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Summary

Ca?** buffer saturation was proposed as a mechanism
of paired pulse facilitation (PPF). However, whether it
operates under native conditions remained unclear.
Here we show that saturation of the endogenous fast
Ca?* buffer calbindin-D28k (CB) plays a major role in
PPF at CB-containing synapses. Paired recordings from
synaptically connected interneurons and pyramidal
neurons in the mouse neocortex revealed that dialysis
increased the amplitude of the first response and de-
creased PPF. Loading the presynaptic terminals with
BAPTA or CB rescued the effect of the CB washout.
We extended the study to the CB-positive facilitating
excitatory mossy fiber-CA3 pyramidal cell synapse.
The effects of different extracellular Ca?* concentra-
tions and of EGTA indicated that PPF in CB-containing
terminals depended on Ca?* influx rather than on the
initial release probability. Experiments in CB knockout
mice confirmed that buffer saturation is a novel basic
presynaptic mechanism for activity-dependent control
of synaptic gain.

Introduction

Short-term modifications in the efficacy of synapses
occur in synaptic connections of the central nervous
system when the presynaptic neuron is repetitively ac-
tive. Successive unitary postsynaptic potentials (PSPs),
evoked by a train of presynaptic action potentials (APs),
can increase (facilitate) or decrease (depress) in ampli-
tude, depending on the identity of the two neurons that
form a connection (Reyes et al., 1998; Thomson, 1997;
Thomson and Deuchars, 1997; Thomson et al., 1993).
An increase of the probability of transmitter release
caused by successive APs in the presynaptic terminal
is postulated to underlie short-term facilitation of PSPs
(Atluri and Regehr, 1996; Katz and Miledi, 1968; Rahami-
moff, 1968; Rozov et al., 2001; Winslow et al., 1994;
Zucker, 1989, 1996). Short-term synaptic enhancement
occurring in the time scale of tens of milliseconds to
several seconds is thought to be a calcium-dependent
process (Fisher et al., 1997). The intracellular concentra-
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tion of calcium at the release site depends on the dis-
tance between Ca?* channels and the Ca?" sensor as
well as on the properties of endogenous Ca*" buffers
(Neher, 1998).

Three different models have been proposed to explain
the relationship between Ca?*" concentration in the ter-
minal and paired pulse facilitation (PPF). Katz and Miledi
(1968) proposed the residual calcium hypothesis. Ac-
cording to this hypothesis, facilitation is caused by the
increased level of residual Ca?* remaining in the terminal
after each AP, which adds to the Ca?" influx resulting
from subsequent APs, increasing the probability of
transmitter release. In another model it has been sug-
gested that facilitation involves an additional high-affin-
ity Ca2* binding site with slow unbinding kinetics, which
operates cooperatively with the “main release sensor”
(Atluri and Regehr, 1996). The third hypothesis proposes
that facilitation can occur as a result of progressive and
local saturation of fast endogenous Ca?* buffers in the
terminal during a train of APs, thus resulting in a gradual
increase of the Ca?" concentration at the release site
(Rozov et al., 2001). The partial buffer saturation hypoth-
esis implies that fast Ca?* buffers can effectively bind
Ca?* competing with the Ca?* sensor during the first
AP. By the time of the second AP, a fraction of the buffer
remains bound to Ca?*, allowing more Ca?* to reach the
sensor, resulting in increased release probability. In a
previous study we have shown that partial buffer satura-
tion can be a mechanism of facilitation (Rozov et al.,
2001). However, in that study facilitation was artificially
induced by loading the presynaptic cell with moderate
concentrations (0.02-0.7 mM) of the fast Ca?* buffer
BAPTA (k., = 4 X 10 M~"s™"; Naraghi and Neher, 1997).
In contrast to facilitation due to accumulation of residual
Ca?", BAPTA-induced facilitation was not blocked by
the slow Ca?' buffer EGTA (k,, = 2.5 X 10° M~' s 7;
Naraghi and Neher, 1997). However, whether partial
buffer saturation is of physiological relevance remained
unclear. This issue is particularly interesting, consider-
ing that a number of neuronal populations express fast
endogenous Ca?" buffers such as CB or calretinin. In
the present study we investigated the contribution of
partial buffer saturation to PPF in CB-containing termi-
nals. First, we focused on CB expressing GABAergic
interneurons, which form facilitating synapses onto layer
2/3 pyramidal cells of the mouse neocortex. We then
extended the study to the strongly facilitating excitatory
mossy fiber to CA3 pyramidal cell synapses (Henze et
al., 2000; Salin et al., 1996; Toth et al., 2000), since CB is
expressed in mossy fiber terminals at high concentration
(Celio, 1990; Freund and Buzsaki, 1996). Finally, the con-
tribution of CB in PPF at the studied synapses was
confirmed in CB knockout mice (Klapstein et al., 1998).

