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Calcium Control of Endocytic Capacity at a CNS Synapse
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The ability to recycle synaptic vesicles is a crucial property of nerve terminals that allows maintenance of synaptic transmission. Using
high-sensitivity optical approaches at hippocampal nerve terminals in dissociated neurons in culture, we show that modulation of
endocytosis can be achieved by expansion of the endocytic capacity. Our experiments indicate that the endocytic capacity, the maximum
number of synaptic vesicles that can be internalized in parallel at individual synapses, is tightly controlled by intracellular calcium levels.
Increasing levels of intracellular calcium, which occurs as firing frequency increases, significantly increases the endocytic capacity. At
physiological temperature after 30 Hz firing, these synapses are capable of endocytosing at least ⬃28 vesicles in parallel, each with a time
constant of ⬃6 s. This calcium-dependent control of endocytic capacity reveals a potentially useful adaptive response to high-frequency
activity to increase endocytic rates under conditions of vesicle pool depletion.
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Introduction
After neurotransmitter release at nerve terminals, synaptic vesicle
components are recycled for further rounds of reuse. The speed
of this process in part determines how quickly vesicle pools become depleted during activity, which in turn impacts synaptic
efficacy. We recently demonstrated that endocytosis after single
vesicle fusion is a stochastic process with a mean retrieval time of
⬃14 s (Balaji and Ryan, 2007) at small synapses in the CNS, and
others have recently shown that retrieval for modest stimulation
appears to operate via clathrin-mediated endocytosis (Granseth
et al., 2006). During repetitive stimulation, the ability to assemble
multiple clathrin-coated pits will be necessary to provide efficient
vesicle recycling unless other mechanisms of retrieval become
operational. The number of such sites that can operate in parallel
will effectively determine the endocytic capacity of the synapse in
question. In our original observations using synaptopHluorins
(spH) (Sankaranarayanan and Ryan, 2000), we discovered that,
with sufficient stimulation, endocytosis operates at a constant
rate, suggesting that the synapse was operating under conditions
in which this capacity was saturated. Improvements in measurement sensitivity based on tagging alternate synaptic vesicle proteins that have lower surface expression showed that the characteristic endocytic retrieval time remains invariant at ⬃14 s for up
to 40 action potential (AP) stimuli (Granseth et al., 2006), suggesting that for this level of stimulation, all vesicles undergoing
exocytosis are endocytosed in parallel, with each vesicle having a
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mean endocytosis time of ⬃14 s. We took advantage of recent
improvements in optical collection efficiencies in our measurements (Balaji and Ryan, 2007) to examine the question of how
endocytosis speed depends on the amount of surface accumulation of synaptic components by examining this for a large number of trials over a wide range of stimulation (from 5 to 500 AP) at
each synapse. This approach shows that the time constant for
endocytosis is invariant below a critical level of accumulation of
synaptic vesicle components, but begins to slow only above this
threshold.
Previous studies have shown that two variables that modulate
endocytosis at synapses are intracellular calcium levels and temperature. We show here that the endocytic capacity is dynamically modulated by increases in intracellular calcium but that the
fundamental time constant for each vesicle is relatively insensitive to intracellular calcium levels. Elevation of the temperature
to 36°C in contrast results in a significant increase in the speed of
endocytosis of each vesicle. These measurements reveal that calcium plays a critical role in the adaptive response of the synapse to
increased endocytic loads, and reveals two distinct properties of
the endocytic machinery that serve as potential substrates for
modulation.

Materials and Methods
Cell culture. Hippocampal CA3–CA1 regions were dissected from 1- to
3-d-old Sprague Dawley rats, dissociated, and plated onto polyornithine-coated glass for 14 –25 d as previously described (Ryan and
Smith, 1995). vGlut1-pHluorin/synaptopHluorin was transfected 6 – 8 d
after plating. Experiments were performed 14 –25 d after plating (8 –18 d
after transfection), and the coverslips were mounted in a rapidswitching, laminar-flow perfusion and stimulation chamber (volume
⬃75 l) on the stage of a custom-built laser illuminated epifluorescence
microscope or a custom-built laser-scanning microscope. Images were
acquired with Andor iXon⫹ (Model # DU-897E-BV) back-illuminated
EMCCD camera in the epifluorescence microscope or using customwritten control software for LSM. Action potentials were evoked by pass-

