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A large pool of releasable vesicles in a cortical

glutamatergic synapse
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To probe exocytosis at a cortical glutamatergic synapse, we made
capacitance measurements in whole-cell recorded hippocampal
mossy fiber terminals. Evaluation of different methods by using
a morphology-based equivalent electrical model revealed that
quantitative capacitance measurements are possible in this pre-
synaptic structure. Voltage pulses leading to presynaptic Ca2*
inflow evoked large capacitance signals that showed saturation
with increasing pulse duration. The mean peak capacitance in-
crease was 100 fF, corresponding to a pool of ~1,400 releasable
vesicles. Thus hippocampal mossy fiber synapses have a vesicular
““maxipool.” Large pool size and rapid vesicle recycling may un-
derlie the uniquely large extent of activity-dependent plasticity in
this synapse.

Our current knowledge about fundamental aspects of syn-
aptic transmission is largely based on the highly detailed
analysis of a limited number of synapse types, such as the
neuromuscular junction, the squid giant synapse, the retinal
bipolar cell synapse, and the calyx of Held (1-10). These synapses
offer direct access to presynaptic terminals, which has greatly
facilitated the mechanistic analysis of transmitter release (e.g.,
ref. 5). However, glutamatergic synapses in higher brain circuits
differ substantially from these “model synapses” in both mor-
phological and functional aspects; for example, in the properties
and extent of synaptic plasticity (11-13). Thus, to obtain a
complete picture of cortical synaptic transmission and plasticity,
direct examination of cortical synapses is unavoidable.
Electrical recording of postsynaptic currents is the standard
assay to probe transmitter release. However, this approach has
limitations, especially when applied to cortical synapses. The
postsynaptic assay is difficult to calibrate, because neither the
number of transmitter molecules in a synaptic vesicle nor
the density of postsynaptic receptors are precisely known. The
assay may be nonlinear, because of saturation or desensitization
of postsynaptic receptors (14, 15). Furthermore, different modes
of transmitter release (e.g., kiss-and-run versus full fusion; refs.
16 and 17) cannot be distinguished, and endocytosis cannot be
measured directly. In synapses with “giant” presynaptic termi-
nals, presynaptic capacitance measurements have been used to
probe exo- and endocytosis quantitatively (9, 14, 18, 19). How-
ever, application of this technique to cortical presynaptic termi-
nals is not trivial. The sensitivity of the technique needs to be
optimized, because the expected capacitance changes are near
the absolute limits of resolution. Furthermore, the interpretation
of recorded signals must take into account the multicompart-
ment electrical structure of the presynaptic terminals (20, 21).
To quantitatively measure exo- and endocytosis at a cortical
glutamatergic synapse in real time, we performed presynaptic
capacitance measurements in hippocampal mossy fiber termi-
nals (22-26). After validation of capacitance measurement
methods by using equivalent electrical models, we addressed the
following fundamental questions: How large is the releasable
pool of vesicles at mossy fiber terminals (27-30)? Is the release
rate derived from capacitance measurements more consistent
with univesicular or multivesicular release (31, 32)? How fast is
endocytosis after depletion of the releasable vesicle pool (33)?
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Methods

