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Matveev, Victor, Richard Bertram, and Arthur Sherman. Resid-
ual bound Ca2� can account for the effects of Ca2� buffers on
synaptic facilitation. J Neurophysiol 96: 3389–3397, 2006. First
published September 13, 2006; doi:10.1152/jn.00101.2006. Facilita-
tion is a transient stimulation-induced increase in synaptic response, a
ubiquitous form of short-term synaptic plasticity that can regulate
synaptic transmission on fast time scales. In their pioneering work,
Katz and Miledi and Rahamimoff demonstrated the dependence of
facilitation on presynaptic Ca2� influx and proposed that facilitation
results from the accumulation of residual Ca2� bound to vesicle
release triggers. However, this bound Ca2� hypothesis appears to
contradict the evidence that facilitation is reduced by exogenous Ca2�

buffers. This conclusion led to a widely held view that facilitation
must depend solely on the accumulation of Ca2� in free form. Here
we consider a more realistic implementation of the bound Ca2�

mechanism, taking into account spatial diffusion of Ca2�, and show
that a model with slow Ca2� unbinding steps can retain sensitivity to
free residual Ca2�. We demonstrate that this model agrees with the
facilitation accumulation time course and its biphasic decay exhibited
by the crayfish inhibitor neuromuscular junction (NMJ) and relies on
fewer assumptions than the most recent variants of the free residual
Ca2� hypothesis. Further, we show that the bound Ca2� accumulation
is consistent with Kamiya and Zucker’s experimental results, which
revealed that photolytic liberation of a fast Ca2� buffer decreases the
synaptic response within milliseconds. We conclude that Ca2� bind-
ing processes with slow unbinding times (tens to hundreds of milli-
seconds) constitute a viable mechanism of synaptic facilitation at
some synapses and discuss the experimental evidence for such a
mechanism.

I N T R O D U C T I O N

Synaptic facilitation is a transient activity-dependent in-
crease in synaptic strength, decaying on time scales from tens
to hundreds of milliseconds. It is observed in a vast variety of
neural systems, from invertebrate junction potentials to neo-
cortical synapses, and, along with short-term depression, may
play a role in shaping the neural population dynamics on fast
time scales. Notwithstanding a few postsynaptic contributions
such as temporal summation of successive excitatory postsyn-
aptic potentials (EPSPs) at high stimulation frequencies and the
depolarization-dependent relief of Mg2� block of N-methyl-D-
aspartate (NMDA) receptors at glutamatergic synapses, facil-
itation is primarily a presynaptic phenomenon, dependent on
presynaptic Ca2� entry (see reviews by Fisher et al. 1997;
Magleby 1987; Zucker 1999; Zucker and Regehr 2002). Facil-

itation of the synaptic response may be caused for instance by
the facilitation of action potential (AP)-evoked Ca2� currents
due to a depolarization-dependent relief of G-protein-mediated
inhibition of Ca2� channels (Bertram et al. 2003; Brody and
Yue 2000). However, in many preparations, facilitation can be
achieved even under conditions of constant pulse-to-pulse
Ca2� influx. This was suggested in the pioneering studies of
amphibian neuromuscular junctions by Katz and Miledi (1968)
and Rahamimoff (1968), who proposed that facilitation results
from the accumulation of residual Ca2� bound to Ca2�-depen-
dent vesicle release sensors. This so-called bound residual
Ca2� hypothesis of synaptic facilitation was later explored in
modeling studies (Bennett et al. 1997; Bertram et al. 1996;
Delaney et al. 1994; Dittman et al. 2000; Yamada and Zucker
1992). However, interest in the bound Ca2� hypothesis has
been limited due to experimental evidence demonstrating the
reduction of facilitation by exogenous Ca2� buffers. Because
the main effect of exogenous buffers is to absorb the free Ca2�

ions, with no effect on Ca2� that is already bound, these results
have been used to argue that the free and not bound residual
Ca2� underlies facilitation (see review by Zucker and Regehr
2002). Notably, experiments of Kamiya and Zucker (1994) on
crayfish neuromuscular junctions showed that the synaptic
response is reduced within milliseconds of a UV flash photol-
ysis of a fast Ca2�-absorbing buffer diazo-2 in the presynaptic
terminal, demonstrating the apparent role of residual free Ca2�

in facilitated neurotransmitter release.
Thus it is now widely accepted that synaptic facilitation is

caused primarily by the gradual accumulation of free [Ca2�]
during the conditioning train of stimuli (Zucker and Regehr
2002). One mechanism for this is the facilitation of AP-evoked
Ca2� transients caused by the gradual saturation of endogenous
buffers during continued stimulation. Proposed on purely the-
oretical grounds (Klingauf and Neher 1997; Neher 1998), this
buffer saturation mechanism was recently shown to underlie
facilitation at calbindin-positive neocortical and hippocampal
synapses (Blatow et al. 2003; see also Jackson and Redman
2003; Maeda et al. 1999; Rozov et al. 2001). Recent modeling
results indicate that a dramatic increase in Ca2� transients can
be achieved if buffers saturate in the entire presynaptic termi-
nal, which requires optimal concentrations of fast mobile
buffers similar to calbindin (Matveev et al. 2004).