Results

Washout of Endogenous Buffers from MB Cells
Abolishes Paired Pulse Facilitation

We studied the contribution of Ca?" buffer saturation to
short-term synaptic plasticity in multipolar bursting (MB)
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Figure 1. Morphological, Neurochemical, and Functional Signature of MB Cells

(A) Representative IR-DIC image and typical firing pattern of APs upon depolarizing current injection into a MB cell.
(B) Biocytin-filled MB cells (green, left panels) stained for the endogenous Ca?" buffers PV (top right) and CB (bottom right). Scale bar in (A)

and (B) equals 20 pm.

(C) Simultaneous whole-cell recordings were made from synaptically connected neurons. The upper panel shows average traces of postsynaptic
responses to two APs separated by 100 ms recorded in wild-type (wt) mice. The histogram (lower panel) summarizes data from 46 experiments

and shows the distribution of PPRs of IPSPs.

(D) The upper panel shows average traces of postsynaptic responses to two APs separated by 100 ms recorded in CB knockout (CB-KO)
mice. The histogram (lower panel) summarizes data from 16 experiments and shows the distribution of PPRs of IPSPs. The symbols above
the histograms indicate the mean =+ standard deviation PPR. Only those recordings that were accomplished within 25 min after whole-cell

formation of the MB cell were used for the plots.

cells, a new type of interneurons in the mouse neocortex
(M. Blatow et al., submitted). MB cells can be recognized
by their location close to the border between layers 1
and 2 and by their appearance in the infrared differential
interference contrast (IR-DIC) video image (Figure 1A).
These neurons have round or oval cell bodies, which

are larger than those of layer 2/3 pyramidal cells, and
have one or several visible thick dendrites. The typical
resting membrane potential of MB cells is around —60
mV. Their action potential (AP) firing pattern upon pro-
longed depolarizing current injection is characterized
by an initial burst of two or three APs followed by a
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A Figure 2. Short-Term Synaptic Facilitation at
washout (WT) 70-79 min; PPR=0.72 MB Cell to Pyramidal Cell (Pyr) Synapses
(A) Prolonged dialysis of presynaptic MB cell
10-19 min; PPR=1.27 terminals leads to an increase of the IPSP1
amplitude and to a decrease of the PPR. Av-
_f\f\ erage IPSPs recorded from the same MB cell
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pronounced after hyperpolarizing gap and a subsequent
train of regular spiking, low-frequency APs (Figure 1A).
Immunocytochemistry revealed the coexpression of the
slow Ca?* buffer PV and the fast Ca?* buffer CB (Figure
1B). These two endogenous mobile Ca*" buffers differ
substantially in their binding kinetics (K,, = 4.3 X 10°
M-'s ' forPV; K,y =1.1 X 10" M~ 's 'and K,,, = 8.7 X
10” M~ ' s~ for CB; Lee et al., 2000; Nagerl et al., 2000).
Simultaneous whole-cell recordings from pairs of con-
nected neurons showed that inhibitory connections from
MB cells to pyramidal cells in layer 2/3 of the mouse
neocortex exhibited PPF of inhibitory postsynaptic po-
tentials (IPSPs) evoked by a 10 Hz train of two APs. The
average paired pulse ratio (PPR) measured as the ratio
of IPSP2/IPSP1 was 1.37 = 0.54 (n = 46; Figure 1C).
Expression of either PV or CB makes accumulation of
free Ca?" unlikely to be the mechanism of facilitation,
since either of these buffers can effectively chelate re-
sidual Ca?* (Caillard et al., 2000). However, the fast Ca?**
buffer CB may undergo local saturation with Ca?* during
a train of APs and be responsible for PPF in the studied
terminals. Since fast Ca?* buffers determine the Ca**
dynamics and release properties in the terminal, their
washout should affect release probability and PPF. In-

deed, in prolonged whole-cell experiments, an increase
of the first response amplitude (2.57- = 1.18-fold) was
accompanied by a decrease of the PPR (from 1.46 =
0.24 to 0.79 = 0.23; p = 0.00004, n = 10), indicating a
washout of endogenous Ca?* buffers (Figures 2A and
2B, left panel). In addition, when CB (0.2 mM) was added
to the pipette solution, the amplitude of the first re-
sponse was decreased (0.53- + 0.08-fold), whereas the
PPR did not change significantly (from 1.19 = 0.08 to
1.34 = 0.14, p > 0.05, n = 7; Figure 2D, left panel). In
CB knockout mice, synaptic connections between MB
cells and pyramidal cells exhibited on average paired
pulse depression (PPR = 0.93 *= 0.14, n = 16; Figure
1D). The PPR was significantly different from that in
wild-type mice (p = 0.001). Additionally, in prolonged
whole-cell experiments, no significant changes in the
PPR were observed (from 0.9 = 0.17 t0 0.99 + 0.25; n =
9, p > 0.05; Figure 2B, right panel), and the amplitude
of the first response was reduced (0.72- + 0.39-fold).
Loading of CB to the presynaptic MB cell led to a reduc-
tion of the IPSP1 amplitude (0.38- = 0.1-fold) and res-
cued facilitation (from 0.77 = 0.151t0 1.24 + 0.14; p <
0.001, n = 5; Figures 2C and 2D, right panel). In all
experiments where CB was added to the intracellular
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Figure 3. Effect of Exogenously Loaded Ca**
Buffers on Synaptic Efficacy and PPR