Recording from Mossy Fiber Terminals in Acute Hippocampal Slices.
Transverse 250- to 300-um-thick slices were cut from the hip-
pocampi of 20- to 26-day-old Wistar rats with a custom-built
vibratome (34). The animals were killed by decapitation in
accordance with national and institutional guidelines. For the
dissection and storage of the slices a solution containing 64 mM
NaCl, 25 mM NaHCOs3, 10 mM glucose, 120 mM sucrose, 2.5
mM KCI, 1.25 mM NaH,POy,, 0.5 mM CaCl,, and 7 mM MgCl,
(95% 02/5% CO;) was used. The slices were incubated for 30
min at 35°C and then held at room temperature for <3 h. During
experiments, the slices were superfused with a physiological
extracellular solution containing 125 mM NaCl, 25 mM
NaHCO3, 25 mM glucose, 2.5 mM KCI, 1.25 mM NaH,POy, 2
mM CaCl,, and 1 mM MgCl, (95% O,/5% CO3). Recordings
were made from mossy fiber terminals in the stratum lucidum of
the hippocampal cornu ammonis area 3 (CA3) region as de-
scribed (22, 23). Patch pipettes were pulled from borosilicate
glass tubing (2-mm outer diameter, 0.5-mm wall thickness) and
filled with an intracellular solution containing 155 mM CsCl,
6.25 mM MgCl,, 0.26 mM EGTA, 0.04 mM CaCl,, 4 mM
Na,ATP, 0.3 mM NaGTP, and 10 mM Hepes; the pH was
adjusted to 7.3 with CsOH. This composition theoretically gives
~50nM free Ca>", ~0.2 mM free EGTA, and ~2 mM free Mg>*
(35). The pipette open-tip resistance was 5-12 M. All record-
ings were made in a bath solution containing 105 mM NaCl, 25
mM NaHCOs3, 25 mM glucose, 2.5 mM KCI, 1.25 mM NaH,PO,,
2 mM CaCl,, 1 mM MgCl,, 1 uM tetrodotoxin (TTX), 20 mM
tetraethylammonium chloride (TEA), and 5 mM 4-aminopyri-
dine (4AP); to avoid depolarization of the recorded terminals,
this solution was applied directly after whole-cell voltage clamp
was established. To minimize pipette capacitance, care was taken
to maintain the bath solution at the lowest possible level.
Recordings were made with an EPC-9/2 amplifier (HEKA
Electronics, Lambrecht/Pfalz, Germany) in the voltage-clamp
mode. The pipette capacitance was compensated in the cell-
attached configuration (“C-fast”; time constants 1-3 us). All
measurements were made at 21 = 2°C, unless otherwise specified
(34°C in Fig. 3F). Data are reported as mean = SEM, unless
otherwise noted. Significance was assessed by using a two-sided
Mann-Whitney test.

Development of Morphology-Based and Reduced Equivalent Models
of Mossy Fiber Terminals. Current transients were evoked by
square pulses with alternating amplitudes of =20 mV from a
holding potential of —100 mV. The internal two-pole Bessel
filter for stimulus voltage was set to 2 us, the three-pole Bessel
filter for current was set to 100 kHz, and the sampling frequency
was set to 200 kHz. Responses to positive and negative pulses

Abbreviations: ACy, capacitance change; Cm,, membrane capacitance; Ra, access resistance;
Rm, membrane resistance.
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were averaged separately and plotted against each other for
corresponding time points; experiments with signs of nonlinear-
ity (slope <0.99 or >1.01) were discarded (5 of 17 boutons). For
subsequent analysis, average responses to positive pulses (for
0.02 ms < ¢ = 5 ms) were used. To obtain a morphology-based
model, boutons were filled with 0.1% biocytin during recording
(36). Slices were fixed with 2.5% paraformaldehyde, 1.25%
glutaraldehyde, and 15% picric acid and were developed with
avidin-biotinylated horseradish peroxidase complex (ABC, Vec-
tor Laboratories), using 0.05% 3,3’-diaminobenzidine as chro-
mogen. One biocytin-filled bouton was selected for reconstruc-
tion with a light microscope (X100 oil immersion objective;
NEUROLUCIDA 3 system, MicroBrightField, Colchester, VT). No
correction was made for shrinkage. The diameter of the axon was
0.14-0.40 um, consistent with electron-microscopic data (34).
After conversion into NEURON format, access resistance, shunt
conductance, and specific parameters Cp, R;, and R, were
determined by direct fitting of the current transients (37) with
Fitpraxis of NEURON 5.1 (ref. 38; 1-us time step). Current
transients were also fitted by simple equivalent electrical models.
A one-compartment model, a two-compartment model, a model
with one compartment and an attached cylinder, and a three-
compartment model were tested. For the two- and three-
compartment models, the circuit was assembled in the Laplace
domain, and the current as a function of time was obtained by
inverse Laplace transformation. For the compartment-cylinder
model, the current transient was calculated as reported (39).
Direct fitting was performed with MATHEMATICA 4.1 (Wolfram
Research, Champaign, IL), minimizing the sum of squares of
differences between measured and simulated traces. To achieve
uniqueness, the number of free parameters was reduced by
homogeneity assumptions (R, Cr, = const., which gives five free
parameters for both the two-compartment model and the com-
partment-cylinder model and seven free parameters for the
three-compartment model).