Balaji et al. • Adaptive Control of Endocytic Capacity

J. Neurosci., June 25, 2008 • 28(26):6742– 6749 • 6743

ing 1 ms current pulses, yielding fields of ⬃10
V/cm via platinum-iridium electrodes. Cells
were continuously perfused (1–1.5 ml/min,
⬃25°C) in a saline solution containing (in mM)
119 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES
(buffered to pH 7.4), 30 glucose, 10 M CNQX
(6-cyano-7-nitroquinoxaline-2,3-dione) (Research Biochemicals), and 50 M AP5 (D,L-2amino-5-phosphonovaleric acid) (Research
Biochemicals). When lower [CaCl2] was used,
[MgCl2] was increased to keep the divalent ion
concentration constant. Unless otherwise
noted, all chemicals were obtained from Sigma.
Physiological temperature experiments were
done with a custom-built proportional current
controller heating the microscope objective.
The objective was maintained at 36°C, with the Figure 1. A, B, The rate of decay of synaptopHluorin (A) and vGlut-pHluorin (B) fluorescence after action potential stimulation
sample being within ⬃1°C of the objective. For reaches a limiting value during a prolonged stimulus. The lines in A and B are the fluorescence response of synaptopHluorin- and
physiological temperature experiments, the vGpH-transfected synaptic boutons, respectively, that are subject to varying duration of stimulus (50, 70, 100, 150, 200, 300, 400,
same saline solution was buffered to pH 7.4 at and 500 AP at 10 Hz for spH; 50, 75, 100, 150, 200, 250, and 300 at 10 Hz AP for vGpH). The peak of the pHluorin response is
36°C and continuously perfused at 200 – 400 proportional to surface accumulation of the vesicular membrane at the end of the stimulus. The dashed curves are the response of
the same set of boutons for action potentials fired at 33 Hz for 10 s, which provides a measure of the total recycling pool.
l/min.
Calcium dye measurements. The AM esters of
larger value in spH cells compared with vGlut-pHluorin (vGpH)Fluo-3 or Mag Green (Invitrogen) were added to get a final concentratransfected cells. We suspect that this difference might arise from the
tion of 10 M. After a 15 min incubation, the dye was washed off for 10
tendency of our spH vector to express more frequently in GABAergic
min, and then the response was recorded using a laser-scanning microcells than the vGpH vector.
scope in the line scanning mode. Presynaptic varicosities were chosen for
The cumulative exocytosis curve during a sustained stimulation (see
line-scan imaging. The fractional change in fluorescence at steady state is
Fig. 3C) is constructed by summing the instantaneous fluorescence
measured as a function of different frequencies at 2 mM external calcium
changes associated with each stimulus. The mean fluorescence curve is
and at 10 Hz stimulation at 1–3 mM external calcium. These fractional
constructed by taking the instantaneous fluorescence one time point
changes were measured for both Fluo-3 and Mag Green to ensure that the
before the arrival of the stimulus. The apparent endocytosis curve is
measurements are not obscured by low sensitivity (Mag Green) or dye
constructed by subtracting the fluorescence curve from the exocytosis
saturation (Fluo-3).
curve point by point.
Optical setup. Measurements were made either using a custom-built
laser-scanning confocal microscope based on Zeiss Axiovert 200 modified to use either a GaAsP photomultiplier module (H7422– 40;
Results
Hamamatsu) as a non-descanned detector for enhanced sensitivity or by
Following endocytosis using pHluorins after small and
epifluorescence microscopy. In the latter case, we used laser illumination
prolonged stimulus
2
(⬍0.5 W/m , 488 nm) with the beam sufficiently expanded to get
To examine the endocytic behavior as a function of the accumunear uniform illumination, and images were collected with an Andor
lation of vesicle proteins on the synaptic surface, we made use of
⫹
iXon⫹ (Model # DU-897E-BV) back-illuminated EMCCD camera. Ar
quantitative measurements of dynamic behavior of pHluorinion laser or a solid-state diode-pumped 488 nm laser that was shuttered
tagged vesicle proteins after AP firing. pHluorins are a variant of
using acousto-optic modulation in all periods during which we were not
GFP whose fluorescence is quenched by proton binding with a
acquiring data served as a common light source for both setups. FluorespKa of ⬃7.1 (Sankaranarayanan et al., 2000). When targeted to
cence excitation and collection was done through a 40⫻ 1.3 numerical
aperture Fluar Zeiss objective using 515–560 nm emission and 510 nm
the lumen of a synaptic vesicle, the fluorescence is quenched, and
dichroic filters.
after exocytosis and exposure to the more alkaline environment
Image and data analysis. Images were analyzed in ImageJ (http://rsb.
of the extracellular milieu, the quenching is relieved, resulting in
info.nih.gov/ij/) using a custom-written plugin (http://rsb.info.
an ⬃25-fold increase in fluorescence. During continuous AP firnih.gov/ij/plugins/time-series.html). All functionally visible varicosities
ing, the fluorescence at any given time corresponds to a net balwere selected for analysis by testing their responsiveness to multiple
ance of exocytosis and endocytosis (Sankaranarayanan and Ryan,
(3– 4) rounds of test stimuli delivered as 6 AP trains at 33 Hz. The fluo2000; Fernandez-Alfonso and Ryan, 2004). The net fluorescence
rescence intensity within a circular region of interest of 1.25 m radius
change reflects the accumulation of pHluorin-tagged protein on
were averaged together for each bouton, which avoided fluorescence
the synaptic surface; because the time constant for reacidification
decay caused by faster diffusive processes (Granseth et al., 2006). Furis ⬃4 s (Atluri and Ryan, 2006; Granseth et al., 2006), the contrithermore, it can be seen from Equations 2 and 7 of the Appendix that for
bution from recently endocytosed and alkaline vesicles is minit ⬎ r, the contribution from reacidification is negligibly small, and the
fluorescence decay [F(t) in Eq. 7] reduces to a single exponential. The
mal. After stimulation, the rate of decay of fluorescence provides
