal apical dendrite in the region of the MF
synapses, the receptors encountered are typical of AMPA-Rs
from elsewhere in the dendritic tree with a single channel
conductance of 8.5-10 pS (Jonas et al. 1993; Spruston et al.
1995). The best evidence that AMPA-Rs at the MF synapse
contain the GIuR-B subunit is found in immunohistochemical
studies which have shown GIuR-B positive staining at this
synapse (Blumcke et a. 1995; Petralia and Wenthold 1992;
Siegel et al. 1995).

It is possible that a subset of the MF synaptic sites might
lack the GIuR-B subunit and therefore lead to the generation of
the giant mEPSCs. This possibility was tested by examining
the effect of 1 mM spermine on the frequency of giant mMEPSCs
because it has been shown that at this concentration, extracel-
lular spermine can block AMPA-Rs, which lack the GIuR-B
subunit (Washburn and Dingledine 1996). Figure 5 demon-
strates that spermine does not cause the decrease in the fre-
guency of giant mEPSCs that would be expected if they are
mediated via GIUR-B lacking receptors. Instead, 15- to 35-min
applications of 1 mM spermine had the unexpected outcome of
increasing the frequency of all mMEPSCs regardless of their
peak amplitude. The increase in mMEPSC frequencies had a
gradual onset that stabilized between 15 and 20 min. Spermine
(2 mM) increased the frequency of all mEPSCs detected by
419 *+ 81% (Student’s 1-tailed t-test, P = 0.006; n = 5).
Considered separately, the giant mEPSCs were increased by
431 * 149% (Student’s 1-tailed t-test, P = 0.034; n = 5). Itis

concluded that the MF giant mEPSCs are not mediated by
activation of AMPA-Rs lacking the GIuR-B subunit.

Anatomical evidence for a monovesicular mechanism for
giant mMEPSCs

An dternative presynaptic mechanism for giant mEPSC
generation is to increase the size of glutamatergic vesicles.
There is some evidence for this mechanism potentially occur-
ring at the MF synapses. Although the mean diameter of the
small clear vesiclesin the MF boutons has been reported to be
the same as in non-MF boutons (35—-45 nm) (Amaral and Dent
1981; Harris and Sultan 1995), MF boutons also have some
unusually large clear vesicle-like structures (Amaral and Dent
1981). Although the large clear vesiclesin the MF bouton have
not been quantitatively analyzed, they have been reported to be
=200 nm in diameter. It is not known whether these vesicles
contain glutamate.

If we assume that the contents from a vesicle with the mean
diameter of 40 nm (Amara and Dent 1981) generate a mean
mMEPSC with an observed peak conductance of 133 pS (Jonas
et a. 1993), then vesicles with diameters on the order of 100
nm are required to generate a giant mEPSC with a pesk
conductance of 2 nS. Therefore we examined MF boutons at
the electronmicroscopic level to determine the frequency and
spatial distribution of putatively glutamatergic vesicles to de-
termine if unusually large vesicles exist in sufficient numbers
to explain giant mEPSCs. Figure 6 compares electromicro-
graphs from active zonesin aMF bouton (Fig. 6, A and C) and
in a non-MF bouton (Fig. 6, B and D) Several large clear
vesicles are docked presynaptically at the MF bouton (Fig. 6C,
arrows). We divided the clear vesicles into three different
categories. docked, proximal nondocked, and distal. Figure 7
shows the distributions of vesicle diameters observed from
multiple active zones from four different boutons in a single
EM series. The docked and proximal nondocked pools have a
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Results are averages from 5 cells. B: effect of 100 uM cadmium. Data are from

5 cells, 3 obtained with CsGluc €electrode solution

and 2 obtained with KGluc electrode solution. C: effect of 25 uM BAPTA-AM in 0.1% DMSO, 1.3 mM 2-hydroxypropyl-vy-

cyclodextrin, and 1 mM probenecid. Data are from 4 cells. D: effect of 10 mM

Caffeine. Data are from 6 cells. E: effect of 5-15

uM cyclopiazonic acid in 0.01% DMSO. Data are from 7 cells. F: effect of 1 uM thapsigargin in 0.1% DMSO. Data are from 5

cells.

strong skew of vesicle diameters up to 150 nm while the distal
vesicle pool has a distribution of small vesicle diameters sim-
ilar to what is observed at the Schaffer collateral synapses in
area CA1 (Harris and Sultan 1995).

