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Interaction of Postsynaptic Receptor
Saturation with Presynaptic Mechanisms
Produces a Reliable Synapse

contributions of these various mechanisms to saturation
of the postsynaptic response are not known.

The second common property of high p synapses,
short-term depression, has also been studied exten-
sively (Zucker and Regehr, 2002). Depression is often
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attributed to the depletion of release-ready vesicles
(Betz, 1970; Liley and North, 1953). However, many
mechanisms can influence the magnitude of depression,Summary
and depletion models are often inadequate (Zucker and
Regehr, 2002). This is illustrated by the recent discoverySynapses that reliably activate their postsynaptic tar-

gets typically release neurotransmitter with high prob- that multivesicular release combined with postsynaptic
receptor saturation can reduce the magnitude of de-ability, are not very sensitive to changes in calcium

entry, and depress. We have determined the mecha- pression (Wadiche and Jahr, 2001). Recovery from de-
pression is another important determinant of how syn-nisms that give rise to these characteristic features

at the climbing fiber to Purkinje cell synapse. We find apses function during repetitive activation. Recovery is
often exponential with a time constant of several sec-that saturation of presynaptic calcium entry, of presyn-

aptic release, and of postsynaptic receptors combine onds (Betz, 1970; Kusano and Landau, 1975; Zucker and
Regehr, 2002), but it can be accelerated in an activity-to produce a postsynaptic response that is near maxi-

mal. Postsynaptic receptor saturation also acceler- dependent manner by a build up of presynaptic calcium
(Dittman and Regehr, 1998; Stevens and Wesseling,ates recovery from depression, in part by accentuating

a rapid calcium-dependent recovery phase. Thus, 1998; Wang and Kaczmarek, 1998). The manner in which
postsynaptic receptor saturation influences recoverypostsynaptic receptor saturation interacts with pre-

synaptic mechanisms to produce highly reliable syn- from depression has not been studied.
Here we characterize the mechanisms underlying ba-apses that can effectively drive their targets even dur-

ing sustained activation. sic features of synaptic transmission at the climbing
fiber to Purkinje cell synapse, which is a high p synapse
that is amenable to study. Each Purkinje cell receivesIntroduction
a strong input from a single climbing fiber that can be
activated in isolation (Eccles et al., 1966a; Ramon yPresynaptic action potentials trigger neurotransmitter

release with a high probability at many synapses. These Cajal, 1911). It is also possible to optically measure cal-
cium levels in individual climbing fibers (Kreitzer et al.,“high p” synapses share two common properties: repeti-

tive presynaptic activity results in depression (Eccles et 2000), making it possible to assess saturation of calcium
influx. At this synapse, short-term depression is presyn-al., 1941; Feng, 1941; Zucker and Regehr, 2002) and

synaptic efficacy saturates with increasing extracellular aptic in origin (Dittman and Regehr, 1998; Hashimoto
and Kano, 1998; Silver et al., 1998), multivesicular re-calcium (Cae) (Dodge and Rahamimoff, 1967; Jenkinson,

1957). Many of these synapses produce large postsyn- lease and postsynaptic receptor saturation occur (Wadi-
che and Jahr, 2001), and calcium-dependent recoveryaptic responses that reliably drive their targets to fire

even during high-frequency activity (Brenowitz and from depression is present (Dittman and Regehr, 1998).
Our findings indicate that the interaction of multipleTrussell, 2001; Eccles et al., 1966a; Taschenberger and

von Gersdorff, 2000). For other high p synapses, depres- mechanisms must be considered in order to understand
the characteristic features of this high p synapse. Satu-sion can affect the transmission of information between

neurons (Abbott et al., 1997; Chung et al., 2002; Tsodyks ration of calcium entry, presynaptic release and post-
synaptic receptors combine to cause this synapse toand Markram, 1997). Although high p synapses are

prominent throughout the nervous system, the mecha- be relatively insensitive to changes in calcium entry and
to elicit a maximal postsynaptic response in standardnisms that underlie their characteristic behavior are

poorly understood. conditions. Postsynaptic receptor saturation also speeds
recovery from depression, in part by accentuating aThere are several possible explanations for the relative

insensitivity of high p synapses to apparent changes in rapid calcium-dependent component of recovery. Our
findings indicate that postsynaptic receptor saturationcalcium entry. The leading hypothesis is that release of

neurotransmitter is limited by the number of release- acts in concert with presynaptic mechanisms to allow
high-reliability synapses to drive their targets even dur-ready vesicles (Zucker and Regehr, 2002). Another pos-