later part of the ensemble average response (t ⬎ stimulus time or 4 s for
a good measure of the rate of endocytosis. We used this property
stimulus time ⬍4 s) was fit to an exponential. For analysis of the endoto examine how endocytosis varied as a function of the amount of
cytic capacity, the endocytic constants in the presaturated region (see
accumulation on the synaptic surface, by examining the fluoresResults) are used for normalization. Stimulation for 10 s at 33 Hz was
cence responses to varied lengths of stimulus at constant firing
used to estimate the total recycling vesicle pool size in each experiment.
frequency. Figure 1 shows an example of the ensemble response
We previously showed that the peak accumulation for such experiments
from a population of synaptic boutons from either spHis ⬃85% of the total recycling pool measured using bafilomycin
transfected (Fig. 1 A) or vGpH-transfected (Fig. 1 B) hippocam(Fernandez-Alfonso and Ryan, 2004). Fig. S1 A (available at www.
pal neurons stimulated for varied duration at 10 Hz. In each case
jneurosci.org as supplemental material) shows the average time conthe fluorescence reached different peak levels depending on the
stants used to normalize various runs. In general, we find that there is
slightly greater heterogeneity across cells in the value of 0 and a slightly
duration of action potential firing. The degree of accumulation
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tion (see Materials and Methods). For
lower accumulations, the value of  was invariant, in agreement with recent measurements using pHluorin-tagged synaptophysin (Granseth et al., 2006). To measure the
degree to which endocytosis slowed as a
function of accumulation in different cells,
we normalized the values of  to the average value in the invariant region (stimuli of
⬍100 AP) in each experiment. This allows
us to bring out any phenomenon that is
obscured by the small intrinsic variability
from cell to cell of the nonsaturating value
of . A plot of the normalized  values for
many experiments with 10 Hz stimulation
as a function of surface accumulation (Fig.
2C,D) shows two clearly different regimes:
below ⬃45% surface accumulation,  was
independent of accumulation, but above
this value, it increased linearly. This suggests the existence of saturable endocytosis
as hypothesized before (Sankaranarayanan
and Ryan, 2000). Both spH (Fig. 2C) and
vGpH (Fig. 2 D) showed that the saturation
occurs at similar surface accumulation levels. These experiments indicate that there
are two distinct operational regimes for endocytosis. We quantified the transition beFigure 2. Poststimulus decay in pHluorin response fits well to single-exponential decay. A, B, Open circles are the average tween these two regimes to a first approxifluorescent traces of boutons transfected with spH and vGpH, respectively (⬃30 boutons in each case). The line is the exponential
mation as the point on the abscissa where
fit to the data. C, D, The time constants for synaptopHluorin- (n ⫽ 3 cells, 45– 60 boutons each) and vGpH- (n ⫽ 4 cells, 30 –50
boutons each) transfected neurons measured as a function of surface accumulation. The decay constants start to increase after the straight line fit to the saturation regime
⬃45% for each pHluorin-tagged synaptic vesicle protein. The increasing decay constants fit to a straight line. The point at which is unity. It should be noted that this apthis line intersects the fundamental time constant (normalized to unity) yields the Cendo of the cell. For spH (C), the mean time proach to defining the transition is only for
convenience, because the actual transition
constant in the nonsaturating region is 19.5 ⫾ 1.3 s, and for vGpH (D), it is 14.2 ⫾ 2.2 s.
is likely to be more gradual, as would be
expected of any pseudo-first-order reaccan be normalized in each experiment to the peak reached during
tion. We operationally defined this transition point expressed in
a 10 s burst at 33 Hz (Fig. 1), which we previously showed leads to
terms of the fraction of the total recycling pool of synaptic vesicles
accumulation of ⬃85% of the entire recycling pool (Fernandezas the endocytic capacity, Cendo, of the synapse. We refer to the
Alfonso and Ryan, 2004). Examination of the poststimulus fluoinvariant time constant in the nonsaturating regime as the funrescence decay for both vGpH and spH responses shows a prodamental time constant, 0.
gressive acceleration in endocytic rate until a given accumulation,
beyond which the endocytotic speed reaches a limiting value,
The time constant is invariant during repetitive stimulation
suggesting a possible saturation of the endocytic machinery.
at low frequencies
Our data suggest that one of the critical variables determining the
Determination of maximal vesicle number endocytosed with
speed of endocytosis is the net accumulation of synaptic compoinvariant kinetics
nents on the cell surface, and if this accumulation is lower than
To characterize the point at which these nerve terminals can no
the endocytic capacity, endocytosis will proceed with a time conlonger endocytose vesicles with equal efficiency, we examined the
stant of ⬃14 s. Thus, even during persistent activity, as long as
variation of the decay constant () of the poststimulus fluoresaccumulation of synaptic components remains low, the mean
cence recovery, as a function of the total surface accumulation of
time constant for endocytosis should remain unchanged. Rethe reporter protein. The accumulation is expressed as the fraccently we demonstrated that vGpH recordings provide accurate
tion of the entire recycling pool, as determined from the highmeasures of exocytosis at the single AP level (Balaji and Ryan,
frequency response peak (see Materials and Methods). We rea2007). We took advantage of this ability to continuously monitor
soned that in the invariant regime, endocytosis should proceed as
exocytosis as well as the total average fluorescence resulting from
a first- or pseudo-first-order process with respect to vesicles, reaccumulating vGpH on the cell surface to determine the average
flecting the ability of the synapse to endocytose all of the synaptic
