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Properties of a Model of Ca* *-Dependent Vesicle Pool Dynamics and
Short Term Synaptic Depression

Sibylle Weis, Ralf Schneggenburger, and Erwin Neher
Abt. Membranbiophysik, Max-Planck-Institut fiir biophysikalische Chemie, Am Fassberg 11, D-37077 Gottingen, Germany

ABSTRACT We explore the properties of models of synaptic vesicle dynamics, in which synaptic depression is attributed
to depletion of a pool of release-ready vesicles. Two alternative formulations of the model allow for either recruitment of
vesicles from an unlimited reserve pool (vesicle state model) or for recovery of a fixed number of release sites to a
release-ready state (release-site model). It is assumed that, following transmitter release, the recovery of the release-ready
pool of vesicles is regulated by the intracellular free Ca™* concentration, [Ca™ *],. Considering the kinetics of [Ca™* "], after
single presynaptic action potentials, we show that pool recovery can be described by two distinct kinetic components. With
such a model, complex kinetic and steady-state properties of synaptic depression as found in several types of synapses can
be accurately described. However, the specific assumption that enhanced recovery is proportional to [Ca™ *],, as measured
with Ca™ " indicator dyes, is not confirmed by experiments at the calyx of Held, in which [Ca™ "],-homeostasis was altered by
adding low concentrations of the exogenous Ca™ ™ buffer, fura-2, to the presynaptic terminal. We conclude that synaptic
depression at the calyx of Held is governed by localized, near membrane [Ca™ *]; signals not visible to the indicator dye, or
else by an altogether different mechanism. We demonstrate that, in models in which a Ca* *-dependent process is linearly
related to [Ca™* "], the addition of buffers has only transient but not steady-state consequences.

INTRODUCTION

Depletion of a pool of release-ready vesicles during trains ofiptic [Ca" ], speeds up the recovery from synaptic depres-
stimuli has long been discussed as a cause of synaptsion (Stevens and Wesseling, 1998; Wang and Kaczmarek,
depression (Liley and North, 1953; EImquist and Quastel1998; Dittman and Regehr, 1998). Such an enhanced recov-
1965; Betz, 1970; Kusano and Landau; 1975; see alsery after a (partial) depletion of a pool of readily releas-
reviews by Zucker, 1996 and Neher, 1998a). Interestinglyable vesicles could be an important regulator of synaptic
analyses of the kinetic and steady-state behavior of synaptigansmission in depressing synapses, where it could help
depression at various stimulation frequencies have providegh counteract the effect of vesicle pool depletion and
evidence that the recovery process seems to be enhancgfsure a certain level of steady-state output during repetitive
during repetitive activity (Kusano and Landau, 1975; Ging-stimulation.
rich and Byrne, 1985). We explore here the possibility that an enhanced rate of
In the simplest case, this enhancement would come aboygcovery is a consequence of Cainflow during an action
from the fact that during depression more empty releasgstential. Approximating the terminal as a “single compart-
sites are available for accepting vesicles. A model assumingyani® with respect to Ca* dynamics (Helmchen et al.,
vesicles to become available for release at a fixed rate P&997: Neher and Augustine, 1992) and assuming that the
empty release site, however, cannot explain some of ey of recruitment of vesicles to empty release sites is

feqtures of synaptic depression observed in various prep%’roportional to the spatially averaged cytosolic'Cacon-
rations. In a recent study, Worden_ et al: (1997) ha\{e Pr€entration [Ca "], in the terminal, we can simulate some of
sented the analysis of a model in which each stimulu

. . . "UShe features described in the literature and some aspects of
causes some extra recruitment of new vesicles, in addition .
. . ) our own data on depression at the calyx of Held (v. Gers-

to a background of vesicle dynamics at fixed rate constants .
. . . dorff et al., 1997). However, experiments on the calyx of
With this approach, they were able to simulate many fea-

tures of facilitation at the lobster neuromuscular junction.He'd designed to further explore predictions of the model

They did not specify, however, by what mechanism theregarding some manipulations of intraterminal [Cé

extra recruitment is controlled. For some central nervouga'led to reproduce these predictions. Also, consideration of

system synapses, it has recently been reported that presytrl?-e properties of such a smgle-compartment model leads to
the more general conclusion that adding buffers to the

terminals, aimed at suppressing ‘Taaction on vesicle
recruitment (which is the accepted means of experimentally
Received for publication 15 April 1999 and in final form 12 July 1999. addressing such problems), should actually not lead to such
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MATERIALS AND METHODS tion rates of 20 Hz). Spatially averaged [Cd; values were calculated
from background-corrected fluorescence values using the equation given
Analysis and numerical calculations by Grynkiewicz et al. (1985). The calibration constants were determined in

) ) ) ) vitro using thin quartz-glass capillaries, and were confirmed in cellular
The differential equations for the two different models were solved nu-easurements using bovine chromaffin cells.

merically using the integration method of Runge—Kutta. The integrating

routines were written and performed with the program IgorPro (Wavem-

etrics, Lake Oswego, OR). The single compartment model described bRESULTS

Neher and Augustine (1992) and Helmchen et al. (1997) was used to

predict the influence of Ca" buffers on the amplitude and the time course The Model

of the [Ca' *]; transient, assuming a constant pump rate. Simulations were

done on a Macintosh computer. The basic assumption of the model (Fig. 1) is that the final
For the comparison of the theory with the experimental data, a Ieasgtages of release at a synapse can be approximated by a

squares fit was used to minimize the deviation between the prediction a”ﬁNo-step process,

the experimental data. This program was written with MATLAB (Math-

works Inc., Natick, MA). k([Ca*T) P
k-1

Slice preparation, electrophysiological recording

SCHEME 1
and [Ca™ *],-imaging

_ _ ere, the transition A~ B can be considered either to be
Experimental procedures for patch-clamp recordings of the pre- an

postsynaptic elements of the calyx of Held synapse in rat brainstem slice! e b'”qmg of a vesicle to an empty r_elease site or else the
closely followed previously described methods (Forsythe, 1994; Borst efnaturation of an already docked vesicle to become release

al., 1995; v. Gersdorff et al., 1997). Briefly, 2G0n-thick, transverse ready. This transition is described by a ‘Cadependent
brainstem slices were made with a vibratome (Campden, Loughborouglgte constank; ([Ca+ +]i)_ We allow this step to be revers-