Evaluation of Different Methods for Capacitance Measurements by
Using the Morphology-Based Model. The performance of square-
pulse and sine-wave methods was evaluated by using the mor-
phology-based model. Current transients or sine-wave responses
were simulated in NEURON (1-us time step), applying square or
sinusoidal voltage commands at the bouton. “Sample” frequen-
cies were 200 and 50 kHz, respectively, for square and sinusoidal
commands. Gaussian noise with realistic amplitude was gener-
ated by using the random number generator of MATHEMATICA.
Noise was filtered at 100 kHz for the square-pulse responses and
10 kHz for the sine-wave responses (Gaussian filter), and points
corresponding to the sample points of simulated traces were
added. Square-pulse techniques (40) were tested as described
above (for 0.02 ms < ¢ = 5 ms). Sine-wave techniques were tested
as follows. Amplitude and phase of the resulting current were
determined under steady-state conditions by fitting with a
sinusoidal function or the sum of two sinusoidal functions.
Amplitude and phase were converted into real and imaginary
parts of the complex admittance. For the single sine-wave
technique, real part, imaginary part, and dc were converted into
Chm, Ry, and Ry, by using equation 28 of Gillis (26). For the double
sine-wave technique, real parts and imaginary parts for the two
frequencies were converted into Cy,, R,, and Ry, according to
Rohlicek and Schmid (ref. 41; and see ref. 42). Changes were
implemented as an increase in specific membrane capacitance or
a decrease in specific resistance at a given position. To estimate
the noise in Cp, measurements due to thermal (Johnson) fluc-
tuations in resistors, the power spectral density of the current
noise was calculated as Si(f) = 4kgT Re[Y], where kg is the
Boltzmann constant, 7 is the absolute temperature, and Re[Y] is
the real part of the admittance of the morphology-based model.
The current variance at a given bandwidth was determined by
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using equations 48 and 49 of Gillis (26) and converted into
the Cp, noise by using a linear approximation [equation 50 of
Gillis (26)].

Capacitance Measurements in Mossy Fiber Terminals. Capacitance
measurements in whole-cell recorded hippocampal mossy fiber
terminals were performed by using the “sine + dc”” mode (25)
of the software lock-in extension of PULSE in the EPC-9/2
amplifier. The sine-wave frequency was set to 5 kHz and the peak
amplitude was set to =50 mV; the holding potential was —100
mV. The internal two-pole Bessel filter for stimulus voltage was
set to 20 us, the three-pole Bessel filter for current was set to 10
kHz, and the sampling frequency was set to 50 kHz. The reversal
potential of the dc was assumed to be 0 mV. To evoke release,
0.2- to 100-ms pulses to 0 mV were applied every 5-15 s.
Measurements of capacitance changes were performed in a time
interval <10 min after the whole-cell configuration was estab-
lished. Because the membrane time constant 7, of the bouton
was ~10 ms, a time interval of 3 7, (30 ms) after the pulse was
considered invalid and blanked from the Cy, recordings. ACy, was
measured as the difference of C,, 50 ms before and 200-300 ms
after the step, except in the experiments in which sine-wave and
square-pulse techniques were compared (difference of Cp, 2 s
before and 2 s after the step). With these settings, the contri-
bution of Na* channel gating charge movements is likely to be
small (43, 44). First, the high sine-wave frequency will minimize
gating charge effects (44). Second, the observed ACy, is unlikely
to be generated directly by gating charge movements, which are
much faster. It is also unlikely to arise from charge immobili-
zation due to inactivation, because recovery of Na* channels
from inactivation is complete within ~20 ms in mossy fiber
terminals (P.J., unpublished work). Finally, if significant charge
immobilization occurred, we would expect a decrease of Cp,
rather than an increase, after the pulse. To examine exocytosis,
data were recorded at a resolution of one sine-wave cycle per
data point. ACy, versus pulse duration relations were fitted with
the sum of two exponentials. Only experiments with a signal-
to-noise ratio (defined as ACy, at 10 ms divided by standard
deviation of data points around the fitted curve) >2 were used.
Amplitude-weighted decay time constants, 7, were calculated as
(A1 + Axm)/(A1 + Az), where Ay and A, are amplitudes and
7 and T, are time constants of the components. In 1 of 26
recordings, the stimulus evoked a negative ACy, significantly
larger than the recording noise; this experiment was excluded
from the analysis. To examine endocytosis, data were averaged
(25 sine-wave cycles per data point) and reduced (0.1 Hz) before
storage. To determine the endocytosis time constant, traces were
corrected for drifts by linear regression to the baseline, and the
decay was fitted with a single exponential plus an offset. In a
subset of experiments (Fig. 3F), 4 uM tetanus toxin, 0.3 mM
DTT, and 0.1% BSA were added to the pipette solution. These
experiments were performed at 34°C to promote the action of
the toxin (45, 46).