time constant for endocytosis during repetitive stimulation. Durvesicles in parallel with equal efficacy. The time constant would
ing persistent activity at individual boutons, the ongoing endostart to increase once the endocytic capacity of the synapse is
cytic retrieval tries to balance the exocytic delivery of new synapexceeded. The fluorescence decays for each run were well fit to a
tic vesicle protein with each stimulus (Fig. 3A). The ensemble
single exponential (Fig. 2 A, B), providing a measure of . The
average across many boutons provides a very robust measure of
fluorescence from the poststimulus (t ⬎ tstimulus ⫹ 4 s) region for
the average amount of exocytosis with each stimulus (Balaji and
the fit was chosen to minimize the contribution from reacidificaRyan, 2007) as well as the net accumulation of vGpH (Fig. 3B).
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The cumulative amount of exocytosis during repetitive stimulation can be obtained
by summing the average fluorescence
change for each action potential stimulus
from the ensemble average (Fig. 3C). The
total amount of endocytosis (Fig. 3C) can
be obtained by subtracting the average surface accumulation ([S]) during the stimulus train from the cumulative exocytosis
trace as well as a small correction factor to
account for the contribution from the recently internalized alkaline pool (see Appendix). The slope of this cumulative endocytosis trace provides a measure of the
rate of endocytosis ( V). This approach is
similar to one in which we used bafilomycin to keep track of exocytosis independently of endocytosis using pHluorins
(Sankaranarayanan and Ryan, 2001; Di Paolo et al., 2004; Schweizer and Ryan, 2006;
Ferguson et al., 2007; Mani et al., 2007);
however, here no extra pharmacological
agents are needed, because the exocytosis
transient is not contaminated by endocytosis, which can be monitored directly on a
sufficiently fast time scale. In the nonsaturated regime, in which accumulation remains below the endocytic capacity, the
rate of endocytosis should be proportional
to the total amount of vGpH accumulated
on the surface. Figure 3D shows the results
for the measured endocytic rate V at 0.066,
0.2, and 0.5 Hz stimulation. If one normalizes these rates, however, to the amount of
surface accumulation, one can estimate the
rate constant, k, for each stimulus condition (k ⫽ V/[S]) (see Appendix). Measurements of k were performed in this way for
stimulus frequencies from 0.05 to 1 Hz and
indicate that the apparent time constant
for endocytosis (1/k) is approximately con- Figure 3. Exocytosis and endocytosis during persistent stimulation followed in real time. A, Responses of three boutons for
stant across this stimulus frequency range. single action potentials delivered every 15 s (arrows). B, The ensemble average time trace obtained for stimuli delivered at 2, 5,
Furthermore, the value of the time con- 7, 10, 12, and 15 s intervals from the same 39 boutons in each run. C, Cumulative exocytosis (circles), surface and alkaline pool
stant is in good agreement with that esti- (squares), and apparent cumulative endocytosis (triangles) calculated from 2 s interval run shown in B as described in the
mated from the poststimulus recovery in Appendix. D, Endocytosis curves for the 2, 5, and 15 s stimulus interval (squares, circles, and triangles, respectively), calculated as
the nonsaturating regime (Fig. 2 B), and in C, are fit linearly in the time region in which the surface fluorescence is at a quasi-steady state to obtain the endocytic rates in
comparison of the endocytic time trace ob- this regime. E, The time constants for endocytosis derived from the endocytic rates and surface accumulations (as described in the
tained as described above during and after Appendix) for different stimulus intervals are shown (5 cells, 372 boutons). a.f.u., Arbitrary fluorescence units; a.u., arbitrary
stimulation shows that they match closely units.
(Fig. 4). These results all support the idea
that at these nerve terminals, the time constant for endocytosis is
conditions. We changed the internal calcium by two different
not directly related to rates of exocytosis, but rather depends on
approaches: (1) by changing the external calcium ion concentrawhether or not one exceeds the endocytic capacity of the synapse.
tion ([Ca]e) at a constant stimulus frequency and (2) by changing
the
stimulus frequency under the same external calcium concenElevations in intracellular calcium increase the saturable limit
tration.
Experiments using either spH (Fig. 5A) or vGpH (Fig.
of endocytosis
5B)
revealed
that increasing the stimulus frequency shifts the
Previously, we showed that elevations in intracellular calcium
point
of
saturation
to the right, indicating an expansion in endoaccelerated the rate of endocytosis at these nerve terminals (Sancytic capacity, while leaving the fundamental time constant unkaranarayanan and Ryan, 2001). We therefore performed experchanged (see supplemental Fig. 1, available at www.jneurosci.org
iments to determine how this acceleration is achieved at these
as supplemental material). Comparison of the variation of  with
synapses. We measured the value of  under conditions that lead
surface
accumulation for stimuli delivered in [Ca]e ⫽ 1 mM with
to different internal calcium concentrations and determined how
that for stimuli delivered in [Ca]e ⫽ 3 mM also indicated clear
 varied as a function of surface accumulation for these different
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Figure 4. Endocytosis rate during and after stimulation is very similar. A, The vGpH fluorescence curve during stimulation at
0.5 Hz is compared with the vGpH fluorescence trace obtained after the stimulus for the same set of synapses. B, The derived
cumulative endocytosis curve (black) during stimulation obtained from subtracting the surface accumulation from the cumulative exocytosis curve is very similar to the vGpH fluorescence decay (open symbols, here inverted for comparison), which is
dominated by endocytosis after the stimulus. a.u., Arbitrary units.