(A) Concentration-dependent effect of exog-
enously loaded BAPTA on the mean ampli-
tude of PSP1 in three types of synapses. The
plot compares the effect of internal BAPTA
on the release from predialyzed MB cell ter-
minals on pyramidal cells (closed circles) with
that previously described for a strongly facili-
tating (pyramidal to bitufted cells, open
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solution, steady-state levels of IPSP amplitudes and
PPRs could be reached within 40-50 min. Thus, our
results suggest that CB is a causal factor for facilitation
in the studied terminals.

BAPTA Rescues Paired Pulse Facilitation

in Dialyzed MB Cell Terminals

It has been shown that the key element for facilitation
due to buffer saturation is the competition between the
Ca?* buffer and the Ca?* sensor for incoming Ca?* dur-
ing an AP (Rozov et al., 2001). Thus, the diffusional dis-
tance between Ca?' channels and the Ca?" sensor
should be long enough so that fast Ca?*" buffers can
effectively chelate Ca?* before it reaches the release
site. Testing the sensitivity of release to exogenously
loaded buffers can provide valuable information about
the relative distance between the Ca*" sensor and Ca?*
channels in a given type of terminal (Neher, 1998). To

10
[BAPTA] (mM)

15 20 squares) and a strongly depressing (pyrami-

dal to multipolar cells, open circles) type of
synapse (modified from Rozov et al., 2001).
(B) Concentration-dependent effect of exog-
enously loaded BAPTA in predialyzed termi-
nals on the PPR of IPSPs in MB cell to pyrami-
dal cell connections. The PPR is plotted as a
function of BAPTA concentration loaded in
the presynaptic cell (open circles). The closed
circle shows the average PPR after washout
of endogenous Ca?* buffers.

(C) EGTA at high concentration can block
BAPTA-induced facilitation. PPRs of IPSPs
measured in pyramidal cells after loading of
presynaptic MB cells with 0.2 mM BAPTA
alone and mixtures of 0.2 mM BAPTA with
0.2 mM EGTA or 1 mM EGTA, respectively.
(D) Averaged PPRs measured from MB cell
to pyramidal cell pairs before (control) and
after loading the MB cell with solutions con-
taining either 0.2 mM CB or a mixture of 0.2
mM CB and 0.2 mM EGTA. Note that the pres-
ence of EGTA did not abolish facilitation.

(E) Opposite effects of extracellular Ca*" con-
centration ([Ca?'],) on PPF at two types of
facilitating synapses. The graph compares
the effect of different [Ca?*], on facilitation in
MB cell to pyramidal cell terminals (closed
circles) with that observed for the pyramidal
cell to bitufted cell connection (open squares;
modified from Rozov et al., 2001). In the MB
to pyramidal cells connection, an increase of
[Ca*'], increases facilitation, a decrease of
[Ca?'], reduces facilitation. In pyramidal to
bitufted cells terminals, and an increase of
[Ca?'], reduces facilitation, whereas a de-
crease of [Ca®'], increases facilitation. In or-
der to compare across several experiments
made on different connections, PPRs were
normalized to that measured in 2 mM [Ca?"]..