England) from 8-11-days-old Wistar rats that were killed by decapitation o and characterize the backward reaction by a fixed rate
Slices were kept at 36°C in a solution composed of (in mM) 125 NacCl, 25

NaHCQ, 1.25 NaHPO, 2.5 KCI, 2 CaCl 1 MgCl, 25 glucose, 3 constant_,. Release-ready vesicles can undergo exocyto-

myoinositol, 2 Na-pyruvate, 0.4 ascorbic acid (pH 7.4 when bubbled withSiS (B — C) during an action potential with probabilify,

95% 0, 5% CQ,). Slices were transferred after a minimum of 30 min to the such that the synaptic responges given by

experimental chamber in an upright microscope (Axioskop, Zeiss,

Oberkochen, Germany). Whole-cell patch-clamp recordings were made at Y=q-:ng_"p, (1)

room temperature (22—25°C) with a pipette solution containing (in mM)

130 K-gluconate, 20 KCI, 10 Hepes, 4 Mg-ATP, 0.3 Na-GTP, 5-Na Whereq represents the quantal size amgl is the number
phosphocreatine (pH 7.2), using an EPC-9 patch-clamp amplifier (HEKA-oOf vesicles (or release sites) in state B immediately before
Elektronik, Lambrecht, Germany). Afferent fiber stimulation was delivered the gction potentiaInB+, the number of vesicles immedi-

with a bipolar stimulation electrode. Principal cells of the medial nucleus : I :
of the trapezoid body were visualized with a slow-scan CCD imaginga'[eIy after the action potentlal is then given by
N, =(1—p-ng . ()

camera (see below), usimgadient contrast infrared illumination (Luigs

and Neumann, Ratigen, Germany).

pretoa (6 caty it approximately S0-3001 a2, Thewas done by |1, UMe course ofty in between two action potentials is
adding 200uM fura-2 to the internal solution. Considering the loading described by the kinetic equation (according to Scheme 1)
time course of the calyces with fura-2 under similar experimental condi- d
; L o )

_tlons tp ours (Helmchen et gl., 1997), it is seen Fhat roughly 50A> Ioanng a Ng = kl([Ca++]i) Ny — k,l ‘Ng . (3)

is achieved after about 2 min. An alternative estimate of the intraterminal t

fura-2 concentration can be obtained by analyzing the decay time constant . . .

of [Ca™*](r,) after brief C& * influx, since a strong correlation between W€ assume here that release in the time interval between
7, and intracellular fura-2 concentration is expected (Neher and Augustinefwo action potentials is negligible. A more general treat-

1992; Helmchen et al., 1997). The average valuerfdrom n = 6 calyces ment a”owing CaJr_dependent release in between two
loaded completely>5 min) with 80 uM fura-2 was 0.96+ 0.35 s. This stimuli has been given by Weis (1998).

value is in good agreement with the one reported by Helmchen et al. We di i int tati f h del. In th
(1997), and can serve as a reference point for a rough estimate of the fura-2 € discuss two Interpretations of such a model. In the

concentration achieved after 2 min preloading (see Table 2). After thdirSt one, states A and B represent different states of matu-
preloading episode, the presynaptic patch pipette was withdrawn and eation of vesicles. We will call this interpretation a vesicle-
postsynaptic recording was established with internal solution complestate model. We consider the simplest form of such a model,
mented with 5 mM EGTA. Effective series resistance of postsynapticin which the number of reserve vesicle;; is very Iarge,

recordings was 3—4 K1 after partial compensation with the EPC-9 am- . .
plifier. The amplitudes of postsynaptic EPSCs reported here were correcte%UCh that it can be considered as constant. Then, the prOdUCt

for the estimated voltage-clamp error as described in Schneggenburger K1 * Na iN Eg. 3 can be replaced by an apparent zero-order
al. (1999). rate constank} ([Ca" ];), and the steady-state numivgy,,
[Ca"']; imaging was performed using a polychromatic light source of release-ready vesicles at basal 1C&, [Ca™ "], will be
(TILL photonics, Martinsried, Germany) to excite fura-2 at 357 nm and at iven by
380 nm. The excitation light was attenuated to 10% with a neutral densi
filter. Fluorescence signals were imaged with a slow-scan CCD camera ’i([caH]b) k’i )
(TILL photonics) using on-chip binning (& 8 pixels) to increase signal- = =_
to-noise ratio and temporal resolution (20-ms exposure times with repeti-

Moo= = @
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If ny is constant, we obtain from Eqgs. 3 and 5
A simplest possible depletion model: T q

A B C ((ijt ng = ky([Ca™"]) - nr — {ky([Ca"]) + kp}-ng.  (6)
k Th‘i~j'f€36_1<13/-5tat<9_I”lumbla,;r,,b of release-ready sites at basal
O\Q p [Ca’*], is then given by
K.y —_ O .
\ .. A Y ()
T (4.25) Here, we have implied that there is an unlimited supply of

vesicles and that release sites return instantaneously into
state A after releasing a vesicle. This interpretation of the
B enhanced recovery model is very similar to the model of Dittman and Regehr
with each action potential (1998), except that we allow vesicle docking to be revers-
ible. The main differences between the models discussed
here concern the steady-state valuengf in the Dittman

400 and Regehr (1998) modat, will always go to its maxi-
= mum value (all release sites occupied) during long enough
= . . . . .
= T,=100ms resting periods; our release-site model will reach an inter-
= mediate steady-state occupancy in between 0 ndas
S given by Eq. 7, and the vesicle-state model is not limited in

the number of release-ready vesicles at rest (due to the
simplifying assumption of an infinite reserve pool). The two
types of models behave very different with respect to their
predictions regarding fluctuations of synaptic responses
(Vere-Jones, 1966).