Figure 5. Endocytic capacity of the neuron is modulated by altering the levels of intracellular calcium. A, B, Plots of decay
constants obtained for synaptopHluorin (5 cells) and vGpH (4 cells) obtained using varying stimulus duration (6 –50 s) at 10 Hz
(black circles) and 33 Hz (gray squares). A, For spH, the average time constant in the nonsaturating region is 19.5 ⫾ 1.3 s for the
10 Hz and 19.6 ⫾ 1.4 s for the 33 Hz data. B, For vGpH, the average time constant in the nonsaturating region is 14.2 ⫾ 2.2 s for
the 10 Hz and 15.0 ⫾ 1.9 s for the 33 Hz data. Endocytosis saturates at higher accumulation, suggesting an increased endocytic
capacity at higher frequency of stimulation. The “endocytic capacity” defined by abscissa of where the straight line fit (dashed line
in both graphs) is unity.

Figure 6. Endocytic capacity measured as a function of relative intracellular calcium. Fluorescent signal of calcium indicators
(Mag Green) is used as a relative measure of intracellular steady-state calcium during the stimulus. A, The fluorescence measured
as a function of time for 10 (light gray), 20 (dark gray), and 30 (black) Hz stimulus at 2 mM external calcium measured at an
individual synaptic varicosity. B, Endocytic capacity, Cendo (circles), is plotted against the relative intracellular steady-state calcium levels obtained by changing either the stimulus frequency while keeping external CaCl2 at 2 mM (filled symbols, 10, 20, and
30 Hz) or external calcium concentration while keeping the stimulus frequency at 10 Hz (open symbols, 1, 2, and 3 mM CaCl2) (8
cells).
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shift in Cendo toward higher values (see
supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
The onset of saturation appears to occur only for significant accumulation of
synaptic vesicle components on the synaptic surface, which in turn occurs typically
only after at least 100 AP of stimulation at
10 Hz or above. We reasoned that the control of Cendo by intracellular calcium was
likely related to the average bulk cytoplasmic calcium levels reached during these
stimulus periods (see Discussion). To correlate the value of Cendo with intracellular
calcium, we examined the relative intracellular calcium levels achieved for these different stimulus conditions by performing
imaging experiments in synapses loaded
with fluorescent indicator of calcium, Mag
Green. Figure 6 A shows that the Mag
Green fluorescence increases and reaches
near steady state after a few seconds during
a prolonged stimulation. We performed
experiments sequentially at the three stimulus frequencies used to manipulate Cendo
(Fig. 4) and determined the relative fluorescence increase with respect to the 10 Hz stimulation. Similar experiments were performed
with sequential values of [Ca]e, and the fluorescence changes were normalized to the 10
Hz, [Ca]e ⫽ 2 mM condition. Figure 6 shows
the summary of the results comparing the
value of Cendo obtained for a given stimulus
condition with the relative intracellular calcium ion level obtained in parallel experiments and shows a near linear dependence,
supporting the view that the number of vesicles that can be internalized in parallel is under tight control by intracellular calcium.
Furthermore, these experiments demonstrate that in principle, individual synaptic
terminals have the capacity to endocytose a
large fraction of the recycling vesicle pool
with a single time constant. In these experiments, the maximal Cendo achieved is ⬃60%
of the recycling pool.
Increasing the temperature to 36°C
changes endocytic capacity and
fundamental time constant
We repeated the measurements of  versus
surface accumulation at 36°C to determine
the behavior of synapses with respect to
these basic endocytic parameters under
more physiological conditions. Direct
comparison of endocytosis at the same
synapses after 150 AP at 30 Hz showed that
the time constant decreases from ⬃14 s at
room temperature to ⬃6 s at 36°C (Fig.
7A). Similar results were obtained for 15
AP stimulation at 30 Hz, suggesting that
the fundamental time constant is ⬃6 s. In
addition, we determined the time constant
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for vesicle reacidification using the approach described previously (Atluri and
Ryan) and determined that at 36°C, vesicle
reacidification occurs with a time constant
of ⬃2.3 s (data not shown). In agreement
with previous measurements (Pyott and
Rosenmund, 2002; Fernandez-Alfonso
and Ryan, 2004; Klyachko and Stevens,
2006), the rate of action potential-driven
exocytosis for repeated stimulation decreases as the temperature increases (Fig.
7A). This is thought to result in part from
the fact that with each stimulus, fewer calcium ions enter into the nerve terminal,
because of the narrowing of the action po- Figure 7. Fundamental time constant is faster at 36°C. A, Comparison of the fluorescence signal after a 150 AP stimulus for the
tential, as well as from the increase in the same set of 49 boutons at 28°C (black), which yields  ⫽ 14.96 ⫾ 0.08, and at 36°C (gray), yielding  ⫽ 5.79 ⫾ 0.04. B,
kinetics of calcium clearance. The signifi- Saturation of the endocytic capacity is apparent at 36°C during 30 Hz stimulation. Synapses were stimulated with varying
cantly faster value of 0 combined with the numbers of AP (15– 450) at 30 Hz, and the time constants for vGpH decays were obtained for each accumulation level. These data
decrease in exocytosis rates both result in were obtained from 10 cells (31–93 boutons each), and the time constants for a given cell were normalized to the smallest value
lower total accumulation of synaptic com- in the nonsaturating region of each cell. The average time constant in the nonsaturating region is 6 ⫾ 1.3 s.
ponents on the cell surface during stimulus
provided the total accumulation of vesicle components remained
trains, in agreement with our previous measurements
below a critical value. This was true even during trains of repeti(Fernandez-Alfonso and Ryan, 2004). To examine the potential
tive stimulation, where, to determine the average time constant
impact of endocytic capacity on endocytosis, we therefore used
for endocytosis, we developed a novel approach that examines
higher-frequency stimulation where more significant accumularates of exocytosis and net accumulation simultaneously for
tion occurs. Repeated trials for 30 Hz stimulation with varied
stimulus frequencies between 0.05 and 1 Hz. Under these condinumber of APs showed very similar behavior to that seen at room
tions, the average time constant was statistically indistinguishable
temperature. Below a critical level of accumulation, the time confrom the value of 0 obtained for recovery from brief stimuli.
stant for endocytosis remained invariant, and above this value it
Conditions that led to greater intracellular calcium accumulaincreased approximately linearly. The value of Cendo at 36°C,
tion, either by increasing the stimulus frequency or by stimulathowever, is somewhat lower at the more elevated temperature,
ing in the presence of elevated external calcium ion concentraoccurring at ⬃45% of the vesicle pool compared with ⬃60% for
tion, expanded the range over which the time constant remained
these higher frequency stimuli at room temperature. The slight
invariant, thus revealing an adaptive response that increases the
shift to lower values is consistent with the fact the accumulation