probe the diffusional distance in MB cell terminals onto
pyramidal cells, we tested the concentration depen-
dence of synaptic efficacy on exogenously loaded
BAPTA. In connected cell pairs, the presynaptic cell
was dialyzed until the amplitude of IPSPs reached the
steady-state level (30-40 min), and 100 responses were
collected to establish a baseline. At this point, we con-
sidered that mobile endogenous Ca?* buffers had been
washed out. The same MB cell was then repatched
with a pipette filled with BAPTA containing intracellular
solution. After 15-20 min required for loading the buffer
into the terminals, another 50-100 sweeps were col-
lected. Figure 3A shows the BAPTA concentration-
dependent reduction of the first IPSP amplitude normal-
ized to the control IPSP amplitude (before bufferloading)
in MB cell to pyramidal cell synapses (n = 5 for each
concentration) compared to those observed in a
strongly facilitating and a strongly depressing pyramidal
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cell terminal (Rozov et al., 2001). The very steep concen-
tration dependence of release on internal BAPTA in MB
cell to pyramidal cell synapses was similar to that in
facilitating pyramidal to bitufted cell synapses (Figure
3A) and was indicative of a long diffusional distance in
both terminals. Thus, MB cell to pyramidal cell synapses
have the necessary structural basis for facilitation due
to Ca?* buffer saturation. In addition to its strong effect
on synaptic efficacy, the fast Ca*" buffer BAPTA could
rescue facilitation in the concentration range of 0.1-0.5
mM. At very low (0.05 mM) and very high (1 mM) buffer
concentrations, the PPR was close to 1. The effects of
different BAPTA concentrations on the PPR are shown
in Figure 3B (n = 5 for each concentration). Since satura-
tion of the fast exogenous Ca?* buffer BAPTA restores
facilitation in predialyzed terminals, it is likely that satu-
ration of the fast endogenous Ca?* buffer CB is responsi-
ble for facilitation under native conditions. This is sup-
ported by the reduction of the PPR in MB cell to pyramidal
cell synapses in CB knockout mice (Figure 1D) and by
rescue experiments with CB (Figures 2C and 2D).

It has been shown that moderate concentrations of a
slow Ca?* buffer can effectively prevent facilitation due
to accumulation of free Ca?", but fail, however, to block
facilitation due to local Ca?* buffer saturation (Rozov et
al., 2001). First, we tested whether this assumption is
true for BAPTA-induced facilitation in MB cell to pyrami-
dal cell terminals. Indeed, the presence of 0.2 mM EGTA
in addition to 0.2 mM BAPTA in the pipette solution did
not change the PPR compared to that observed with
0.2 mM BAPTA alone (n = 3; Figure 3C). When 1 mM
EGTA was added to 0.2 mM BAPTA, facilitation was
abolished (n = 3; Figure 3C). In these experiments, 0.2
and 1 mM EGTA were able to reduce the amplitude of
the first IPSP in a concentration-dependent manner to
73% * 20% and 43% = 15%, respectively, despite
the presence of BAPTA. This in turn implies that EGTA
should have no effect on the PPR, if facilitation depends
on the Ca?* buffering properties of CB. When presynap-
tic MB cells were repatched with intracellular solutions
containing either 0.2 mM CB (n = 7) or 0.2 mM EGTA,
in addition to 0.2 mM CB (n = 3), amplitudes of the first
IPSPs were reduced (0.53- + 0.08-fold; 0.46- + 0.1-fold,
respectively), whereas PPRs in both cases were slightly,
but not significantly, increased (from 1.26 = 0.1t01.48 =
0.19, p > 0.05; from 1.19 = 0.08 to 1.34 = 0.14, p >
0.05, respectively; Figure 3D).

The Ca?* buffer saturation model implies that lowering
extracellular Ca?* concentration ([Ca?*],) should reduce
the saturation rate and result in reduced facilitation,
whereas elevating [Ca?*], would increase the saturation
rate and facilitation. Thus, PPF due to Ca?* buffer satura-
tion should be directly dependent on [Ca?*],. On the
other hand, the residual Ca?" hypothesis predicts an
inverse dependence of PPF on [Ca®'], (Katz and Miledi,
1968; Rozov et al., 2001; Zucker, 1989). To study the
dependence of facilitation on [Ca?'],, it was critical to
prevent washout of CB from the presynaptic MB cell
terminals, since it would lead to progressive changes
in the IPSP1 amplitude and the PPR (see Figure 2A).
Therefore, we included in these experiments 0.2 mM CB
to the intracellular solution and recorded at the steady-
state level. Indeed, when [Ca?**], was decreased from 2
to 1 mM, PPF at MB cell to pyramidal cell synapses was

decreased. When [Ca?*], was increased from 2 to 3 mM,
PPF was increased. Figure 3E compares the effect of
different [Ca®*], on facilitation at MB cell to pyramidal
cell synapses with that found for pyramidal to bitufted
cells connections, where facilitation was shown to be
due to accumulation of free Ca?* (Rozov et al., 2001).
Thus, taken together, our data strongly suggest that
local saturation of CB during repetitive activity underlies
facilitation in MB cell terminals.