Ang=Ang, +An g, Under conditions of strong depression, the vesicle-state
] model and the release-site model are formally equivalent,
— considering Egs. 6 and 3, since, igf << ny,
time

k([Ca "]) - (ny — ng) = Ki([Ca™*]),

FIGURE 1 The basic features of the modd) {esicles are assumed to

be released from a release-ready pool B with release probapitityring with (8)
an action potential, and are resupplied from pool A. In the simplest possible
depletion model, the refiling rate constakt has a fixed value. B) k’{([Ca++]i) =n;-k([Ca ).

Enhanced recruitment of vesicles after each action poteblpger panel,

decay time course of [Ca']; after a single action potential. In the calyx of In the followi il fl ite th ti for th
Held, the [Cd *]; time constantr, is roughly 100 ms in the absence of n the following, we will mostly write the equations for the

exogenous Ca* buffers (Helmchen et al., 1997). With the assumption of More complicated release-site model and indicate the sim-
linear dependence of rate constlpwith [Ca* *];, recovery of pool Bwill  plifications, in analogy to Eq. 8, for the transition to the
proceed with two distinct time constantg,and g (lower panel;see Egs.  yesjcle-state model.
24-26). To further discuss the Ca - and time-dependence of k
we will use the shorter notatiox(t) = [Ca* ],. We assume
thatk, is linearly related to«(t) with

This interpretation of the model is very similar to the model

of Heinemann et al. (1993), which was used to describe ky(t) = klb.@, 9)
secretion of hormones in neuroendocrine cells (see also
Smith et al., 1998). For synaptic transmission, it may be ) ) . )
more appropriate to interpret state A and B as states dyherexb IS th? ba_sgl [(;é*]i.under resting cor_1d|t|ons. This
release sites, which can either be in a release-ready sta a further S|.mpln‘|cat|on with respect to Heinemann Qt al.
(B), or in a state (A) from which no immediate release canl,lgi/ls) and Dittman lan.d Rigeh:_i(lg%), Whr? us(ﬁfj a Michae-
occur (including the possibility that no vesicle is docked). IS— (;nten type fre at;]ons Ip. However, t ﬁ" |herenth ap-
We will refer to this interpretation as the release site modelProaches agree for the case thég) is smaller than the

In this case, it is likely that the total number of release sitescj'SS()(:""‘t'.On constant .Of thg Michaelis-Menten type regula-
n, is finite and we make the assumption tor. The linear approximation, used here, overestimates the

pool recovery process with respect to the full Michaelis—
Ny + Ng =ng. (5) Menten case.
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The time course of calcium concentration At earlier times, whilex(t) is changing, Eq. 6, using Eq. 7,

. , and Eq. 15 can be written in the form
Several studies (Regehr et al., 1994; Helmchen et al., 19979) g

have shown that the mean spatial intracellular calcium tranRelease-site model
sient after a single action potential can be written as
dy 1 x(b) X(t)
= k—l ° yy

X(t) =%, e ™+ x, for t>0, (10) — - + klbz

at X a7)

with x,, the increment of the calcium concentration transient ] )
during an action potentiak,, the basal [C&*],, and,, the wlth y(t) denqtlng the normalized number of release-ready
time constant of the decay of the [€#]; transient. sites, according to

According to the single compartment model for Ca
buffering (Neher and Augustine, 1992}, and x, can be y = Ne/Ng,p.
expressed as

(18)

This is an inhomogeneous differential equation of first-

1+ ks + Kg order, linear iny and d//dt.
W, (11) We can rewrite Eq. 17 as
and d
2+ Gl y = H(Y (19)
1 t
— Salad -
X = [Ca™" ot 1+ kg + ks’ (12) with

with ks, the Ca *-binding ratio of the endogenous Ca ()
buffer; v, the pump rate of a Ca" extrusion mechanism, Gt) =K 5 + Kyp+ ——, (20)
and [Cd "], the total C&™ concentration change is Xo
the Ca *-binding ratio of an experimentally added buffer,
such as a C&" indicator dye. Appendix A gives the cor- H(t) = i@ (1)
responding equations for the [C&]; time course during T X
trains of action potentials. ) ) o

In our analysis, we assume that the mean spatial calciunhn€ general solution of Eq. 19 in any time intervak: t <
concentration is too small to elicit release in between stim{z that does not contain a stimulation, is given by
uli. Rather, we assume that transmitter release is elicited by
a delta-function like spike in local calcium concentration ! T
close to the membrane during action potentials, resulting in yo = [y(tl) + JH(T) ’ eXPU G(u) d“] dT]
a certain release probabilify(see above). Spatial gradients t
of calcium relax quickly by diffusion and other balancing '
actions and result in a mean spatial concentrat{®nwhich . ex{— J G() dr

t

t1

we use for calculation of the changesinduring interpulse (22)

intervals according to Egs. 3, 9, Al, and A2.

(Bronstein and Semendjajew, 1991).
Time course of ng after a single stimulus Evaluating the integrals in Eq. 22 is quite involved due to
the occurrence of a term proportional X@) in G(t). This
term is missing in the formulation of the vesicle-state
model, which leads to much simpler expressions. Consid-
d eration of Egs. 17 and 20, however, allows the conclusion
Gihe= Kip* Ny — (Kyp + K_p) g, (13)  that the problematic second term @(t) should not be of
much relevance in most situations of interest. For instance,
with the steady-state solutian, , according to Eq. 7 and a for times long after a stimulus, whex(t) ~ x,, we can set
relaxation towardg j, according to G(t) =~ k_; + ky, = /7. For times short after a stimulus,
when the synapse is depressgd 1) the productG(t) - y
is small with respect to the first term in Eq. 17. Therefore,
The recovery time constamy, (at basal [C4*];) is given by  the time dependence aft) is of relevance only for situa-
tions in whichr, is so long that substantial recovery rof
78 = U(ky, + Kp). (15)  can occur while [Ca*]; is still larger than the resting
For thE[Ca++]i. In that case, the neglect of the time dependence of
G(t) will lead to an overshoot afg aboven;. Thus, fory <<
1, we can evaluateg according to a simplified equation,
5= 1/k 4. (16)  which is identical to the equivalent equation of the vesicle-