sibility is that calcium entry saturates with increases in ing sustained presynaptic activity.
extracellular calcium levels (Cae), as has been shown at
some synapses (Mintz et al., 1995; Schneggenburger et Results
al., 1999). In addition, multivesicular release can lead
to postsynaptic receptor saturation (Wadiche and Jahr, We investigated the calcium dependence of synaptic
2001), which could limit the EPSC amplitude. The relative strength and short-term plasticity at the climbing fiber

to Purkinje cell synapse. Single climbing fibers were
stimulated, and EPSCs were measured with whole-cell1Correspondence: wade_regehr@hms.harvard.edu
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Figure 1. The Effect of Postsynaptic Recep-
tor Saturation on the Relationship between
External Calcium and EPSC Amplitude

The effect of Cae in control conditions (A) and
in the presence of 5 mM DGG to relieve AMPA
receptor saturation (B). Representative ex-
periments in (Aa) and (Ba) and in (Ab) and (Bb)
show the time course of the EPSC amplitude
with the initial conditions being 2 mM Cae.
Application of 0.5 mM Cae (Aa and Ba) and 4
mM Cae (Ab and Bb) is denoted by the hori-
zontal line. (Insets) Averaged traces in 2 Cae

(light trace) and high or low Cae (dark trace).
The peak EPSC values normalized to those
in 2 mM Cae are plotted as a function of Cae

on log scales (Ac and Bc). The data were fit
to Equation 2, with EPSCmax � 1.1, n � 3.5,
and K0.5 � 0.72 mM for control conditions and
EPSCmax � 1.9, n � 2.8, and K0.5 � 1.6 mM in
the presence of DGG. Each point in (Ac) and
(Bc) is the average of three to six experiments.
Error bars are SEM. In many cases, error bars
are obscured by the symbols.

voltage clamp techniques. Presynaptic calcium tran- Cae, but the Hill equation:
sients were monitored with fluo-4 dextran (Kreitzer et

EPSC � EPSCmax(Cae
n/(Cae

n � K0.5
n), (2)al., 2000), which is a low affinity calcium-indicator that

provides an accurate measure of the time course of provides a good approximation, with EPSCmax � 1.1, n �
residual calcium signals and allows quantification of 3.5, and K0.5 � 0.72 mM for control conditions. The K0.5

changes in calcium entry evoked by an action potential. and EPSCmax values indicate that in standard conditions
(2 mM Cae), the EPSC amplitude is near saturation. When

Saturation of EPSC Amplitude with Increasing Cae is below 0.75 mM, the EPSC amplitude is still steeply
External Calcium dependent on extracellular calcium, and this equation
We began by determining the relationship between ex- reduces to the power law relationship of Equation 1.
tracellular calcium levels and EPSC amplitude. At many This behavior indicates that the climbing fiber synapse
synapses, the EPSC amplitude is highly sensitive to operates near saturation and has a high baseline proba-
changes in Cae when Cae is low and saturates at very bility of release. The underlying mechanism responsible
high Cae. This is also true for the climbing fiber synapse. for saturation of climbing fiber synapses and other syn-
In representative experiments, decreasing Cae from 2 apses is not known.
mM to 0.5 mM decreased the peak EPSC to 27% of As a first step in examining the underlying mechanism
that in 2 Cae, while increasing Cae from 2 mM to 4 mM responsible for the saturation of EPSC amplitude, we
increased the peak EPSC to 108% of that in 2 Cae (Figure assessed the contribution of postsynaptic receptor sat-
1A). The relationship between the peak EPSC and Cae, uration, which has been shown to occur at the climbing
which is summarized in Figure 1Ac, shows that when fiber synapse (Wadiche and Jahr, 2001). As a result of
Cae is below 0.75 mM, there is a supralinear relationship receptor saturation, the observed EPSC amplitude is
between EPSC amplitude and Cae, and the EPSC can not linearly related to the amount of glutamate released
be approximated by the power law relationship: from the presynaptic terminal when the probability of

release is high and multivesicular release occurs. WeEPSC � k(Cae)n, (1)
took advantage of the speed of low-affinity receptor
antagonists (Clements et al., 1992; Diamond and Jahr,where k is a constant and n � 3. A similar relationship

was observed by Dodge and Rahamimoff at the neuro- 1997). We used DGG, which is a low-affinity AMPA re-
ceptor antagonist with rapid kinetics (Liu et al., 1999;muscular junction (Dodge and Rahamimoff, 1967) and

subsequently at many other synapses. Another common Watkins et al., 1990) that can relieve receptor saturation
(Wadiche and Jahr, 2001). By competing with glutamate,feature among many synapses is that the EPSC ampli-

tude begins to saturate as Cae is increased, and this is DGG makes the relationship between the amount of
glutamate released and the EPSC more linear. In con-also true for the climbing fiber synapse. As a result,