Results

Standard capacitance measurement techniques were originally
developed for single compartments (24-26), and it is unclear
whether they can be extended to complex structures such as
mossy fiber terminals (47-49). To determine the number of
compartments necessary to represent the electrical structure of
the mossy fiber terminals, we compared different models, start-
ing from a model based on realistic morphological properties. A
whole-cell-recorded biocytin-filled bouton was selected for re-
construction (Fig. 14), and the previously recorded current
transients were analyzed by direct fitting (Fig. 1B; ref. 37). This
analysis gave a realistic electrical model of the bouton, with a
membrane time constant, 7,,, of 9.4 ms. Next, several reduced
models were tested. In the reconstructed bouton, a three-
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Fig. 1. Performance of capacitance measurement methods in a morphology-
based electrical model of hippocampal mossy fiber terminals. (A) Photomicro-
graph of a bouton in stratum lucidum filled with biocytin during recording. The
reconstructed morphology is shown superimposed (scale bar, 10 um). (B) Average
current transient (50 individual sweeps) in the same bouton in response to 5-ms
pulses from —100 mV to —80 mV, superimposed with the predictions of the
morphology-based model (white curve) and the simple compartmental models
(see model schematics for color code) obtained by direct fitting (for 0.02ms < t =
5 ms). Direct fitting yielded an access resistance of 30.7 M), a shunt resistance of
11.6 G(), an apparent specific membrane capacitance of 2.3 uF-cm~2, a cytoplas-
mic resistivity of 124 Q-cm, and a specific membrane resistance of 4,100 Q-cm2.
Although the high apparent specific membrane capacitance suggests an under-
estimation of the surface area in the light-microscopic reconstruction, the model
is expected to realistically capture the electrical properties. (C) Sum of squares of
differences (x?) between recorded and calculated current transients for simple
compartmental models (n = 12). When the same recorded transients were fitted
with the sum of three exponentials, mean time constants of 1 = 21 = 1 us, » =
113 = 8 us, and 13 = 985 + 70 us were obtained. (D) Illustration of the three-
compartment square-pulse technique [SQs; pulse duration 1 ms; current noise o =
50 pA/V/50 (to simulate averaging of 50 traces)]. (E) Accuracy of ACmi, ARai, and
ARmi (i = 1 ... 3) estimates for SQs. (F) lllustration of the one-compartment
square-pulse technique (SQy; black; pulse duration 0.2 ms), the double sine-wave
technique (SW5; gray; frequencies 2.5 and 5 kHz), and the single sine-wave
technique (SWs; red; frequency 5 kHz). (G) Accuracy of ACm, AR, and ARny
estimates for SQ1, SW5, and SW;. In all cases, a capacitance increase of 100 fF was
simulated at the bouton in the morphology-based model. The peak-to-peak
amplitude of the command voltage was =50 mV. Noise was o = 50 pA and was
filtered at 100 kHz for SQ3 and SQ;, and at 10 kHz for SW, and SW;. In E and G,
error bars represent standard deviations.

compartment model provided a markedly better fit than the
one-compartment, two-compartment, or compartment-cylinder
models; the three-compartment model was only slightly inferior
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to the morphology-based model (Fig. 1B). Among the reduced
models, the three-compartment model gave the best fit of the
current transients in 12 of 12 boutons (Fig. 1C). On average, the
capacitance of the first compartment, presumably corresponding
to the presynaptic terminal, was Cr,; = 1.44 = 0.20 pF, whereas
the capacitances of the higher compartments were 0.92 = 0.14
and 3.33 = 0.57 pF. For the three-compartment model, the mean
access resistances, R, (i = 1...3), were 20.8 = 1.6, 128 = 18,
and 442 = 55 M(), and the mean membrane resistances, Rpy;,
were 4.8 £ 0.7, 8.5 = 1.6, and 2.7 = 0.7 GQ (n = 12). Thus Cy
is ~10 times smaller than at the calyx of Held (32, 50).