If giant mMEPSCs are due to the release of giant vesicles, then
there must be a sufficient number of postsynaptic glutamate
receptors to respond to the glutamate without saturating. A MF
synaptic complex with 12 PSDs has been demonstrated to have
40 times the PSD area (and therefore 40 times the number of
available glutamate receptors) of a single CA1 synapse (Chi-

curel and Harris 1992; Harris and Stevens 1989). It aso has
been shown that glutamate can diffuse out of the MF synaptic
complex to interact with other MF synaptic complexes (Min et
al. 1998; Schmitz et a. 2000; Vogt and Nicoll 1999). This
suggests that following the release of alarge amount of gluta-
mate from any given release site in the MF synaptic complex,
multiple PSDs and their associated glutamate receptors will be
activated before glutamate can diffuse out of the complex or be
taken up via active pumps. A prediction of this hypothesis is
that the rise times and decay time constants of giant MF
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FIG. 5. Blockade of AMPA-Rs lacking the GIuR-B subunit with spermine
does not inhibit giant mMEPSCs. A: average histogram of mEPSC peak ampli-
tudes from 3-min recording epochs before (—) and after (- - -) 15-35 min of
1 mM spermine plotted on a logarithmic scale. Inset, top: 10 s from a control
period of recording; bottom: recorded in the presence of spermine. B: bar graph
illustrating the mean percent change in mEPSC frequency as a function of
mEPSC peak amplitude. The percent changes for each recording are given by
the points on the bar graph. Data are from 5 cells.

MEPSCs should generally be longer than for smaller mEPSCs.
Examination of mEPSC peak amplitude versus 20—80% rise
time or decay tau (Fig. 8, A and C) demonstrates that there is
no clear overal relationship between mEPSC amplitude and
20—-80% rise time or decay tau. However, as mMEPSC peak
amplitude increases, the minimum observed 20—80% rise time
and decay tau for a given mEPSC amplitude range becomes
progressively longer (Fig. 8, B and D; 5 of 5 cells examined).
Thisis opposite to the expected relationship if only electrotonic
filtering is responsible for variation in rise and decay time.
Whereas this observation does not provide direct evidence
regarding glutamate spillover inside the MF synaptic complex,
it is consistent with that hypothesis and is indicative of alarge
amount of glutamate being released that takes longer to diffuse
away from the release site.

DISCUSSION

We have found that the giant mEPSCs that arise from the
MF synapses onto CA3 pyramidal cells are not due to syn-
chronous multivesicular release within MF boutons nor acti-
vation of higher conductance postsynaptic AMPA channels
lacking the GIUR-B subunit. Our data also suggest that all
vesicles are spontaneously released via a calcium-independent
release mechanism. As an aternative to synchronous multive-
sicular release, we have found that giant clear vesicles exist in
the MF boutons in sufficient numbers to account for the oc-

currence of giant mEPSCs. Therefore we hypothesize that
giant mEPSCs arise from the release of glutamate from single
large clear vesicles.

Evidence against a multivesicular mechanism
for giant mMEPSCs

The anatomical presence of multiple release sites between
a single MF bouton and a CA3 pyramidal cell and the data
obtained with a-LTX and PDX would suggest that multive-
sicular release synchronized by calcium is responsible for
the occurrence of giant mEPSCs. However, our series of
experiments designed to test that an increase in intrabouton
calcium synchronizes multivesicular release generally failed
to support this mechanism. Since calcium is the only known
fast-acting trigger and is believed to be the last step prior to
vesicle release, we need to reconsider the interpretation of
the data obtained with «-LTX and PDX by taking into
account two possible confounding variables that originate
from the recording method and preparation. The first con-
founding variable is that these two toxins are very large
molecules, a-LTX is 130 kDa, and PDX is 3 kDa. As a
result of the large molecular size and the complex morphol-
ogy of the MF bouton, it is possible that the toxins were
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FIG. 6. Large clear vesicles are present in MF boutons. A: electronmicro-
graph showing a section through amossy fiber bouton. The mossy fiber bouton
(MFB) is filled with numerous small clear vesicles and a few larger clear
vesicles that tend to cluster around active zones (a) associated with processes
from the thorny excrescence of a CA3 pyramidal cell (T). B: a electronmicro-
graph showing a section through a nonmossy fiber bouton from the same EM
series. C: higher-resolution section of a mossy fiber active zone. a, example
small clear vesicles and arrows indicate examples of large clear vesicles. D:
higher-resolution section of anonmossy fiber synaptic active zone with a spine
(S). A, example small clear vesicles. Notice that the small clear vesicles are
much more homogeneous in their diameter than in C. Scale bar is 500 nm in
A and B and 100 nm in C and D.
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Fic. 7. Large clear vesicles are present in significant numbers and are found close to the active zone. A: average distribution
of distal (to the active zone) vesicle diameters. B: average distribution of proximal-nondocked vesicle diameters. C: average
distribution of docked vesicle diameters. A-C are means = SE and plotted on a logarithmic scale. D: average distribution of all
vesicle diameters over entire bouton (= SD). A and D are from 8 active zones from 4 separate boutons. B and C are from 11 different
active zones from the 4 separate boutons. E: normalized average histograms of docked (m) vs. nondocked (@) vesicles. Note that
the docked pool has a relatively higher ratio of large- to small-diameter vesicles compared with the nondocked.