Equation 1 does not fit the data over the full range of trast, high-affinity antagonists, such as NBQX and CNQX,
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dissociate from receptors more slowly and do not relieve
saturation or influence paired-pulse plasticity at the
climbing fiber synapse. Saturation also influences the
paired-pulse ratio (PPR), defined as the amplitude of
the second EPSC divided by the amplitude of the first
EPSC, because the first and larger EPSC is more attenu-
ated than the second depressed EPSC. We took advan-
tage of this to determine the concentration of DGG
needed to eliminate saturation. We found that the effect
of DGG on PPR in 4 Cae was maximal at 5 mM DGG
(see Experimental Procedures). Based on these studies,
we used 5 mM DGG to prevent AMPA receptor satura-
tion, which reduced the EPSC �5-fold).

We then refined our examination of the relationship
between EPSC amplitude and Cae, but this time using
DGG (5 mM) to prevent AMPA receptor saturation. If
AMPA receptor saturation contributes to the relation-
ship between calcium influx and release, the same alter-
ation of Cae should produce a larger change of EPSC
amplitude in DGG relative to control. As shown in Figure
1B, this was the case. Decreasing Cae from 2 mM to 0.5
mM decreased the peak EPSC to 4% of that in 2 Cae

(Figure 1Ba), while increasing Cae from 2 mM to 4 mM
increased the peak EPSC to 150% of that in 2 Cae (Figure
1Bb). The extent of EPSC saturation with increasing Cae

was less pronounced in the presence of DGG (Figure
1Bc) than in control conditions (Figure 1Ac). In the pres-

Figure 2. The Relationship between External Calcium and Presyn-ence of DGG, Equation 2 is well fit by EPSCmax � 1.9,
aptic Calcium Influxn � 2.8, and K0.5 � 1.6 mM. The increase of K0.5 from
(A and B) Time course of peak �F/F evoked by single stimuli mea-0.72 to 1.6 in DGG indicates that in control conditions
sured with fluo-4 dextran from individual climbing fibers. Initial con-AMPA receptor saturation makes a substantial contribu-
ditions were 2 mM Cae, and the horizontal line denotes the time

tion to EPSC saturation. during which 0.5 mM Cae (A) and 4 mM Cae (B) were applied. (Insets)
Average traces in 2 Cae (light trace) and 4 or 0.5 Cae conditions (dark
traces).Saturation of Calcium Influx
(C) The peak �F/F values normalized to those in 2 mM Cae areMechanisms other than AMPA receptor saturation must
plotted as a function of Cae. The data were fit to the equation Cainflux �be responsible for the EPSC saturation that persists in
Amax/(1 � Kd/Cae) with Amax � 2.1 and Kd � 2.0 mM.

the presence of DGG. One possibility is that calcium
influx is not linearly related to Cae, as observed pre-
viously at other synapses (Mintz et al., 1995; Schneg-

tions of presynaptic and postsynaptic mechanisms to
genburger et al., 1999). We therefore used fluo-4 dex-

the overall saturation of the EPSC.
tran, an indicator with a 3 �M dissociation constant that

Plotting EPSC amplitude as a function of Cainflux al-
provides a linear measure of calcium entry (Kreitzer et

lowed us to assess the contribution of mechanisms
al., 2000), to determine how Cainflux varies with Cae at

other than saturation of calcium influx to saturation of
the climbing fiber synapse. Representative experiments

the EPSC amplitude (Figure 3). As a result of saturation
show that lowering Cae from 2 mM to 0.5 mM decreased

of calcium entry, the EPSC amplitude is more steeply
Cainflux to 31% of that observed in 2 Cae (Figure 2A), and

dependent on Cainflux than on Cae, both in control condi-
raising Cae from 2 mM to 4 mM increased Cainflux to 162%

tions (Figure 3A) and in the presence of DGG (Figure 3B).
(Figure 2B). A summary of the Cae dependence of Cainflux We next compared EPSC saturation in control condi-
(Figure 2C) reveals a sublinear relationship, which indi-

tions and when AMPA receptor saturation was elimi-
cates that Cainflux through voltage-gated calcium chan-