The capacitance changes caused by exocytosis in mossy fiber
terminals are expected to be near the absolute limits of resolu-
tion of established methods. Therefore, we systematically eval-
uated the performance of different techniques in the presence of
recording noise, with a plausible presynaptic capacitance in-
crease implemented at the bouton in the morphology-based
model (AC,, = 100 fF). We first considered using a three-
compartment square-pulse technique (SQs) for real-time mea-
surements of presynaptic capacitance changes. However, al-
though the SQj; technique provided accurate estimates of the
parameters of the first compartment, the temporal resolution
was clearly insufficient, because averaging of several traces was
necessary to obtain robust results (Fig. 1 D and E). We therefore
explored alternative approaches, such as a one-compartment
square-pulse technique (SQj; ref. 40), a double sine-wave tech-
nique (SW, “Rohlicek”; ref. 41), and a single sine-wave tech-
nique (SWy, “sine + dc”; ref. 25). Identical command voltage
amplitudes were chosen to allow a rigorous comparison. For a
given temporal resolution, the accuracy of ACy, measurements
(measured AC,,/implemented ACy,) was similar for the three
techniques, but the best amplitude resolution was obtained with
the single sine-wave approach (Fig. 1 F and G).

To be able to use the sine-wave method as a quantitative assay
of exocytosis in mossy fiber terminals, we performed additional
tests of accuracy and specificity (Fig. 2). The accuracy of the
method in the morphology-based model was frequency depen-
dent, rising with increasing sine-wave frequency (Fig. 2A4).
However, the predicted thermal noise of C, measurements
increased at higher frequencies, limiting the maximal sine-wave
frequency that can be used experimentally to roughly 5 kHz (Fig.
2B). To examine the possibility of cross-talk of any parameters
other than presynaptic capacitance onto the ACy, signal, we
simulated plausible capacitance increases (ACy, = 100 fF) and
large conductance increases (AGy, = 0.5 nS, corresponding to a
maximal increase of ~100%) at presynaptic and various axonal
locations in the morphology-based model with 5 kHz sine-wave
frequency (Fig. 2 C and D). Capacitance increases in the
presynaptic compartment were monitored accurately, although
they were associated with AR, signals in the opposite direction.
The relation between measured AC,, and implemented ACp;
was linear, and the accuracy of the measurement was 91% (Fig.
2C Left). Changes in the access resistance AR,; were monitored
precisely, without effect on the other parameters (Fig. 2C
Center). Conductance increases were also determined accu-
rately, although they were associated with a small positive ACy,
signal (Fig. 2C Right). For capacitance increases in more distant
compartments, the ACy, signal decayed steeply as a function of
distance from the presynaptic site (Fig. 2D Left; ~3 um per
e-fold change), whereas for conductance increases in more
distant compartments the AR,, signal declined gradually (Fig. 2D
Right; 56 pm per e-fold change). Interestingly, the sign of AR,
after simulated exocytosis reversed at a distance of ~2 um (Fig.
2D Left). In conclusion, the high-frequency sine-wave technique
showed a high spatial resolution and specificity, consistent with
earlier conclusions (21). Cross-talk to the Cp, trace was minimal,
except for large conductance changes in the presynaptic termi-
nal; however, such conductance changes would be readily de-
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Fig. 2. High-frequency sine-wave techniques provide an accurate and spe-
cific assay of exocytosis from mossy fiber terminals. (A) Accuracy of AC, (red),
AR, (blue), and AR, (green) estimates, plotted against sine-wave frequency f,
for a AC, of 100 fF at the bouton in the morphology-based model. Model
parameters were identical to those specified in the legend of Fig. 1B. (B)
Predicted thermal noise of C, estimates at a bandwidth of 5 kHz, plotted
against sine-wave frequency. Noise was calculated from the complex admit-
tance of the morphology-based model. (C) ACy, AR, and ARy, measured by a
5-kHz sine-wave technique after changes in membrane capacitance ACny;
(Left), access resistance AR,1 (Center), or membrane conductance AGn (Right)
in the first compartment (bouton) of the morphology-based model. (D) ACy,
AR,, and ARy, measured by the sine-wave technique after changes in mem-
brane capacitance (ACy, = 100 fF; Left) and membrane conductance (AGy, = 0.5
nS; Right) in different axonal compartments, plotted against the location of
the change (x, measured from the point of emergence of the axon from the
bouton). Similar calculations were performed to address three additional
potential errors: (i) Errors in reversal potential setting (Erey = —50 mV instead
of 0 mV); results were almost identical. (ii) Phase errors (1°); results were very
similar, except for a larger AR, in C Center. (iii) Incomplete pipette compen-
sation (first four cylinders of pipette model taken from ref. 59, 150 fF total
pipette capacitance); results were similar except in C Left (smaller AR,) and C
Center (larger —ACp).