Alternatively, if endogenous buffers are primarily immobile
and are present in sufficiently large concentrations, they will
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mostly saturate locally, within a Ca2� channel nanodomain,
trapping Ca2� that enters during a stimulus and then slowly
releasing it during interstimulus intervals (Neher 1998;
Nowycky and Pinter 1993; Sala and Hernández-Cruz 1990).
This would lead to accumulation in residual free Ca2� after
each action potential in addition to some increase in Ca2�

transients associated with the local buffer saturation. Recent
modeling studies (Matveev et al. 2002; Tang et al. 2000; see
also Bennett et al. 2004) have shown that such a free residual
Ca2� mechanism of facilitation incorporating two spatially
segregated Ca2� binding sites can explain the magnitude and
the time course of facilitation growth observed at the crayfish
neuromuscular junction (NMJ). However, this two-site free-
Ca2� model requires a number of assumptions to match the
experimental data, such as high tortuosity of the intracellular
space close to the Ca2� channel, the immobilization of exog-
enous Ca2� buffers by the cytoskeleton, and a significant
spatial separation (�150 nm) between two distinct release-
controlling Ca2�-binding sites (both of which must be occu-
pied for release to occur).

Thus recent modeling studies focused on the role of free
Ca2� in facilitation, based on the conclusion that the contribu-
tion of bound Ca2� to facilitation, is ruled out by the experi-
mentally observed sensitivity of facilitation to exogenous Ca2�

buffers. However, as we show in the following text, this
conclusion is unjustified. Further, it explicitly rules out the
contribution of slow processes involving priming and/or dock-
ing of synaptic vesicles (see DISCUSSION) (see also Millar et al.
2005) because such processes cannot instantly reach equilib-
rium with the changing intracellular Ca2� concentration and
may not be described by a model that only takes into account
free Ca2�. Therefore we revisit the bound residual Ca2�

hypothesis of facilitation and show that its biophysically real-
istic implementation that takes into account the diffusion and
buffering of Ca2� can also account for the properties of the
synaptic response recorded in the crayfish inhibitor NMJ.
Moreover, we find that this model requires fewer assumptions
than the abovementioned two-site mechanism. We show that it
can be easily reconciled with the observed effect of exogenous
Ca2� buffers on synaptic response. Importantly, the model we
present can readily account for several additional experimen-
tally observed features of synaptic facilitation. For example,
the same experiments that revealed the sensitivity of facilita-
tion to exogenous buffers also uncovered a component of
release whose decay lagged behind the decay of free residual
[Ca2�] (Atluri and Regehr 1996; Kamiya and Zucker 1994),
suggesting that residual bound Ca2� is one component of
facilitation (see also Dittman et al. 2000; Regehr et al. 1994).
Further, our model easily accounts for the super-linear facili-
tation accumulation and its biphasic decay observed in a
variety of synapses, and at the crayfish NMJ in particular (Tang
et al. 2000). Therefore we believe that current experimental
evidence does not rule out the involvement in facilitation of
processes characterized by slow Ca2� unbinding with unbind-
ing time scales of tens of milliseconds and above.

M E T H O D S

We first solve the partial differential equations describing the
diffusion and mutual binding of Ca2� ions and buffer molecules (Eqs.
1–5). We then use the resulting Ca2� concentration time course to

drive the kinetic scheme modeling the binding of Ca2� to vesicle
release triggers (Eqs. 6 and 7). The simulated synaptic response is
given directly in terms of the occupancy of the final “R” release state
in the scheme described by Eqs. 8 and 9 (see Fig. 2F). We are
interested in comparing our bound residual Ca2� model results with
those of the two-site free residual Ca2� model; therefore our model
shares some of its features, in particular the geometry of the active
zone, with the model of Matveev et al. (2002), which in turn is based
on the work of Tang et al. (2000). These models are adapted to a
specific experimental system, the crayfish inhibitor NMJ, which
exhibits very pronounced facilitation not occluded by concomitant
synaptic depression, making it a perfect system for the study of
synaptic facilitation.