At times long after a stimulus, whex(t) has returned to
basal values, Eq. 6 assumes the form

Ng = Ngp + const e '™ for t> 7. (14)

This equation holds for the release-site model.
vesicle-state model the equivalent equation is:
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state model and its corresponding definitionmgf(Eqg. 16):  In these fits, withrg given by the separate experiments of
v. Gersdorff et al. (1997), the only free parameters were
dl _ 1 <X(t) _ y) (23) X%, and,. For the latter two parameters, which reflect
at 75\ X% ) relative amplitude and time constant of the [C4-tran-
sient, the fit resulted in values compatible with measure-
ments of [Cd *];. For instance, the fits of Fig. 21 andA2
gave 7, values of 136 and 75 ms, respectively, which
compare favorably with the range of 78 mast, < 112 ms
given by Helmchen et al. (1997). The valuepyfestimated
both from the fits of the simple depletion model with fixed
time constant of recovery (see legend of Fig. 2 for details)
Ne(t) = Ngp — ANgy - € 7™ — Ang, - e/, (24)  and from fits of the vesicle-state model, were found to be
_ 0.3 for the group of cells with small EPSC, and 0.6 for the
with group of large EPSC amplitudes. The differencepibe-
tween the two cell groups reflects the observed difference in
ANgp = Ng p,* (p _%, ) (25) the time course and steady-state value of depression (see
% Ts T T Fig. 2, A1 andA2). Furthermore, fits using the parameter
and XX, + T /(15 — T) @s freely variable (see Table 1) indicate
that ~10% of the total pool of vesicles is recovered during
Ty the period of enhanced recovery, becayser, ~ 0.1 X,
e . (26) _
Xp Tg — Ty (78 -
In contrast, a theory with fixed rate constant (vesicle
This solution reveals that the time dependencepis a  recovery independent of [C4],) could not fit these data.
superposition of two different exponential recovery pro-Fits that were appropriate for short times or low frequencies
cesses: one with the exponential time constgnand one i Fig. 2, A and B, respectively, did not reproduce the
W|th Ty Th|S behaVior iS i”ustrated in F|g B. The Contri' relative|y h|gh p|ateau at |ong times or h|gher frequencies
bution with the labek is due to the calcium transient and the (dashed linesn Fig. 2, A and B). In fact, many simple
extra recruitment of vesicles at elevated calcium concentrgmodels would predict a steady-state depression level in-
tion. Solutions of relative pool sizeg(t)/ng, andX(t) for  versely proportional to frequency (see legend of Fig. 2;
trains of stimuli are given in Appendix A. Worden et al., 1997; Tsodyks and Markram, 1997). The
deviation from this expectation above 2 Hz is clearly shown
in Fig. 2B.
We were interested in designing experiments to test the
model predictions for the case of added'Cabuffers. Fig.
3 A shows the model predictions for the build-up of [C3;
v. Gersdorff et al. (1997) studied synaptic depression at thduring a train of stimuli (see Appendix A for the relevant
calyx of Held for pulse trains in the range of 0.2 to 10 Hz. equations). In the presence of extra buffer (8@ fura-2),
They found that recovery from depression, in a time win-this buildup is slower, and excursions of [C§, in between
dow of 0.5-16 s, in which [C&"], is likely to have returned stimuli are smaller. However, once the steady state is
to basal values, proceeds with an exponential time courseeached, temporal averages of [C3; are quite similar to
with time constantry; = 4.2 s. The relative steady-state those of the control case. Following the train, [C3
excitatory postsynaptic current (EPSC)-amplitude duringdecays rapidly in the absence of buffers, but slower in the
depression was found to be correlated with the amplitude opresence of 8@M fura-2 (Fig. 3A). This prediction is born
the first EPSC (see Fig. R of v. Gersdorff et al., 1997). To out in the [Cd "], measurement of Fig. A (see below).
analyze the kinetics of depression, we subdivided the data Figure 3 B displays the numerically integrated exact
set for 10 Hz stimulation into a group of synapses withsolutions for the release-site model according to Eq. 17 (see
small EPSC amplitudes (4.02 1.17 nA,n = 5 cells, Fig.  figure legend and below for choice of parameters), and Fig.
2 Al) and another group with large EPSC amplitudes3 C shows the analytical solutions according to Eq. A5
(12.53+ 1.6 nA,n = 4 cells, Fig. 2A2). Although the (which are the correct ones for the vesicle-state model). The
subdivision in two groups is somewhat arbitrary, it allows model predicts that the path into depression should be faster
taking into account a possible variability of depressionwith added buffer, and should go through a minimum before
parameters between cells. reaching steady state (see FigB&andC), because there is
The theory, as outlined above, very accurately describemitially less extra recovery due to the smaller [C3;-
both the time course into depression during individualincrement. As [CA™]; builds up during a train, however,
trains, and the steady-state depression as a function ¢fie same steady-state level of depression is reached, because
frequency. The fits in Fig. 2A andB use Eqgs. A6 and A8, in steady state, the time-averaged [C# is identical under
respectively, as the theoretical prediction for the data pointscontrol and buffer situations. The difference between the

Further justification of this simplification will be given
below, where the time course nf obtained by solving Eg.
23 will be compared with a numerically calculated one
according to Eq. 17 (see Fig.B,andC). Solving Eqg. 23 for

a single stimulus and the initial conditian; (0) = ng, *

(1 — p), we obtain

Ang, =g,

Comparison between model predictions and
experimentally observed depression at the calyx
of Held
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A1l A2