value of Cendo. This increase in capacity results in an overall inof intracellular calcium is significantly decreased at this tempercrease in the rate of endocytosis, in agreement with previous
ature (Atluri and Regehr, 1996).
studies both in hippocampal synapses and at the calyx of Held.
Discussion
The role of intracellular calcium in endocytosis at nerve terminals has been investigated for a number of synapses (von GersThe ability to recycle synaptic vesicles is a critical property of
dorff and Matthews, 1994b; Neves et al., 2001; Sankaranarayanan
nerve terminals, whose molecular basis has been under intense
and Ryan, 2001; Wu et al., 2005). Early studies at the frog neuroinvestigation for the last decade. During repetitive stimulation,
muscular junction showed that prolonged stimulation with black
synaptic vesicle components accumulate on the synaptic surface,
widow venom in the absence of calcium led to a profound depleas has been shown by both electrical capacitance measurements
tion of synaptic vesicles at the nerve terminal (Ceccarelli and
(von Gersdorff and Matthews, 1994a; Neves et al., 2001; Wu et al.,
Hurlbut, 1980). This result led to the hypothesis that elevation in
2005; Yamashita et al., 2005) and electron microscopy in giant
intracellular calcium played an essential role in synaptic vesicle
synapses (Shupliakov et al., 1997), as well as with pHluorinendocytosis. However, more recent studies have examined endotagged vesicle components in small CNS nerve terminals (Sancytosis in response to acute manipulations of intracellular calkaranarayanan and Ryan, 2000; Li and Murthy, 2001) and at
cium during exocytosis. In general, elevation in intracellular calneuromuscular junctions (Tabares et al., 2007). We operationally
cium leads to acceleration in endocytic rates. In bipolar cells,
defined the endocytic capacity of the synapse as the maximal
endocytosis appears to occur via two pathways that differ in timenumber of vesicles that can be endocytosed with an invariant
scale by ⬃1 order of magnitude (Neves et al., 2001). In those
endocytic characteristic time, and have taken advantage of imsynapses, elevation in intracellular calcium appears to preferenprovements in the sensitivity of pHluorin-based assays to examtially shift endocytic recovery to the faster of the two pathways
ine how the endocytosis time constant depends on the total ac[although see von Gersdorff and Matthews (1994b), which
cumulation of synaptic vesicle components over a wide range of
showed that complete inhibition of endocytosis can also be
stimulation level. Our data reveal that the characteristic time for
achieved with sufficient calcium elevation]. At the calyx of Held,
endocytic recovery is invariant for stimuli between 1 and 100 AP
the acceleration has been attributed to the appearance of a faster
at 10 Hz or above for spH as well as vGpH, and is identical to that
pathway driven by calcium, which leads to an increased overall
for retrieving single vesicles (Balaji and Ryan, 2007). We thus
rate (Wu et al., 2005). At the small synapses typical of the CNS
refer to the time constant in this regime as the fundamental time
that were studied here, our data are consistent with a model
constant, 0, because it corresponds to the retrieval time for indiwhereby modulation by calcium is achieved at least in part by
vidual vesicles. Our experiments revealed that the time constant
for recovery was not sensitive to the conditions of stimulation,
simply expanding the capacity of a process that has previously
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been shown to be clathrin dependent (Granseth et al., 2006). By
inference, this implies that calcium is impacting the number of
functional sites for endocytosis. These results suggest that rather
than playing an essential role, elevation of calcium plays a modulatory role. If sufficient exocytosis can be achieved in the absence
of calcium elevation, the resulting endocytosis could appear to be
impaired, as in the case of the latrotoxin stimulation at the neuromuscular junction; however, this result may simply reflect a
profound imbalance in the rates of exocytosis versus endocytosis,
which would occur if the rate of assembly of endocytic sites was
kept very low. This proposed role of calcium in endocytosis is also
in agreement with results obtained in the giant reticulospinal
synapse in the lamprey (Gad et al., 1998), where it was possible to
temporally dissociate the calcium influx that occurs during stimulation from endocytic recovery.
At the molecular level, a number of endocytic proteins, referred
to as dephosphins, have been shown to be substrates for the calciumdependent phosphatase calcineurin (Cousin and Robinson, 2001).
Included in this family are dynamins, amphiphysin, and synaptojanin, all of which become dephosphorylated at nerve terminals during activity. The precise role of these dephosphorylation events has
not been elucidated in most cases, although expression of phosphomimetic mutants of dynamin 1 show strong dominant-negative effects on vesicle recycling (Anggono et al., 2006), and these studies
show that dephosphorylation of dynamin 1 allows it to bind another
endocytic protein, syndapin. Experiments using pharmacological or
molecular intervention of the phosphatase and kinase thought to
control the phosphorylation state of dephosphins have indicated
that endocytosis can be slowed via these interventions (Evans and
Cousin, 2007). Given the strong correlation we find between intracellular calcium levels and the endocytic capacity at individual synapses, we speculate that calcium, through the action of calcineurin
and dephosphorylation of critical endocytic proteins, promotes
more rapid assembly of the endocytic machinery, allowing a greater
number of endocytic sites to become functional during repetitive
stimulation. Our studies show that elevation of intracellular calcium,
which occurs during repetitive stimulation, does not alter the fundamental time constant for an individual vesicle’s endocytosis. This
was true both for modest stimulation frequency, where it was possible to derive the mean rate constant during steady-state firing, and
after high-frequency bursts.
In contrast, elevation of the temperature from room temperature to 36°C resulted in a decrease in 0 by more than twofold.
This higher rate constant for endocytosis in turn means that during repetitive stimulation, fewer vesicles accumulate on the synaptic surface, and the endocytic capacity is only exceeded during
prolonged high-frequency bursts. At physiological temperature,
the total endocytic capacity for stimulation at 30 Hz is ⬃45% of
the recycling pool.
Direct optical quantal analysis in these synapses indicated that
the total recycling pool comprises ⬃64 vesicles for these synapses
(Balaji and Ryan, 2007). This calibration allows us to determine
the value of Cendo in terms of the number of vesicles being endocytosed in parallel at each synapse. At 36°C, this corresponds to
⬃28 vesicles; however, the system seems capable of even greater
capacity (⬃38 vesicles) when sufficient calcium accumulation
occurs (at high frequency at room temperature).
A model incorporating a single mode of endocytosis with
variable and calcium-controlled capacity
The primary observation in our dataset is that the time course of
endocytosis is well described by a single exponential process whose
time constant is invariant for a wide range of surface accumulation of