Opposite Effects of Extracellular Ca?>* Concentration
on Paired Pulse Facilitation at Two Excitatory
Synapses in the Hippocampus

To substantiate our hypothesis, we extended the study
to yet another strongly facilitating connection, the
mossy fiber-CA3 pyramidal cell synapse, which can be
reliably studied by extracellular stimulation. We chose
this hippocampal synapse because it combines robust
PPF (Henze et al., 2000; Salin et al., 1996; Toth et al.,
2000) with a high expression of CB in dentate gyrus
granule cells and mossy fiber terminals (Celio, 1990;
Freund and Buzsaki, 1996). Figure 4A shows the distri-
bution of CB immunoreactivity in the mouse hippocam-
pus. CA3 pyramidal cells receive input not only from
mossy fibers, but also from CA3 pyramidal cell (associa-
tional/commissural) collaterals. Therefore, it was impor-
tant to dissect these two inputs when recording from
CAS3 pyramidal cells. Group Il metabotropic glutamate
receptors (mGluRs) are exclusively expressed on mossy
fiber terminals, but not on CA3 pyramidal cell terminals
(Kamiya et al., 1996; Maccaferri et al., 1998). DCG-IV, a
group Il mGIuR agonist, substantially reduces release
from mossy fiber terminals. To confirm the mossy fiber
input after each experiment, 1 M DCG-IV was added
to the bath solution. We considered the connection to
be mediated by mossy fibers when EPSCs were almost
completely blocked by DCG-IV and by associational/
commissural collaterals, when DCG-IV did not have any
effect on the amplitude of EPSCs (Figure 4B).

To confirm our hypothesis that local saturation of CB
underlies PPF at mossy fiber to CA3 pyramidal cell syn-
apses, we tested the dependence of mossy fiber PPF
on [Ca*'],. Since mossy fiber synapses are known to
undergo strong frequency facilitation (Salin et al., 1996),
a stimulation rate of 0.03 Hz was chosen in these experi-
ments to prevent progressive saturation of CB during
the course of the recordings. Figure 5A (upper traces)
shows that reduction of the Ca?*/Mg?* ratio in extracel-
lular solution from 2 mM/2 mM to 1.5 mM/2.5 mM or 1
mM/3 mM, respectively, led to a gradual and substantial
decrease of the PPR. Increase of [Ca?'], (Ca?*/Mg?*"
ratio 3 mM/1 mM), on the other hand, resulted in higher
PPF at mossy fiber to CA3 pyramidal cell synapses (Fig-
ure 5B, open squares; n = 5). For comparison, we carried
out the same experiments on Schaffer collaterals to CA1
pyramidal cell synapses, another hippocampal connec-
tion characterized by pronounced PPF. At these syn-
apses, lowering [Ca%*], enhanced facilitation and vice
versa (Figures 5A, middle traces, and 5B, filled squares;
n = 5). In CB knockout mice, PPF at mossy fibers de-
pended on [Ca?*], in the opposite way compared to
the wild-type (Figures 5A, lower traces, and 5B, closed
circles; n = 4). The PPR was decreased at higher and
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Figure 4. Immunocytochemical and Pharma-
cological Properties of Mossy Fiber to CA3
Pyramidal Cell Synapses

(A) Calbindin-D28k immunoreactivity in the
mouse hippocampus. Note the particularly
high expression in dentate gyrus granule cells
and mossy fibers.

(B) The mGIluR2 agonist DCG IV is used to
distinguish mossy fiber (MF) from associa-
tional/commissural (AC) inputs to CA3 pyra-
midal cells. 1 M DCG IV almost completely
blocks release from MF terminals (left panel),
but has no effect on AC synapses (right
panel). The traces show average responses
before and after agonist application at steady-
state level.
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increased at lower [Ca?'],, similar to PPF at Schaffer
collaterals of wild-type mice. Figure 5B (right panel)
compares the relative effect of different [Ca?*], on the
amplitude of the first EPSC in these three types of syn-
apses. At all three synapses, the effect of [Ca?'], on
synaptic efficacy was almost the same. These results
suggest that local partial saturation of CB strongly con-
tributes to PPF in mossy fiber terminals, whereas facilita-
tion in Schaffer collateral terminals is most likely due to
accumulation of free Ca?*. A recent study (Toth et al.,
2000) showed that PPF measured at mossy fibers was
related to [Ca?*], in @ manner consistent with accumula-
tion of free Ca?*. However, the authors measured the
PPR as the ratio of the fifth and the first responses.
To address the apparent discrepancy between those
results and our data, we tested the effects of [Ca?'], on
PPF using a five-pulse protocol. Indeed, the ratio of
EPSC5/EPSC1 was decreased in 3 mM [Ca?*],, as com-
pared to 2 mM [Ca?*], (Figure 5C; n = 3). This can be
explained either by a stronger contribution of vesicle
depletion to the amplitude of the fifth response at higher
[Ca%*], or by the oversaturation of CB during prolonged
repetitive stimulation.
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EGTA Blocks Paired Pulse Facilitation in Schaffer
Collaterals but not in Mossy Fibers