--©-- simple depletion
(p=0.24)
—&— enhanced recovery

normalized EPSC-amplitude
normalized EPSC-amplitude

T T 1 H
0.0 0.5 1.0 1.5
time (s)

normalized steady-state
amplitude of EPSC

o
1

frequency (Hz)

FIGURE 2 A model that assumes a period of enhanced recovery after each action potential provides an adequate fit of depression at the calyx of Held
synapse.4) Average values of normalized EPSC-amplitudes during 10 Hz trains, measured in MNTB principal nepemsdquargs The data was
subdivided in two groups according to the amplitudes of the first EPSCs, which had average values df2.0A for Al (n = 5 cells) and 12.5¢ 1.6

nA for A2 (n = 4 cells). The fits of the vesicle-state model are superimpafiéeti(symbols;Eq. A6). The predictions of the simplest possible depletion

model (open symbols)ith a fixed recovery time constant, were calculated recursively according to:

Ngi+1 = (1 — PNy + {Ngpyg — (1 — pIngg HL — €728},

wherei was incremented from 1, 2, ., 20stimuli, ngj;; was set to 1 to yield normalized pool size, angwas 4.2 s. This calculation simply assumes

that the recovered fraction in between stimuli is proportional to the deviation of pool size from its steady-state value. Release probabilityep was va

fit the first three data points. Note that the vesicle-state model, which assumes a short period of faster recovery (8ayivies $lightly larger values

for p, as expected B) Steady-state EPSC-amplitudes as a function of frequency. Here, small and large EPSC amplitudes were pooled, and this data set
is the same as the one in FigA2of v. Gersdorff et al. (1997). The solid line represents a fit of the vesicle-state model according to Eq. A8. The dotted
line is drawn according to the steady-state expression for the simplest possible depletiorynsotléll + fprg), with f, stimulation frequencysg = 4.2 s

andp = 0.25 for this data set. Note that this relation, with a fixed rate constant for pool refilling, does not explain the plateau in steady-state sgoaptic ou
observed at frequencies2 Hz.

two predicted time courses is not very pronounced, howand Methods) was loaded via a patch-pipette into presyn-
ever. In contrast, following a stimulus train, the model aptic calyces (Fig. 4). At this concentration, fura-2 should
predicts recovery from depression to be much more rapichot reduce the release probability of the synapse [see Borst
under buffer condition as compared to contrairéws in et al. (1995) for the case of 50M BAPTA]. However, due
Fig. 3,B andC). In the case of the vesicle-state model, thereto the weak endogenous Ch-buffering capacity of calyces
should be even a rebound overshoot in the size of théxg~ 40; Helmchen et al., 1997), fura-2 is expected to have
readily-releasable pool (see FigC3. The faster time course a large influence on the amplitude,f and time courser()
of recovery from depression is due to the slow decay obf spatially averaged [Ca']; signals. After the preloading
[Ca*™]; in the presence of buffer. of the calyx and removal of the first pipette, a recording of
To experimentally test the model predictions, an esti-the postsynaptic cell was established with a second pipette.
mated concentration of 80—-1QuM fura-2 (see Materials The kinetics of depression of EPSCs were measured with
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TABLE 1 Estimation of the relative amount of extra recovery A
from fits with the quantity x,/x,, - 7,/(7z — 7,) as a
fit parameter

[Ca) ; -time course

control
600 —
Frequency Number / ( KB =0)
(Hz) XX * Tl (Tg — Ty) of Cells s
(=
10 0.10+ 0.03 10 =400
5 0.10* 0.02 8 7(3? i + 80 uM fura-2
2 0.13+ 0.05 5 = K_ =200
200 — / (K )
o —

trains ofn = 20 stimuli at 10 Hz, followed by single test
stimuli at times between 0.5 At < 8 s after the train, to
monitor the recovery from depression. Simultaneously, pre-
synaptic [Cd *]; responses were measured using the fura-2 19
fluorescence signals (see FigAd.

Despite the severalfold prolonged decay of {C§ with
respect to the control situatioth(n line in Fig. 4 A; Helm-
chen et al., 1997), the fraction of recovery that occurred at
At of 2 s (Fig. 4B) was unchanged with respect to the
control conditions in the absence of added*Cabuffer
(v. Gersdorff et al., 1997). The complete time course of
recovery from depression, measured with= 17 pairs of : ' ' ' ' '
conditioning trains and test stimuli, could be well fitted by 2 3 4
a single exponential with time constant= 3.8 s (Fig. 4D).
Similar results were obtained in three cells (see Table 2).

B 'release-site model'

{normalized)

release-ready sites

time (s)
C 'vesicle state model'

Additionally, Fig. 4 C shows that the kinetics into depres-
sion were unchanged, i.e., no minimum of EPSC amplitudes
was observed before reaching steady state, contrary to the g
predictions shown in Fig. 38 and C. Thus, the kinetic ~ 2F
changes predicted by the models, which include & Ga §% _
dependent increase of vesicle pool recovery (see Fig. 3, 2 §6
andC) were not observed experimentally. At present, how- g £
ever, we cannot exclude that presynaptic fura-2 induced ~ o
= i T T I i

small changes in the amplitudes of the first EPSC or of
EPSCs during the steady-state phase of depression, since
there are no preinjection control values for the type of
experiment shown in Fig. 4. FIGURE 3 Simulations of [Ca"], and vesicle pool size during 10 Hz
action potential trains A) [Ca* *]; was calculated according to the single-
compartment model (Egs. 11, 12, A2). The valueggdindy were 30 and

DISCUSSION 400 s'%, respectively, close to the values reported by Helmchen et al.