synaptic vesicles. This basic phenomenology implies but does not
prove that a single molecular process operates over this entire regime
of constant retrieval time scale, and for simplicity, we have defined
the maximal accumulation for which the time constant for retrieval
does not change as the endocytic capacity of the synapse. Our observations that manipulations that lead to variations in the steady-state
calcium during stimulation alter the endocytic capacity lead us to
propose that this capacity is defined by the rate at which endocytic
machinery can be assembled, and that this rate is in turn controlled
by calcium. After stimulation periods, calcium typically decays
within ⬃5 s (Fig. 6A), and thus we would expect that the rate of
assembly would significantly decrease during this period. If the total
amount of exocytosis exceeds the number of sites that could be assembled, then retrieval time slows. A detailed model explaining exactly how much slower it should become is beyond the reach of the
current study, because it would require a more detailed knowledge of
how quickly sites can be rebuilt after calcium has decayed. Evans and
Cousin (2007) have proposed an alternate view of vesicle recycling
whereby only the poststimulus retrieval would operate via machinery that uses dephosphins. In this view, the increase in Cendo we see
could be explained by an increase in the efficiency of endocytosis in
the poststimulus period. However, given that we found that endocytosis during stimulation strictly requires dynamin (Ferguson et al.,
2007), we favor the view that dephosphins are operational over the
entire range of stimuli.
In conclusion, our data reveal that modulation of endocytic machinery provides an adaptive mechanism for the synapse to handle
the greater endocytic loads that result during high-frequency firing
and has identified two potential points of modulation. One is the
endocytic capacity, the other the fundamental time constant that
corresponds effectively to the time required to endocytose individual
vesicles. These experiments have provided a first quantitative estimate of the number of endocytic events that can occur in parallel at
individual synapses, and indicate that the intrinsic endocytic capacity of these synapses is very high. The ability to tap into this intrinsic
ability is mediated by elevation in intracellular calcium, and thus the
endocytic capacity is a dynamic property of the synapse. Our studies
reveal that at physiological temperature in the CNS synapses studied
here, accumulation of vesicle components exceeds the capacity only
during prolonged stimulation at high frequency, and therefore in
most cases the total retrieval time after stimulation is on the order of
⬃6 s.