EGTA can effectively chelate residual Ca?*, preventing
facilitation due to accumulation of free Ca?", but cannot
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determine Ca?* dynamics in the presence of a faster
Ca?* buffer (Katz and Miledi, 1968; Rozov et al., 2001).
Hence, one would expect facilitation due to buffer satu-
ration to be insensitive to moderate EGTA concentra-
tions, which should, however, block facilitation due to
accumulation of free Ca?*. Indeed, application of 100
wM EGTA-AM for 15 min (Atluri and Regehr, 1996) could
completely block PPF at Schaffer collaterals (Figures
6A and 6B; n = 4). In experiments in the CA3 region, we
recorded simultaneously from two adjacent pyramidal
cells, assuming that the stimulation in a given place
would result in responses to mossy fiber input in one
of the cells, whereas the other cell most likely would
receive associational/commissural input, due to the
unique anatomical organization of mossy fiber axons
(Acsady et al., 1998). Thus, we could compare the effect
of EGTA-AM on facilitation in these two types of syn-
apses under the same experimental conditions. After
each experiment, the origin of the input was determined
by application of DCGIV. In all cases, 15 min application
of 100 uM EGTA-AM completely abolished facilitation
in associational/commissural collaterals (n = 4), but did
not have any noteworthy effect on mossy fiber PPF
(Figures 6A and 6B; n = 5). However, EGTA-AM could
almost completely block PPF in mossy fibers in CB
knockout mice (Figures 6A and 6B; n = 3). Figure 6C
summarizes the effects of EGTA-AM on the amplitude
of the first EPSC in these four types of synapses.
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Figure 5. Opposite Effects of Extracellular
Ca?* Concentration ([Ca?'],) on PPF at Two
Excitatory Synapses in the Hippocampus

(A) EPSCs recorded from CA3 pyramidal cells
during paired pulse stimulation (10 Hz) of
mossy fibers in wt (MF, upper traces) and CB-
KO mice (MF CB-KO, lower traces) and from
CA1 pyramidal cells during paired pulse stim-
ulation of Schaffer collaterals in wt mice (SC,
middle traces) in different [Ca?'].. In MF an
increase of [Ca?'], increases facilitation, but
a decrease of [Ca®"], reduces facilitation. In
SC an increase of [Ca?*], reduces facilitation,
whereas a decrease of [Ca®'], increases facil-
itation. In MF CB-KO, an increase of [Ca®"],
reduces facilitation, and a decrease of [Ca?*],
increases facilitation. The first EPSC ampli-
tudes were normalized to allow comparison
of the degree of facilitation at different [Ca®'],.
(B) The left graph compares the effects of
changes in [Ca®**], on facilitation at MF to CA3
pyramidal cell synapses (open squares) with
that at SC to CA1 pyramidal cell synapses
(filled squares) and at MF to CA3 pyramidal
cell synapses in CB-KO mice (closed circles).
In order to compare across several experi-
ments made on different connections, PPRs
were normalized to that measured in 2 mM
[Ca?*],. The right graph shows the depen-
dence of EPSC1 on [Ca?*],. Note that the ef-
fects of [Ca?*], on synaptic release are com-
parable in MF, MF CB-KO, and SC terminals.
(C) EPSCs recorded from CA3 pyramidal cells
upon mossy fiber stimulation with a train of
five stimuli (10 Hz) in 2 and 3 mM [Ca*'],. The
histogram on the right shows the reduction

T
1.0 1.5 2.0 2.5 3.0
[Ca™"], (mM)
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Discussion

Short-term synaptic facilitation allows a rapid increase
of synaptic gain in a frequency-dependent manner. PPF
has been shown to be a characteristic feature of fast
synaptic transmission in a number of excitatory and
inhibitory connections (Gupta et al., 2000; Reyes et al.,
1998; Zucker, 1999). At many excitatory synapses, PPF
is believed to be due to accumulation of free Ca?*. How-
ever, in synapses with a high presynaptic Ca?* buffer
capacity such as those containing high levels of CB,
this mechanism is unlikely to operate. More recently,
local Ca?" buffer saturation has been proposed as a
mechanism for PPF at synapses expressing fast endog-
enous Ca*" buffers, although there was no direct evi-
dence for this mechanism to operate under native condi-
tions. Here we show that local and partial Ca?*" buffer
saturation underlies PPF in at least two types of CB-
containing terminals. Other fast Ca?* buffers, such as

[Ca™"], (mM)

) 3 of the EPSC5/EPSC1 ratio when [Ca?*], was
raised from 2 (black bar) to 3 (white bar) mM.

1.0
0.8
0.6

0.4

EPSC5/EPSC1 norm.