In this study, we have explored the predictions of a theo_(1997). For the simulation of added Ca buffer, a constant value ef; =

. . . o L. 200 was used.B) Time-course of the relative number of release-ready
retical model designed to describe kinetic complexities Ofjtes, according to the release-site model, igh= 0.15 s *in Eq. 17. C)
synaptic depression at various types of synapses (Elmquistme-course of the relative number of ready-releasable vesicles, according
and Quastel, 1965; Stevens and Wesseling, 1998), The bagfcthe vesicle-state model (Eg. 23). In b&fandC, the release probability

assumption of the model is that fast synaptic depression jgwas set to 0.5. Note that, in both models, the addition of small concen-
.trations of exogenous buffethick grey line¥ leads to a significant en-

caused by depletion of a readily-releasable pool of Synaptlﬁancement of the rate of recovery from depression @eews) with
vesicles, compatible with the results from several recenfespect to the control conditighin lines).In addition, a transient over-

experimental studies on the calyx of Held (v. Gersdorff etfilling of the vesicle pool size occurs in the case of the vesicle-state model,
al., 1997; Wang and Kaczmarek, 1998; Borst and Sakmanrecause here the number of release sites is not limited (see Results).
1999; Schneggenburger et al., 1999; Wu and Borst, 1999).

We show that the simplest possible depletion model, incorrecovery of synaptic vesicles must take place after each
porating only two parameters (a fixed recovery time con-action potential, as has been done previously for other
stantr and a constant value of release probabitifydoes preparations (Kusano and Landau, 1975; Elmquist and
not give a good fit of depression, because it leads to afQuastel, 1965; Worden et al., 1997; see also Dittman and
underestimation of steady-state synaptic output for stimulaRegehr, 1998 and discussion therein). Indeed, with an extra
tion frequencies above 2 Hz (see Fig. 2). This led us taecovery with time constant of 100 ms and capacity of
postulate that, during trains of synaptic activity, an extra~10% of the nondepressed synaptic response (see Table 1),

time (s)
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FIGURE 4 Synaptic depression in

the presence of 80—100M presyn-

aptic fura-2 does not show kinetic T T -0

changes. A) Presynaptic [C&*];-
transients in response to 10 Hz trains.
In one casd€arrow), a single stimulus
was deliverd 2 s after the end of the
conditioning train. The inset shows a
fura-2 fluorescence image of the ca-
lyx used in this experimentBj Ex-
ample of postsynaptic EPSCs in re-
sponse to a 10 Hz traitleft panel) 10 Hz train recovery after 2s
and in response to a single stimulus
2 s later(right panel).Note that these
EPSCs correspond to the presynaptic

[Ca* *];-trace labeled by the arrow in 2nA
A. (C) Way into depression. EPSC
amplitudes were normalized to the 5ms

first amplitude, and the average of
n = 7 trains(filled symbols)was fit-
ted with an exponential.[) Time C 1
course of recovery from depression.

The average data pointfilled sym-
bols) were fitted with an exponential
function with 7 = 3.8 s. Cell Ja09A.

recovered
fraction

EPSC-amplitude
(normalized)

o
1

o
1

4
time (s) At(s)

the kinetic and steady-state properties of depression wergifically, we assumed that the [C&]; transient, as mea-
well described for various stimulation frequencies (see Figsured by Ca™ indicator dyes, can be used as a parameter to
2). In our model this extra recovery was assumed to be dudescribe the acceleration of recruitment. This assumption
to accelerated recruitment of vesicles to a release-ready powhplies linear [C4 ], dynamics of the terminal within a
while [Ca* "], is elevated during short periods following an certain range of [C&"], changes, as demonstrated experi-
action potential (see also Dittman and Regehr, 1998). Spamentally by Helmchen et al. (1997) in the calyx of Held. For
such linear models, it can be generally shown that addition
of Ca" " buffers does not influence Ca-dependent pro-

TABLE 2 Summary of experiments in which presynaptic cesses at steady state, but only changes the time course

calyces were preloaded with an estimated concentration of

80-100 uM fura-2 toward steady state (Neher, 1998b). However, our experi-
PR 7 =) EPSC amplitud® ments at the_calyx of Hgld, designed to c_hange such tran-
Cell code Ca(s) x 'E“’V"?Z) " (nA) sient properties by adding Ca buffers, did not lead to
changes in recovery from depression, as predicted by the
JD:0177£ %isz ‘22 :é'ggf (1)"2‘8 model, in spite of profound changes in the Casignal.
Ja09A 165 38 456+ 0.4 Thus, we are not in a position to identify the mechanism(s)
: : _causing the complexities in the kinetics of depression. Nev-
*Recovery time constant of [Ca’], measured after single, presynaptic h g . . .
action potentials. grtheless, we thmk it is of interest to explore the implica-
#Recovery time constant from depression, measured as in fig. 4 tions of our findings for models of Ca -dependent synap-