unable to reach the synaptic release sites where they are
believed to be exert their actions. Specifically, the blind
whole cell methods used in these studies resulted in record-
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ings from the somas of CA3 pyramidal cellsdeep in theslice
(100—-200 wm below the slice surface). Due to its proximity
to the soma, the MF synaptic region on the proximal apical
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FIG. 8. Giant mEPSCs do not have fast rising and decay kinetics. A: mEPSC 20—-80% rise time (RT) vs. amplitude for all
mMEPSCs from a single representative recording from a CA3 pyramidal cell. The gray line indicates the fastest 20—80% rise time
recorded over 10-pA amplitude bins. B: the fastest 20—80% rise time recorded over 10-pA amplitude bins for all 5 cells examined.
Thegray linein A is replotted as black squares. C: mEPSC decay time constants vs. amplitude from the same representative CA3
pyramidal cell. The decay phase of each mEPSC that did not have another overlapping mEPSC was fit with a single exponential.
The gray line indicates the fastest decay time constant recorded over 10-pA amplitude bins. D: the fastest decay time constant
recorded over 10-pA amplitude bins for all 5 cells examined. The gray line in C is replotted as the black squares.

dendrites also would be deep in the slice, which would
prevent the toxins from reaching the MF boutons. The fact
that the smaller toxin, PDX, was able to increase slightly the
frequency of giant mEPSCs suggests that a size dependent
penetration of the toxins may have occurred. The second
confounding variable is that both of the toxins have been
reported to be able to partition into the membrane and form
pores. As aresult, it is likely that the surface tissue of the
slice acted as a buffer further reducing the concentration of
toxin that was reached in the middle of the slice where the
MF terminals on the recorded cell were located. In contrast,
the non-MF synapses are located on the dendritic branches
that are located throughout the depth of the slice with the
most superficial branches and synapses being exposed to the
highest concentration of toxin.

The experiment using hypertonic sucrose is not subject to
the same problems of tissue penetration and conclusively dem-
onstrate that mEPSCs of all amplitudes are increased in fre-

guency. It is believed that hypertonic sucrose induces vesicular
release by lowering the energy barrier for spontaneous release
(Rosenmund and Stevens 1996). The proposed lower energy
barrier mechanism suggests that it is not likely that the hyper-
tonic sucrose would induce synchronized multivesicular re-
lease across multiple release sites/active zones. Therefore re-
sults from these experiments provide strong evidence against a
multivesicular-multiple release mechanism leading to giant
MEPSCs. Similarly, the unexpected facilitatory effects of
spermine and caffeine on MEPSC frequency were uniform
across MEPSC amplitude. Together these data suggest that all
MEPSCs at al peak amplitudes share at least one common
point of modulation.

Our results differ those from a recent study at the inhibitory
synapse between cerebellar interneurons and Purkinje cells
(Llano et a. 2000). That study concludes that the largest
ml PSCs recorded in the Purkinje cells result from the synchro-
nous release of multiple vesicles triggered by spontaneous
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release of calcium from intracellular stores. In contrast, our
experiments at the MF synapse manipulating intraterminal
calcium suggest that the giant mEPSCs at the hippocampal
mossy fiber excitatory synapse are not produced by a calcium-
dependent synchronization mechanism. Whether this lack of
similarity in the release mechanism of very large spontaneous
events is due to genera differences between excitatory and
inhibitory synapses or to specific differences between the two
types of synapses remains to be investigated.

Evidence for single large vesicles underlying giant mEPSCs

If the giant MEPSCs are due to giant vesiclesreleasing large
amounts of glutamate, then there must also be a sufficient
number of postsynaptic receptors to detect the increased levels
of glutamate without receptor saturation. If we assume that
AMPA-Rs from the MF synaptic region have a single-channel
conductance of 8.5-10 pS for (Jahr and Stevens 1987; Jonas et
al. 1993; Spruston et al. 1995), then 2,100-2,500 AMPA-Rs
must have opened for the largest giant mEPSC (21 nS) and
400-470 AMPA-Rs must have opened for the mean largest
giant mEPSC (4 nS). This is compared with the 20-150
channels mediating the accepted quantal mEPSC size at a
variety of other cortical synapses (Bekkers and Stevens 1989;
Hestrin 1992; Jack et al. 1994; Kullman 1993). The number of
AMPA-Rs exposed to glutamate during a giant mEPSC is
certain to be higher because the maximal AMPA-R probability
of opening is 0.71 (Hestrin 1992; Jonas et al. 1993).