0.2

0.0

calretinin, have not been detected either in MB cells or
in mossy fibers. Although we cannot ultimately exclude
the presence of yet another fast Ca?* buffer, we con-
clude that CB is responsible for facilitation in the studied
terminals. However, facilitation appears to be a complex
process, which can be modulated at different levels and
in different ways. For instance, in neocortical excitatory
synapses, presynaptic metabotropic glutamate recep-
tors have been shown to control recovery from facilita-
tion (Sansig et al., 2001). Repetitive activation of presyn-
aptic kainate receptor channels expressed on mossy
fibers can depolarize the terminals, which, in turn,
change Ca?* influx and release properties (Schmitz et
al., 2001). These are just two examples to illustrate the
great complexity of short-term synaptic enhancement.
The main goal of this study was to find out whether fast
endogenous buffers can underlie PPF. Data obtained
using CB knockout mice and rescue experiments sup-
port our conclusion that partial and local saturation of
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Figure 6. EGTA-AM Blocks Facilitation at Associational/Commis-
sural (AC) and Schaffer Collateral (SC) but not at Mossy Fiber (MF)
Terminals

(A) Application of 100 .M EGTA-AM for 15 min did not affect PPF
at MF to CA3 pyramidal cell synapses but abolished facilitation at
AC synapses and SC to CA1 pyramidal cell synapses as well as at
MF to CA3 pyramidal cell synapses in CB-KO mice.

(B) Pairwise comparison of EPSC2/EPSC1 ratios in several experi-
ments for each type of connection measured before (open circles)
and after (closed circles) application of EGTA-AM.

(C) The histogram depicts the effect of EGTA-AM on the amplitude
of the first response. Note that the average reduction of EPSC1
amplitude is comparable in all types of synapses.

CB strongly contributes to PPF in both MB cell and
mossy fiber terminals. It is intriguing that at mossy fiber
terminals, facilitation persists in CB knockout mice but
has properties comparable to those predicted for facili-
tation due to accumulation of free Ca?*. This observation
is in line with the hypothesis that, independently of the
mechanism of facilitation, strongly facilitating synapses
should have a longer diffusional distance from Ca?*
channels to Ca?* sensor, compared to depressing ones
(Rozov et al., 2001). We also believe that this study
shows an approach to distinguish between two mecha-
nisms of facilitation.

Ca?* buffer saturation-induced PPF is insensitive to
moderate concentrations of EGTA, which provides a
powerful tool to discriminate between two mechanisms
of facilitation. However, overloading the terminal with a
slow buffer can also affect the PPR (Figure 3C), most
likely due to a Ca?* exchange reaction between the fast
and the slow buffer, when the slow buffer is present
at higher concentration. This might in part explain the
results reported by Salin et al. (1996), where 200 M
EGTA-AM applied for 30 min could block facilitation in
mossy fibers. Under experimental conditions used here,
application of 100 uM EGTA-AM for 15 min was suffi-
cient to block facilitation in Schaffer collaterals and as-
sociated/commissural terminals but did not affect facili-
tation in mossy fibers. In a recent study (Kamiya et al.,
2002) where a similar protocol was used, EGTA-AM also
failed to block MF facilitation. The nonsignificant reduc-
tion of PPF observed by the authors can be explained
by the blocking effect of EGTA-AM on AC facilitation,
which contributes to the evoked responses when re-
cording field potentials. In CB knockout mice, PPF in
mossy fibers was almost completely abolished by the
application of EGTA-AM. The little remaining facilitation
might be explained by feedback activation of presynap-
tic kainate receptor channels (Schmitz et al., 2001).

MB cells express also the slow Ca?* buffer PV. To
address the relative contribution of PV and CB to synap-
tic plasticity in MB cell terminals, we “mimicked” the
endogenous situation dialyzing the presynaptic MB cells
with mixtures of fast (BAPTA) and slow (EGTA) Ca?*
buffers (Figure 3C). These results suggest that the slow
Ca?* buffer must be present at much higher concentra-
tion than the fast one in order to overcome facilitation
due to Ca?* buffer saturation, which is not the case in
facilitating MB cell terminals. However, the expression
of two Ca?* buffers with different binding kinetics in the
same presynaptic terminal might “equip” the cell with
a potent mechanism for dynamic control of synaptic
gain. Depending on the expression level of the slow
buffer, the cell could differentially modify its type of
short-term plasticity. Moreover, the expression of differ-
ent Ca?* buffers is not only spatially but also temporally
regulated. Unlike in the adult brain where CB and calreti-
nin are expressed in restricted neuronal populations,
in the young animal their expression pattern is much
broader (Alcantara et al., 1996; Jiang and Swann, 1997).
This suggests that facilitation due to Ca*" buffer satura-
tion may be more frequently encountered in the develop-
ing brain. It is furthermore of note that changes in extra-
cellular Ca?* concentration have opposite effects on
facilitation due to accumulation of residual Ca?* and
on facilitation due to Ca?* buffer saturation. Differential
expression of fast Ca?* buffers (Alcantara et al., 1996;
Jiang and Swann, 1997) taken together with the de-
crease of extracellular Ca?* concentration during devel-
opment (Jones and Keep, 1988a, 1988b) can provide a
potent way for dynamic control of short-term synaptic
plasticity in developing neuronal circuitries.