nated. This was done by scaling the EPSCs measured
nels begins to saturate as Cae is increased. The data

in DGG to those measured in control conditions for the
were fit to a Michaelis-Menten equation of the form

lowest two values of calcium influx, where AMPA recep-
Cainflux � A/(1 � Kd/Cae) with a Kd of 2.0 mM Cae. Thus,

tor saturation is minimal (Figure 3C). The plot of EPSC
saturation of calcium entry also contributes to the subli-

amplitude measured in control conditions (Figure 3C,
near relationship between EPSC amplitude and Cae at

closed circles) shows significantly more saturation than
high Cae. that measured in DGG (Figure 3C, open circles). For

both experimental conditions, the data were well fit by
Contributions of Different Mechanisms the Hill equation of the form
to EPSC Saturation
We have now examined the effect of varying Cae on EPSC � EPSCmax � Cainflux

n/(Cainflux
n � K0.5

n). (3)
calcium influx and on the EPSC in both control condi-
tions and when AMPA receptor saturation is eliminated. In control conditions, EPSCmax � 1.1, n � 4.5, and K0.5 �

0.6, which corresponds to an EPSC that is half maximalThis information can be used to determine the contribu-
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We used the curves in Figure 3C to estimate the total
saturation (after taking into account saturation of cal-
cium entry) and the contributions of pre- and postsynap-
tic factors to this saturation. The ratio of the power
law curve to the EPSC amplitudes measured in control
conditions provides a measure of the total saturation
(Figure 3D, triangles). The contribution of AMPA recep-
tor saturation was estimated from the ratio of the EPSC
amplitudes in DGG and in control conditions (Figure 3D,
open squares). Similarly, the ratio of the power law fit to
the EPSC amplitudes in DGG (Figure 3D, closed squares)
provides a measure of additional factors that limit the
EPSC amplitude. These factors likely reflect presynaptic
mechanisms (see Discussion). In this manner, we esti-
mate that in standard conditions (2 Cae) presynaptic
(�2-fold) and postsynaptic (�4-fold) mechanisms lead
to an EPSC that is smaller than that predicted by the
power law by a factor of 7.

The Influence of AMPA Receptor Saturation and
External Calcium on Paired-Pulse Plasticity
The second characteristic of high p synapses we studied
was paired-pulse plasticity. Previous studies have
shown that paired-pulse plasticity can be influenced by
changing Cae and by AMPA receptor saturation (Wadi-
che and Jahr, 2001; Zucker and Regehr, 2002). We there-
fore investigated the effect of DGG and varying Cae on
short-term plasticity.

Paired-pulse plasticity was examined by stimulating
climbing fibers with pairs of pulses separated by 10 ms.
The paired-pulse ratio (PPR) provided a measure of this
plasticity. As shown in the representative experiment in

Figure 3. Multiple Mechanisms Contribute to EPSC Saturation Figure 4Aa, in standard conditions (2 Cae), the second
The peak EPSCs are plotted as a function of Cainflux for control EPSC (squares) was less than half as large as the first
conditions (A) and in the presence of 5 mM DGG to relieve AMPA

EPSC (circles), and PPR was 0.4 (diamonds). Raisingreceptor saturation (B). The numbers next to the symbols in (A)
release probability by changing Cae from 2 mM to 4indicate the corresponding concentration of Cae. The data were fit
mM decreased PPR to 0.25 (Figure 4Aa, diamonds). Ato Equation 3. For control conditions, EPSCmax � 1.1, n � 4.5, and

K0.5 � 0.6, and in the presence of DGG, EPSCmax � 2.6, n � 3.8, and comparison of the traces recorded in 2 mM Cae (fine
K0.5 � 1.1. (C) EPSC amplitudes in control conditions (closed circles) trace) and 4 mM Cae (bold trace) shows that there was
and in the presence of 5 mM DGG (open circles) are plotted as a a slight increase in the amplitude of the first EPSC and
function of Cainflux on a log scale, with fits as in (A) and (B). The DGG

a slight decrease in the amplitude of the second EPSCcurve is normalized such that the values in 0.4 and 0.5 Cae overlap
(Figure 4A, upper right). The more pronounced depres-with those of the control curve. The straight line represents the fit
sion in 4 mM Cae was apparent when the traces wereof the first three points of the DGG curve to a power law function