tected in the Ry, trace. As the sign of AR, reverses with distance,
the AR, signal provides information about the locus of the
capacitance increase, with negative values indicating changes
directly in the presynaptic terminal.

To probe fundamental properties of exocytosis, we applied the
high-frequency sine-wave technique to whole-cell recorded
mossy fiber terminals (Fig. 3). To induce transmitter release,
Ca?* inflow was evoked by 30-ms voltage pulses in the presence
of blockers of voltage-gated Na* and K* channels; a stimulus
amplitude of 0 mV was chosen to maximize the presynaptic Ca?*
current (23). In the presynaptic recording illustrated, the 30-ms
stimulus evoked an increase of Cy, by 23 fF, a decrease of R, by
0.12 MQ, and a decrease of Ry by 0.037 GQ (Fig. 34). On
average, a 30-ms pulse led to a mean ACy, of 101 = 48 fF (Fig.
3B;n = 12). The size of AC,, was only weakly correlated with the
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peak amplitude of the presynaptic Ca>* current (Fig. 3 C and D;
r=0.24, P > 0.05), indicating that the amplitude of ACy, was not
limited by presynaptic Ca?* inflow.

The results raise additional questions: Are the observed
capacitance increases generated at the presynaptic terminal, and
if so, are they unequivocally related to exocytosis? A highly
significant correlation between ACy, and —AR, was found (r =
0.91, P < 0.001), as quantitatively predicted from the bouton
models (Fig. 3E, curves). This is consistent with the hypothesis
that the capacitance increases were generated in the mossy fiber
terminal rather than the axon or the filopodial extensions
(47-49). Furthermore, 4 uM tetanus neurotoxin applied to the
intracellular solution blocked the capacitance signals; ACy, in the
presence of tetanus toxin was 18% of AC,, in interleaved controls
under identical recording conditions (Fig. 3F; P < 0.05). Because
tetanus toxin selectively cleaves synaptobrevin (45, 46), these
experiments show that the capacitance signals were caused by
exocytosis. In conclusion, our results indicate that voltage pulses
evoke large exocytosis-related capacitance increases in hip-
pocampal mossy fiber terminals, comparable in size to those
recently reported in the calyx of Held (14, 19). With a single-
vesicle AC,, of =70 aF, obtained from a mean clear vesicle
diameter of 47 nm in mossy fiber terminals (figure 7D of ref. 52;
see refs. 19 and 53) and a specific membrane capacitance of 1 uF
cm™2, the ACy, evoked by 30-ms pulses corresponds to the fusion
of ~1,400 vesicles. A potential caveat is that mossy fiber termi-
nals contain a small proportion of large dense-core vesicles,
which will lead to an overestimation of pool size.