Experimental Procedures
Electrophysiology

Transverse neocortical and hippocampal slices of 250 .m thickness
were prepared from the brains of 14-day-old C57BI6 and CB knock-
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out (Klapstein et al., 1998) mice killed by decapitation (Maccaferri
and McBain, 1995; Markram et al., 1997). During recordings, slices
were maintained at room temperature (22°C-24°C) in extracellular
solution consisting of (in mM): 125 NaCl, 2.5 KCl, 25 glucose, 25
NaHCO;, 1.25 NaH,PO,, 2 CaCl,, and 1 MgCl, (pH 7.2). Cells were
identified visually using infrared differential contrast video micros-
copy (Stuart et al., 1993). In all experiments the paired pulse protocol
with an interpulse interval of 100 ms was used, unless otherwise
noted. In the neocortex, whole-cell voltage recordings were per-
formed simultaneously from pairs of synaptically connected neurons
using pipettes with a resistance of 5-7 MOhm. In the hippocampus,
whole-cell current recordings were made from CA1 or CA3 pyramidal
cells at holding potentials of —70 mV. Synaptic responses were
evoked by low-intensity stimulations (100 ws duration; 15-45 pA
intensity) in the stratum lucidum of the hippocampal CA3 region or
in the Schaffer collaterals region via a constant-current isolation
unit (A360, World Precision Instruments, Sarasota, FL) connected
to the patch pipette filled with oxygenated extracellular solution.
In hippocampal experiments, 5 LM bicuculline was added to the
extracellular solution to block GABAergic synaptic transmission.
The stimulation rate was selected low enough to ensure recovery
of the presynaptic terminals from the previous pair of stimuli (in-
tersweep interval, 30 s). Voltage and current traces shown are aver-
ages of 50-100 sweeps. Recordings were made using an EPC-7
amplifier (HEKA Elektronik, Lambrecht, Germany). Stimulus delivery
and data acquisition was performed using PULSE software (HEKA
Elektronik, Lambrecht, Germany). All analysis was performed using
IGOR PRO software (Wavemetrics, Lake Oswego, OR). Averaged
data are given as mean + SD.

Two intracellular solutions were used (mM): 105 K gluconate, 30
KCI, 4 Mg-ATP, 10 phosphocreatine, 0.3 GTP, and 10 HEPES (pH
7.3, KOH, 293 mOsm) for voltage recordings from both pre- and
postsynaptic cells; and 120 Cs gluconate, 10 CsCl, 8 NaCl, 2 Mg-
ATP, 10 phosphocreatine, 0.3 GTP, 0.2 EGTA, and 10 HEPES (pH
7.3, KOH, 293 mOsm) for current recordings. CB (Swant, Bellinzona,
Switzerland) was freshly diluted in intracellular solution just before
the experiment. In experiments with EGTA-AM (Molecular Probes,
Eugene, OR), 10 mM EGTA was added to the intracellular solution
to exclude postsynaptic effects of EGTA-AM application. EGTA-AM
was freshly diluted just before the experiment. (2S,2'R,3'R)-2-(2',3'-
discarboxycyclopropyl)glycin (DCG-IV) was obtained from Tocris
(Bristol, UK). Calculation of the statistical significance of differences
was performed using unpaired or paired two-tailed Student’s t test.

Immunocytochemistry

For neurochemical characterization of the neurons, cells were filled
with biocytin (2%) dissolved in internal pipette solution. Subse-
quently, the slices were fixed overnight in 4% paraformaldehyde at
4°C. Fixed slices were embedded in 4% Agar and resliced at 50 pm
with a vibratome. The biocytin-filled cells were visualized by FITC-
conjugated avidin (3 pg/ml; Jackson Immuno Reseaerch, West
Grove, PA). The procedures for the analysis using monoclonal anti-
bodies against PV (1:1000) or CB (1:3000; Swant, Bellinzona, Swit-
zerland) are described elsewhere (Catania et al., 1995). DAB staining
was performed using the avidin-biotin-peroxydase technique with
chemicals purchased from Vector Laboratories (Vectastain, ABCe-
lite, Burlingame, CA). Control stainings for PV and CB showed no
signalin pyramidal cells (n = 4) and only PV-immunoreactivity in fast-
spiking cells (n = 3), excluding the possibility of filter transparence.
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