SAverage values of first, nondepressed EPSC amplitudes. tic short-term plasticity and to discuss the consequences of
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the assumption of linearity. Particularly, we ask the questionn a double or multiexponential time course (Neher, 1998b).
whether the negative result speaks against a‘Gadepen- In pulse trains, therefore, a steady state in [Ch is
dent recruitment of vesicles altogether or else points towardeached that depends on this integral and not on the exact
nonlinear (or spatially localized) Cd effects. time dependence of the individual responses. Also, it is
The role of presynaptic [Ca']; for the induction of shown in Appendix B that the extra recruitment of vesicles
synaptic short-term enhancement, such as facilitation; ofollowing a single action potential does not depend on the
augmentation and post-tetanic potentiation on longer timexact waveform of the Ca'-transient, but rather on its
scales, is well established [Katz and Miledi, 1968; Rahamiintegral, given that the [Ca']; transient is short with re-
moff, 1968; Zucker, 1974; Charlton et al., 1982; Swandullaspect torg, the time constant of pool recovery.
et al., 1991; Kamiya and Zucker, 1994; Delaney and Tank, After trains of stimuli, [C& *]; will relax back to baseline
1994; Regehr et al., 1994; Atluri and Regehr, 1996; seenore slowly in the presence of addedCabuffer (see Fig.
Fisher et al. (1997) and Zucker (1999) for recent reviews].3 A), a prediction that is confirmed by the experimentally
However, the role of presynaptic [C&], in the processes measured decay of [Cd]; (Fig. 4 A). Linking the recovery
that govern recovery from synaptic depression has not beemtek, to the spatially averaged [C&], level, as done in the
studied as extensively. At the squid giant synapse, injectionsiodels presented here and elsewhere (Dittman and Regehr,
of the slow Cd ™" buffer, EGTA, did not alter the time 1998), should therefore produce a prolonged phase of ac-
course of recovery from depression, although it did affectcelerated recovery from depression, when a fast 'Ca
augmentation (Swandulla et al., 1991). For various centrabuffer is added to the presynaptic cytosol. This is borne out
nervous system synapses, it has recently been shown thiay the numerical calculations (see Fig.B3andC). Indeed,
manipulations of Ca* influx (by blockers of voltage-gated one of the two types of models formulated here, the vesicle-
Ca"* channels) and of presynaptic [C8]; (by the mem- state model, predicts a rebound overshoot in the size of the
brane-permeable Cd chelator, EGTA-AM) affect the re- readily releasable pool under these conditions (see Fiy. 3
covery rate from synaptic depression, suggesting that in-
creases in [CA"]; associated with presynaptic action
potentials speed-up the refilling-rate of a readily reIeasabIeI.
pool of synaptic vesicles (Wang and Kaczmarek, 1998;
Dittman and Regehr, 1998; Stevens and Wesseling, 1998The experimental finding that the recovery time course from
However, in all these studies, [C&]; was manipulated by depression at the calyx of Held (see Fig. 4 and Table 2) was
indirect means and could not be measured simultaneouslyot affected by the presence of presynaptic Cabuffer
The calyx of Held, in contrast, allows precise control andshows that [C&™];, in the range of 50-500 nM, does not
measurement of [C&"];. Unfortunately, however, the significantly affect the rate of vesicle refilling at this syn-
Ca' " effect seems to be elusive when looked for under suclapse. However, this result does not rule out & Galepen-
defined conditions. The question remains whether morelent step in vesicle refilling altogether. It might indicate that
drastic changes in [Ca’]; might have revealed an effect Ca" " acts at higher concentrations, possibly by a nonlinear
(although the model predicted readily identifiable changes)mechanism and in a spatially restricted fashion. Both theo-
retical (Chad and Eckert, 1984; Simon and L§nd985;
Yamada and Zucker, 1992; Roberts, 1994; Naraghi and
Neher, 1997) and experimental studies (Heidelberger et al.,
1994; Llinzs et al., 1995; Schneggenburger et al., 1999)
It is well recognized that injecting Cd buffer into a cell  indicate that the C&" concentration in the immediate vi-
only transiently changes the basal [C3d, level, because, cinity of the release site rises to levels of at leasidd or
eventually, the cell will return to its resting level, which is higher, and collapses rapidly when Ta channels close
governed by Ca* pumps and fluxes at rest. However, for within less than 1 ms after termination of the action poten-
Ca' ™" transients following a short episode of Cainflux, tial (Llinas et al., 1982; Borst and Sakmann, 1996). This fast
a certain type of noneffect of buffer additions has to beCa"" spike, besides driving the vesicle fusion, could be
postulated as well. It has been shown, both experimentallyesponsible for short bouts of extra-recruitment of vesicles
(Helmchen et al., 1997) and theoretically, using a singleto the release-ready pool. This would explain the absence of
compartment model with a linear Ca-extrusion rate, that an effect of 80uM fura-2 on the kinetics of depression,
the area under such a [C3], signal stays constant when because it was shown that a1 BAPTA, a Ca" * chelator
adding Cd ™ buffers to the cytosol (Neher and Augustine, with similar kinetic properties as fura-2, did not reduce
1992; Helmchen et al., 1997). This is because the timéransmitter release at the calyx of Held (Borst et al., 1995),
constant of such a transient lengthens by the same factor asd therefore probably did not change the local {Ch
the amplitude decreases. More generally, it can be readilgignal triggering transmitter release. However, such an ex-
shown that the time integrgl [Ca* *] dt is invariant when  planation would also imply that the extra recruitment of
buffer is added, no matter whether a fast buffer is usedyesicles following an action potential is confined to a time
which just lengthens the time constant of the transient, omterval similar in length to that of transmitter release. It will
else multiple buffers or slow buffers are used, which resultgherefore be difficult to distinguish experimentally between

he calyx of Held

Buffer effects in linear systems
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a nonlinear or spatially restricted C& effect on recruit-  becomes

ment, and other consequences of transmitter release. Fur- .

thermore, recent data indicate that release probability of X(t) = % - 2exp<— t—(v— 1At
newly recruited vesicles is strongly reduced for some period Ty

of time following strong stimulation (Wu and Borst, 1999).

This finding may provide alternative explanations for the = X, exp(—t/7) - f(At/T) + X, (A2)
deviations from simple models of recovery from depression .
at the calyx of Held. e

) +% (A1)

v=1

h

n(At) _expinAt/n) — 1 (A3)

~ expAt/it) — 1

Models of synaptic depression and augmentation valid for (n — 1) At = t = nAt. The time origin in Egs. Al and A2 is given

. . by the first stimulus. The accumulation is strongly dependent on the
We describe here two variants of a model of'Cadepen-  gimuiation frequency MM and increases with higher frequencies (Regehr

dent recruitment of vesicles to a release-ready pool. Wet al., 1994; Helmchen et al., 1997).
emphasize the kinetics of recovery from depression, be-
cause this aspect can be readily tested at the calyx of Hel
However, Ca *-dependent recruitment of vesicles will also
lead to changes in the steady-state size of the pool, if thé&he differential Eq. 17 and its simplified form Eq. 23 describe the devel-
process of vesicle recruitment is reversible. We assume sudf™ent 0fns() during time intervals without stimulation. To find the
e . time-course fong(t) during trains of stimuli with constant frequencyAt/
reversibility in both variants of our model. Thus, our model

e _ - we solve Eq. 17 or Eq. 23 separately in the time intervals (1) At <t <
will display augmentation/potentiation and a more longlastmat, using Eqs. A1-A3 fox(t).