Capacitance measurements allowed us to quantify rates in the
synaptic vesicle cycle at hippocampal mossy fiber synapses (Fig. 3
G-I). To determine the size of the releasable pool and the maximal
rate of exocytosis, the length of the depolarizing pulse was varied
between 0.2 and 100 ms, and AC,, was plotted against pulse
duration (Fig. 3G). ACy, rose steeply for short pulses but ap-
proached saturation with longer pulses. In the experiment shown,
the time course was biexponential, with time constants of 1.6 and
22 ms, suggesting that readily releasable and slowly releasable pools
coexist at mossy fiber synapses (51). In the experiment illustrated,
the amplitude-weighted time constant (ry) was 15 ms; on average,
Tw was 21 = 3 ms (n = 3). The maximal release rate, determined
as pool size (for 30-ms pulse) divided by ,, was ~70 vesicles per
millisecond. Thirty-millisecond pulses evoked near-maximal ACp,
signals (Fig. 3G), indicating that the ACy, obtained with this pulse
duration is an adequate measure of the size of the releasable pool
of synaptic vesicles. After a stimulus that produced pool depletion,
the capacitance signal decayed back to baseline within several
seconds, presumably reflecting membrane retrieval by endocytosis
(Fig. 3 H and I). On average, the endocytosis time constant was
9.0 = 5.5 s (n = 3) and the extent of endocytosis measured 10 s after
the peak was 105 * 53% (n = 4). With our estimate of a releasable
pool size of ~1,400 vesicles, the time constant corresponds to a
maximal rate of endocytosis of ~160 vesicles per s.

Discussion

In the present paper, three major findings are reported. First, we
define the conditions under which techniques for capacitance
measurements can be applied to small presynaptic terminals
comprised of multiple electrical compartments. Second, we
report a direct presynaptic measurement of the size of the
releasable vesicle pool at a cortical glutamatergic synapse. We
estimate that the releasable vesicle pool in mossy fiber terminals
is comprised of ~1,400 vesicles. Thus, the pool is substantially
larger than previously reported for glutamatergic synapses in
primary culture (27, 28). This apparent disagreement is probably
due to differences between both synapse types and assays (pre-
versus postsynaptic). Third, we made real-time measurements of
endocytosis in mossy fiber terminals. Whereas exocytosis occurs
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Fig. 3. Large pool size and rapid vesicle cycling in hippocampal mossy fiber
terminals. (A) Changes in Cm, Ra, and Ry evoked by a 30-ms pulse. Vertical gray
bars indicate regions for analysis. (B) Summary plots of ACy, AR,, and ARy,
evoked by 30-ms pulses. Bars represent means = SEM; symbols indicate
individual experiments (n = 12). In three experiments, sine-wave method SW;
and square-pulse technique SQsz (100-mV amplitude) were applied in an
interleaved manner at 2 Hz. In these experiments, SWj gave ACy, = 22 fF, AR, =
—0.6 MQ, and AR, = —0.6 GQ, in approximate agreement with the results of
SQ3 (ACm1 = 41 fF, ARa1 = —0.3 MQ, and ARt = —0.08 GQ); corresponding Cm
and Cp1 noise values were 2.3 fF versus 18.4 fF. (C) Voltage-command and
corresponding Ca2* current (corrected for leak and capacitive current) in the
same bouton shown in A. Note the sine-wave stimulation before and after the
stimulus (5 kHz, =50 mV). (D) Double-logarithmic scatter plot of ACy, versus
peak Ca?* current. The line represents linear regression. (E) Double-
logarithmic scatter plot of —AR, versus ACy. Filled circles represent data
obtained with the 30-ms pulses shown in B; open circles illustrate experiments
with different pulse durations (0.2-100 ms; n = 33 total; seven data points
outside plotting range). Lines represent predictions of the morphology-based
(black) and three-compartment models (gray). (F) ACy, signals evoked by 5-ms
pulses in control conditions and in the presence of 4 uM tetanus toxin (record-
ing temperature 34°C; *, P < 0.05). The peak Ca?* current was not different
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within milliseconds, endocytosis proceeds on a time scale of
seconds.