Appendix
Kinetics of endocytosis and reacidification

kx
kn
kr
R共t兲 3 S共t兲 3 A共t兲 3 D共t兲
To estimate the effects of reacidification on our fluorescence
measurement of endocytosis, we developed a sequential firstorder reaction model, as illustrated above. R(t), S(t), and A(t) are
continuous approximations of vesicle counts of releasable, surface alkaline, and internal alkaline pool as a function of time.
Assuming a first-order reaction with rate constants kx, kn, and kr
for exocytosis, endocytosis, and reacidification, the rate law for
the above reaction is as follows:

R⬘ ⫽ ⫺ k x R
S⬘ ⫽ k x R ⫺ k n S
A⬘ ⫽ k n S ⫺ k r A, where f⬘ is

df
dt

Balaji et al. • Adaptive Control of Endocytic Capacity

J. Neurosci., June 25, 2008 • 28(26):6742– 6749 • 6749

Fluorescence F共t兲 ⬀ S共t兲 ⫹ A共t兲.

(1)

Solving for F(t), we get

F 共 t 兲 ⫽ ␣ ⌿ 0  e ⫺k nt ⫹
⫹

 ⌿ o k n k x e ⫺k rt
䡠
共 k x ⫺ k n兲

冉

 ⌿ 0 k x e ⫺k xt ⫺ 共 k n⫺k x兲 t
⫺ 1兲
共e
共 k x ⫺ k n兲

冊

共 e ⫺ 共 k n⫺k r兲 t ⫺ 1 兲 共 e ⫺ 共 k x⫺k r兲 t ⫺ 1 兲
⫺
,
kr ⫺ kn
kr ⫺ kx

(2)

where ␣ is the surface fraction, ⌿0 is pool size, and  is the
number of fluorescence counts per molecule of GFP. Equation 2
describes the time evolution of the fluorescence for small stimuli
that avoid depleting the pool: t ⬍⬍ 1/kx, 1/kr, 1/kn. The region
where the rate of exocytosis equals the rate of endocytosis is identified by when the fluorescence attains its maximal value (Fmax),
dF(t)/dt ⬇ 0. This region is seen in Figure 3B when the endocytosis and exocytosis curves are parallel.
The curve

E T共 t 兲 ⫽ ⌿ 0 ⫺ F 共 t 兲 ⫺ S 共 t 兲
⫽ ⌿0 ⫺ R共t兲 ⫺ F共t兲 ⫹ A共t兲

(3)

represents the endocytosis time trace.

ET ⫽ EA ⫹ A共t兲

(4)

A

E is constructed by subtracting the fluorescence curve from the
exocytosis curve using Equation 3b. The exocytosis curve is constructed from the fluorescence traces of Figure 3A by plotting
only the exocytic transitions. Our measurable quantities are
the endocytosis curve, EA, the exocytosis curve, Ex, and the
fluorescence, F(t).
At Fmax, we have

dF
dE T
dR
dEx
⫽0f
⫽ ⫺
'
.
dt
dt
dt
dt

(5)

Using Equations 5, 4, 3, and 1,

n ⫽

1
S 共 t 兲 dF
⫽
兩
k n dE T /dt dt ⫽0
⫽

f 共 t 兲 dF
1
⫺ .
兩
dE A /dt dt ⫽0 k r

(6)

To measure the endocytosis time constant, we construct the apparent endocytosis curve according to Equation 4. We measure
the endocytosis time constant by measuring the slope of the apparent endocytosis curve and using it in Equation 6 along with
steady-state fluorescence and reacidification time constant.
The poststimulus decay
From equations 2 and 1 above, it can be shown that for the poststimulus region setting [kx ⫽ 0 and solving for S(t) and A(t)], we
get
t

t

⌿ 0  n e ⫺ n
⌿ 0  r e ⫺ r
F共t兲 ⫽
⫺
,
共  n ⫺  r兲
共  n ⫺  r兲

(7)

where x, n, and r are time constants for exocytosis, endocytosis,
and reacidification. For times t ⬎ r, the expression in Equation 7
reduces to a single exponential.
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