Equations describing buffered diffusion of Ca2�

We assume that the binding of Ca2� to both the endogenous and the
exogenous buffers is described by simple mass action kinetics with
one-to-one stoichiometry

Bj � Ca2�

kj
on

º
kj

off
CaBj (1)

where kj
on and kj

off are, respectively, the binding and the unbinding
rates of the jth Ca2� buffer species, Bj. This leads to the following
reaction-diffusion equations for the Ca2� concentration, and the
concentrations of the free (unbound) buffers

��Ca2��

�t
� DCa�

2�Ca2�� � �
j�1

Nbuffers

Rj��Ca2��,�Bj�� �
1

2F
ICa�t� �

i�1

Nchannels

��r � ri� (2)

��Bj�

�t
� Dj�

2[B] � Rj��Ca2��,�Bj�� (3)

where Rj is the reaction term describing the mass-action kinetics given
by scheme 1

Rj��Ca�,�Bj�� � 	kj
on�Ca2���Bj� � kj

off�Bj
total � �Bj�� (4)

Bj
total denotes the total concentration of the jth buffer; Dj and DCa are

the diffusion coefficients in cytosol of the jth buffer and Ca2�,
respectively. We choose DCa � 0.2 �m2 ms-1 (Allbritton et al. 1992).
Following standard convention, in Eqs. 2 and 3, we have assumed that
the initial distribution of the buffer is spatially uniform and that the
diffusion coefficient of the buffer is not affected by the binding of
Ca2�. Under these assumptions, the sum of the bound and the
unbound buffer concentrations is constant in space and time and is
equal to the total buffer concentration, Bj

total. Thus [CaBj] � Bj
total –

[Bj]. The last term in Eq. 2 represents the Ca2� influx, where F is
Faraday’s constant, ICa(t) is the (inward) calcium current per channel
(see following text), and �(r 	 ri) is the Dirac delta function centered
at the location of the ith channel.

Recent experiments of Lin et al. (2005) indicate that crayfish NMJ
terminals contain two distinct endogenous buffer classes, one of
which is characterized by slow Ca2� unbinding kinetics (kslow

off �
0.1–1 s-1). Similar buffering systems are found in central mammalian
synapses, for instance in rodent Purkinje cells, which contain a slow
buffer parvalbumin along with the fast-binding calbindin (Schmidt et
al. 2003). Therefore we assume that two endogenous buffer species
are present, one of which is characterized by slow Ca2� binding
kinetics, with an unbinding rate of kslow

off � 0.4 s-1 and an affinity of
KD

slow � 5 �M. For simplicity, we assume that both buffers have the
same mobility, DB, assumed to be a free quantity with respect to the
parameter sensitivity analysis presented in Fig. 6. The Ca2�-binding
characteristics and the binding ratio of the fast buffer, �0

fast, are
considered to be free parameters, while the capacity of the slow buffer
is constrained to yield a total resting Ca2�-binding ratio of 600, as
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estimated by Tank et al. (1995): �0
slow � 600 	 �0

fast. The results are
more sensitive to �0

fast than to �0
slow and are only slightly affected if the

total binding ratio is varied between 300 and 800 given a fixed value
of �0

fast. The list of free parameters is summarized in Table 1. The
reference set of values shown in bold is used in the simulations
presented in Figs. 2–5. Exogenous buffers fura-2 and diazo-2 are
assumed to be mobile (Dfura � 118 �m2ms-1, Ddiazo � 100 �m2ms-1);
their parameters are given in the captions to Figs. 3 and 4.

Equations 2–4 are solved inside a box enclosure representing the
volume surrounding a single active zone of a crayfish nerve terminal
(Fig. 1). Using the symmetry assumption, we only model a quarter of
this elementary volume (dashed box in Fig. 1), as a box with
dimensions 0.8 
 0.8 
 1 �m3. We assume 16 Ca2� channels per
active zone or 4 channels in our enclosure representing a quarter of an
active zone. Following Tang et al. (2000) and Matveev et al. (2002),
each AP is modeled as a 1-ms-long constant Ca2� current, ICa

AP,
followed by a 3.5-fold larger 0.2-ms-long tail current entering through
each of the Ca2� channels, ICa

tail � 3.5 ICa
AP. Given the large uncertainty

in the value of single-channel Ca2� influx (Tang et al. 2000; Tank et
al. 1995), we consider ICa

AP to be a free model parameter, varying over
the range 0.04–0.4 pA. This yields a total Ca2� influx per channel per
action potential in the range QCa� 0.065–0.65 pA � ms (see Table 1).