Whereas sine-wave techniques for capacitance measurements
were originally developed for single-compartment structures (25,
26), mossy fiber terminals are electrically complex. Presumably,
the three compartments in our reduced representation (Fig. 1B)
represent the presynaptic terminal, the axon, and the filopodial
extensions (47-49). Extensive tests based on the morphology-
based model show that high-frequency sine-wave techniques
probe AC,, accurately. However, the structural complexity in-
troduces a correlation between ACy, and —AR,. Intuitively, this
apparent AR, can be understood as follows. If a complex
structure with distributed capacitances and resistors is approx-
imated with a single-compartment formalism, the measured R,
is expected to be the weighted mean of R,1, Ra1 + Ra, - - .,
Ra1 + - -+ + Ran, with weights related to the capacitances Cp,; of
the ith compartment (i = 1 ... n). If an increase in Cy, occurs
in the first compartment, the weight of R,; increases and the
measured R, shifts toward R,;. In contrast, if an increase of Cp,
occurs in higher compartments, R, shifts in the opposite direc-
tion. Thus, the sign of AR, provides information about the
location of the change. For the mossy fiber terminals, the
negative AR, implies that the ACy, signal is generated at the pre-
synaptic terminal rather than filopodial extensions or axon.

Using presynaptic capacitance measurements, we derived a
quantitative picture of exo- and endocytosis at mossy fiber
terminals. The releasable pool is comprised of ~1,400 vesicles.
With 37 active zones per large mossy fiber terminal based on
serial electron microscopy (47), this translates into ~40 vesicles
per active zone. Because these ~40 vesicles are released within
a 30-ms time interval (Fig. 3G), the present results argue strongly
in favor of multivesicular release (31, 32) but against lateral
inhibition (54) or fast adaptation of the Ca?* sensor (55) at this
synapse under our conditions. For 37 active zones (47), the
maximal rate of endocytosis after complete pool depletion can
be estimated as (=160 vesicles per s)/37 = ~4 vesicles per s per
active zone. These quantitative results in mossy fiber terminals
contrast with previous data at the calyx of Held. Although the
size of the releasable pool is comparable at the two types of
synapses (~1,400 and ~700 to ~8,000 vesicles, respectively; refs.
14, 19, 29, 30, and 32), the number of releasable vesicles per
active zone is substantially larger (=40 versus ~4,000/554 = ~7,
ref. 53) and the rate of endocytosis per active zone after pool
depletion is faster at the mossy fiber terminals than at the calyx
(=4 versus ~0.5 vesicles per s; refs. 14 and 19).

Previous studies showed that the brief presynaptic action poten-
tial in mossy fiber terminals (22) is a highly efficient stimulus for
activating presynaptic Ca?>" channels (23). The present results,
however, suggest that the Ca?" inflow associated with a single
presynaptic action potential (half-duration 580 us; ref. 23) releases
only a very small fraction of the vesicle pool (Fig. 3G). In contrast,
high-frequency trains of presynaptic action potentials, perhaps in

in the two sets of measurements (P > 0.5). (G Left) ACy, signals evoked by 1-,
10-, 30-, and 100-ms test pulses, preceded by a 1.2-ms prepulse to 65 mV to
maximally activate Ca2* channels without Ca2* inflow. A rapid component of
endocytosis was not apparent under these conditions (19). (G Right) ACn,
plotted against test-pulse duration. Note that ACy, saturates at a pulse dura-
tion of ~30 ms. The continuous curve represents a biexponential function
fitted to the data points (11 = 1.6 ms, 7, = 22 ms); exponential components are
shown superimposed. Data points represent single measurements, except for
pulse durations <1 ms (means of five measurements). (H) ACr, signals evoked
by two 30-ms pulses shown on a slow time scale. The membrane capacitance
decays back to baseline with a time constant of 2.2 s. (/) Summary plot of
endocytosis time constants (Left; n = 3) and percentage of recovery after 10 s
(Right; n = 4). Note the variable endocytosis time course and extent, as well as
the excess endocytosis in one recording.
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combination with action potential broadening (22), will be needed
to release a larger fraction. At the mossy fiber—cornu ammonis area
3 (CA3) pyramidal neuron synapse, high-frequency stimulation
leads to an almost 10-fold increase in synaptic strength, because of
frequency facilitation, posttetanic potentiation, and long-term po-
tentiation (56, 57). Because all of these activity-dependent changes
are probably expressed presynaptically, the large number of vesicles
per active zone at the mossy fiber synapse provides a straightfor-
ward explanation for their unique extent. The large pool may also
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help to understand the impact of mossy fiber synaptic transmission
during presynaptic spike trains in vivo (58).
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