Recent experiments have suggested that AMPA-Rs at
non-MF synapses in culture are not saturated by the release of
normal small clear vesicles containing glutamate (Liu et a.
1999; McAllister and Stevens 2000). There are three reasons
why the released glutamate at the MF synapses is even less
likely to produce saturation. Thefirst reason why AMPA-Rs do
not saturate is that there may be a higher density of AMPA-Rs
in the PSDs associated with the MFs. This is possible because
the MF synapse is believed to lack or at least have a reduced
number of NMDA receptors (Harris and Cotman 1986; Mon-
aghan and Cotman 1985; but see Weisskopf and Nicoll 1995).
It is possible that the extra space in a MF PSD resulting from
a reduced number of NMDA receptorsiis filled up by AMPA-
Rs. However, this possibility also cannot account for a 100-
fold range in mMEPSC amplitudes. The second reason is that the
average area of the PSD at the MF synafse is three times as
large as that in CA1 (0.22 vs. 0.069 um?, respectively) (Chi-
curel and Harris 1992; Harris and Stevens 1989). If PSD area
is correlated with the number of glutamate receptors, then there
should be, on average, three times as many glutamate receptors
at MF PSDs. However, as previously noted, the maximal PSD
size is the same for both CA1 and the MFs; this suggests that
differences in PSD area cannot solely account for the occur-
rence of giant mMEPSCs (=0.54 um?) (Chicurel and Harris
1992; Harris and Stevens 1989). Finally, as mentioned previ-
ously, the MF synaptic complex has multiple PSDs, each with
its own complement of glutamate receptors. Our data concern-
ing the relatively slower decay time constants of the giant
mMEPSCs would support the idea that glutamate spillover oc-
curs between the individual synaptic clefts within the MF
synaptic complex. The spillover hypothesis may also account
for the apparent temperature-independent inflections of giant
MEPSC rising phases. The diffusion of glutamate inside the

MF synaptic complex may lead to the appearance of rising
phase inflections that might otherwise be considered a sign of
asynchronous multivesicular release. Specifically, rising phase
inflections could occur as the leading edge of the wave of
glutamate inside the MF synaptic complex travels from regions
of low to high AMPA-R density.

We believe that the most parsimonious interpretation of our
dataisthat giant mEPSCs are due to the release of single large
clear vesicles from the MF bouton. However, we recognize that
several critical aspects of this hypothesis remain to be inves-
tigated. For example, do the large vesicles observed in the EM
micrographs contain glutamate? Do the large vesicles express
the necessary release apparatus proteins in their membrane?
The ultimate test will be to find away to manipulate selectively
the number of large clear vesicles and then observe the ex-
pected changes in the occurrence of giant MEPSCs.

Functional implications of giant mEPSCs

Giant mEPSCs may play an important role in modulating
background levels of neuronal activity in the intact brain. A
recent study has demonstrated that minis can be recorded from
cortical cellsin vivo when all synaptic transmission is blocked
by infusion of TTX (Pare et a. 1997), indicating that minis are
not an artifact of in vitro preparations. It has been demonstrated
that the levels of synaptic activity can influence the input/
output functions of neurons in a network as predicted by
stochastic resonance theory (Burnod and Korn 1989). A phys-
iological role for mEPSPsin CNS function is further supported
by findings that several neuromodulators such as dopamine
(Momiyama et a. 1996), enkephalin (Cohen et al. 1992),
adenosine, and GABA (Scanziani et a. 1992) can modulate
MEPSP frequency in a variety of in vitro preparations. These
changesin excitatory “tone” would be independent of the firing
activity of the synaptic inputs. The stochastic resonance theory
mentioned above generally assumes that the mini activity does
not directly lead to depolarization of neurons past action po-
tential threshold. However, the membrane potential of CA3
pyramidal cellsin vivo has been reported to rest at about —60
mV (Li et a. 1994). Given that giant mEPSPs can be =10 mV
in amplitude, it would expected that individual giant mEPSPs
would depolarize the postsynaptic cell enough to reach thresh-
old for an action potential. This alows for the intriguing
possibility of MF driven activation of CA3 pyramidal cellsin
the absence of granule cell spiking.

We thank N. Urban for providing the current-clamp tracesin Fig. 1 and M.
Feinberg for preparing new serial EM sections.
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