Tx

CI‘he time course of ng during trains of stimuli

ing form of depression (Zucker, 1999), when basal{Ch If we use the abbreviation

undergoes slow fluctuations in the positive or negative X, -

direction, respectively (Egs. 4 and 7). In this respect, our FAAUT) = - (Atn) ———, (A4)

models differ from that of Dittman and Regehr (1998), in % T8 ™ T

which vesicle recruitment is unidirectional, such that, afterthe solution of Eq. 23 simplifies to

long enough periods of rest, all release sites will be occu-

pied. The two variants of our model differ with respect to yt) = 1 + ((1 — P Yoa—1 (A5)

the degree to which augmentation can take place. Whereas

the release-site model sets an upper limjt, Gee Eq. 7) to At (n — 1At (n — 1At

the size of the release-ready pool, the vesicle-state model — Fn<7> . <exp< - Ts) - exp(— T))
X X

has no such upper bound, as long as the reserve pool of
vesicles (assumed to be infinite) is large. The three types of (t — (n— 1)A?)
model also present very different behavior with respect to : eXp< - ))

. . . T
fluctuations of synaptic responses. The model by Dittman 8

and Regehr (1998) will show simple binomical fluctuations, t

if sufficient time is allowed between successive stimuli for + Fn<7.x) “[exp( — t/rg) — expl — t/7)]

the pool to refill to a constant number of vesicles. The

vesicle-state model, in contrast, will show Poisson statistics for (n—1-At=t=n-t,

(Vere-Jones, 1966)’ whereas the release-site model W'\'/J/hereyn,1 is the quantityng/ng,, immediately before stimulus. The
show a compound binomical response (Quastel, 1997), unnitial value forng at time 0 (immediately following the first stimulus) is
less basal [C&']; is high enough to completely fill the ng,- (1 — p), because we assume timgtwas at its basal value before the
available sites in the pauses between stimuli. Thus, a didlse train and thatg ,, - p vesicles were released during the first stimulus,

A cording to Eg. 1. Correspondingft = 0) is equal to 1- p.
tinction between some aspects of these models should 6jléWe link individual time intervals as described above (Eq. 2), by assum-

possible, irrespective of the question by what mechanisnhg that each stimulus releasgetimes the number of release-ready vesicles

the rate of vesicle recruitment is controlled. ns_, which exist immediately preceding the stimulus. The number at the
end of the interval, which we cajl, for stimulusn + 1 can be calculated
recursively fromy,_,, according to

APPENDIX A: EQUATIONS FOR THE CASE OF o= Na(NAY)

n

REPETITIVE STIMULATION N,

The time course of [Ca**]; during 1—e ™% Ang, L
i imuli =1-(1-{1-ptYor1—7—gam | €™
trains of stimuli 1—e 0% ngy

During repetitive stimulation at fixed intervalst, assuming that each 1— e MU Ap
action potential evokes the same "Cainflux (see Borst and Sakmann, - B,
1999), and assuming additivity of the resulting [C4;-transients, Eqg. 10 1—-e™™ ngy

el for n=1. (A6)
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Synaptic strengtly,,, , is then given according to Eq. 1 as potentials with length\t, we obtain

Yoe1 =0 Yo' Ngp" P (A7) i ()

’ ey = . TB(At “X(t) — X+ At y(1)). (B2)
If we let the number of stimuli in a train go to infinity, we get from Eq.
A6 and Eq. 18 Herey,. denotes the value ofshortly before a stimulus, andt) andy(t)
are the time averages rfandy at steady state. From thig, and synaptic
Ng o strength (which is proportional to,y can be readily calculated,
Ngb — (”B b~ 4AnBXAv ) retim - AnBXAT -eim Ye = . xv
, , — @ Atx — @ AUx © = Y
l-e 1-e X 5P+ At- (YY)

1-1-p-ed -
At x(t)

(A8) zg"r|3-p+A’['

(B3)
This equation provides a direct relation between the steady-state size Ql_fh_ imation hold v whewD) ~ ) h h
pool B and the release probability The valuen .. is proportional to the 'S apprOXIr‘?ann OI s on Y_IW e)’(t)h ~f_ﬁ:ﬁ, i.e., when L e av(;erafge

postsynaptic response at steady state and, therefore, represents the stea{ﬂl'-g state of the pool Is similar to the filing state at the end of an

state level of depression during a long train of stimuli. Time coursegpf ~ Nterstimulus interval. This is not the case for lapgeHowever, thengg -
— [Ca**], according to Eq. Al are plotted in Fig./g and corresponding pis likely to be larger thamt for frequencies that are sufficiently high to
; . .

time courses ofig(t) are plotted in Fig. B andC for a control case and induce significant depression. Taken together, it can be concluded that,
for the case of added C4 buffer (fura-2) whenever a stimulus induces significant depression, the steady-state level

of synaptic transmission will be proportional to the average'[Qalevel,
which, as concluded above, does not depend on the presence of buffers.
Eq. B1 also allows estimation of the extra recruitment of vesicles
Examples of the time course of ng in two following a single stimulus in case the [Ca&]; transient is short with
limiting cases respect to pool recovery at basal [C4;. We choosé; to represent the
time of the stimulus ant, some time later when the [C&]; transient has
Simplified forms of the preceding equations can be obtained for highsubsided, but obeying the condition— t, << 7. Then, the second term
frequencies {t << ), in Eq. B1 is small with respect to the first one (fef) > x,) and the
increment inng will again be given by the [Ca']; integral, i.e., it will not
Ngn="gn1-(L—p)+(@Q—e™™):Ang (A9) depend on the presence of buffers.

and
This work was supported by a grant from the Deutsche Forschungsgemein-
N = ANg,/p. (A10)  schaft (SFB 406).

For low frequenciesAt >> r,), we obtain
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