We impose reflective boundary conditions for Ca2� and buffer(s)
on the sides of the box, thereby assuming that the Ca2� and buffer
fluxes flowing into the enclosure from the neighboring AZ regions are
balanced by the equal fluxes flowing out of the enclosure. The
boundary condition for [Ca2�] on the top and bottom surfaces relates
the flux to the local Ca2� concentration, simulating extrusion by
surface pumps

��Ca2��

�n
�

M

DCa

�Ca2��

�Ca2�� � KP

� fleak � 0 (5)

Here �/�n � n � � denotes differentiation in the direction normal to the
boundary; M is the maximal pump rate, KP is the pump dissociation
constant, and fleak is the Ca2� leak term that is tuned to yield zero
pump rate at rest: fleak � (M/DCa) [Ca2�]bgr/([Ca2�]bgr �KP), where
[Ca2�]bgr � 0.05 �M is the resting background [Ca2�]. We use
values of KP � 0.4 �M (Carafoli 1987; Dipolo and Beauge 1983) and
M � 0.04 �M �m ms-1. At low [Ca2�], this yields a Ca2� clearance
time constant of � � (1 � �0) V (KP�[Ca2�]bgr)

2/(KP M S) 
 4 s,
where V and S are the volume and the surface area of the bouton (Fig.
1), and �0 � 600 is the resting total endogenous buffering capacity at
the crayfish NMJ. This pump rate is consistent with the experimental
estimates of Tank et al. (1995).

Ca2� binding and synaptic response

The understanding of the fast Ca2�-triggered vesicle fusion is still
incomplete. A promising candidate mechanism is provided by the
Ca2�-dependent interaction of synaptotagmin I with phospholipids
and the SNARE complex (reviewed by Chapman 2002; Koh and
Bellen 2003). The molecular identity of the putative facilitation sensor
is also uncertain, although recent evidence suggests the involvement
of the neuronal Ca2� sensor class of proteins, namely NCS-1 (Sippy
et al. 2003) and its crustacean and Drosophila homologue, frequenin
(Jeromin et al. 1999). In both cases, the exact molecular steps
involved and the physiological affinities of the corresponding Ca2�-
binding sites are unknown. Therefore we follow earlier work in the
field and model the Ca2� dependence of synaptic response via a
phenomenological model that is tuned to reproduce the dynamics of
synaptic response to trains of action potentials. Our Ca2� binding
scheme is similar to the one used in Yamada and Zucker (1992), Tang
et al. (2000), and Matveev et al. (2002). It assumes the existence of
two types of Ca2� binding sites, X and Y, characterized by fast and
slow unbinding rates, respectively. Further, to reproduce the biphasic
F1/F2 decay time course of synaptic facilitation (see Fig. 5), we
follow the approach of Bertram et al. (1996), and assume the presence
of two distinct Y-type Ca2� binding sites, YF1 and YF2

X
2Ca2�kx

on

º
kx

off
CaX

Ca2�kx
on

º
2kx

off
Ca2X (6)

YF1

Ca2�kF1
on

º
kF1

off
CaYF1; YF2

Ca2�kF2
on

º
kF2

off
CaYF2 (7)

These reactions are driven by the Ca2� time course found by inte-
grating Eqs. 2–5; the unbinding rates of the three sites are set to kX

off �
50 ms	1, kF1

off � 33 s	1, and kF2
off � 3.3 s	1. The latter two unbinding

rates correspond to the F1 and F2 facilitation decay components. The
kF1

off rate yields a time constant of 30 ms, close to the F1 decay time

TABLE 1. Free model parameters and the set of values used in the parameter sensitivity analysis shown in Fig. 6

Symbol Parameter Name Set of Values

QCa Ca2� influx per channel per AP 0.065, 0.13, 0.26, 0.39, 0.65 (pA � ms)
�0

fast Resting capacity of fast buffer 50, 100, 200, 300
KD

fast Ca2� affinity of fast buffer 0.2, 0.5, 1, 2, 5, 10 (�M)
DB Endogenous buffer mobility 0, 10	4, 10	3, 3 � 10	3, 10	2, 3 � 10	2, 0.1 (�m2/ms)
dXY Distance from the center of active zone 130, 150, 170, 190 (nm)
KD

XY Ca2� affinity of X and Y sites 5, 10, 20, 30 (�M)

Numbers labeled in bold indicate the reference parameter set used for simulations in Figs. 2–5. The resting buffer capacity is defined as the ratio of total
concentration to its affinity (�0

fast � Bfast
Total/KD

fast). The slow buffer’s parameters are: kslow
off � 0.4 s	1, KD

slow � 5 �M, �0
slow � 600 	 �0

fast. AP, action potential.

FIG. 1. Simulation volume (right) approximates the volume surrounding a
single active zone of a crayfish presynaptic varicosity (left). Assuming sym-
metry of the geometry with respect to 2 mutually perpendicular vertical planes,
only 1/4 of the total volume is considered (dashed lines). Boundary conditions
on all side surfaces are 0-flux, whereas boundary conditions on the bottom and
top surfaces take into account outward flux due to Ca2� extrusion (Eq. 5). E,
positions of Ca2� channels (16 per active zone); F, position of the X and Y
Ca2� binding sites for simulations shown in Figs. 2–5. This site is located 20
nm above the membrane, at a distance of dX Y � 130 nm from the center of the
active zone (�55 nm away from the nearest Ca2� channel).
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