where n � 4. (D) The ratio of the power law fit of (C) and the control normalized to the peak of the first EPSC (Figure 4A,
curve provides a measure of the total saturation factor arising from lower right). When Cae was lowered to 0.5 mM, the climb-
all mechanisms (triangles). The contribution of postsynaptic recep- ing fiber synapse facilitated (Figure 4Ab) (Hashimoto
tor saturation to the EPSC amplitude was computed by calculating

and Kano, 1998), and PPR increased to �1.25. Figurethe ratio of the EPSC amplitudes measured in DGG to those mea-
4Ac shows that while the size of the first EPSC increasessured in control conditions (open squares). The contribution of pre-
as Cae increases (Figure 4Ac, closed circles), the sizesynaptic receptor saturation was computed by calculating the ratio

of the power law fit and EPSC amplitudes measured in DGG (solid of the second EPSC (Figure 4Ac, closed squares) only
squares). Curves are the ratio of the appropriate curves in (C). increases until 0.75 Cae. Thus, PPR decreases with in-

creasing external calcium (Figure 4C, closed diamonds).
Paired-pulse plasticity is different in the presence of

DGG (Figure 4B) from control conditions (Figure 4A). Asat Cae of 0.75 mM. In DGG, EPSCmax � 2.6, n � 3.8, and
K0.5 � 2.6, which corresponds to an EPSC that is half shown in the representative experiment (Figure 4Ba),

PPR in 2 mM Cae is decreased in the presence of DGGmaximum at Cae of more than 3 mM. Both in control
conditions and in the presence of DGG, when Cae is to 0.25 (open diamonds) as compared to 0.4 in control

conditions. Raising release probability by changing Caebelow 0.75 mM, there is a supralinear relationship be-
tween EPSC amplitude and Cae, and the EPSC can be from 2 mM to 4 mM decreased PPR to 0.11 (Figure 4Ba,

diamonds). PPR in the presence of DGG was 1.5 whenapproximated by the power law relationship where n �
4 (Figure 3C, straight line). This line represents the EPSC Cae was lowered to 0.5 mM Cae (Figure 4Bb, open dia-

monds), which was not significantly different from con-amplitude that we would expect if no mechanism limited
the amplitude of the EPSC. trol conditions. In the presence of DGG the amplitude
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Figure 4. The Effect of Postsynaptic Recep-
tor Saturation on Paired-Pulse Plasticity

The effect of external calcium in control con-
ditions (A) and in the presence of 5 mM DGG
to relieve AMPA receptor saturation (B). Rep-
resentative experiments in (Aa) and (Ba) and
in (Ab) and (Bb) show the effect of Cae on the
amplitudes of a pair of EPSCs separated by
10 ms. (Top left) Time course of the peak of
the first EPSC (circles) and the second EPSC
(squares). The initial conditions are 2 mM Cae,
and application of 4 mM Cae (Aa and Ba) and
0.5 mM Cae (Ab and Bb) is denoted by the
horizontal line. (Bottom left) The time course
of the paired-pulse ratio (PPR, EPSC2/EPSC1,
diamonds). (Top right) Average traces before
(light trace) and during (bold trace) applica-
tion of 4 or 0.5 Cae. (Bottom right) Same traces
replotted such that the peak of the first EPSC
in 4 or 0.5 Cae is normalized to the peak of
the first EPSC in 2 Cae. (Ac and Bc) Summary
of the amplitude of the first EPSC (circles)
and the second EPSC (squares) in different
Cae. Amplitudes are normalized to the size of
the first EPSC in 2 mM Cae. (C) PPR is plotted
as a function of Cae in control conditions
(closed diamonds) and in the presence of 5
mM DGG (open diamonds). (D) The ratio of the
PPR in DGG to the PPR in control conditions
(PPRDGG/PPRcontrol) is plotted as a function of
Cae. Each point in (C) and (D) is the average
of two to five experiments. Most error bars
are obscured by the symbols.

of the first pulse continues to increase while the ampli- calcium entry into climbing fibers (95.8% � 4.6% con-
trol, n � 4).tude of the second plateaus at 0.75 Cae (Figure 4Bc).

Thus, as in control conditions, PPR decreases as Cae

increases in the presence of DGG (Figure 4C). However, AMPA Receptor Saturation Affects Recovery
from Depressionthere are differences in the amplitude of PPR in the two

conditions. These differences are most easily observed The time course of recovery from depression can have
a significant effect on the ability of a synapse to driveby plotting the ratio of PPR in DGG to PPR in control

conditions (PPRDGG/PPRcontrol) as a function of Cae (Figure firing in its postsynaptic target during repetitive synaptic
activation. Although DGG has been shown to affect PPR4D). In low Cae, the PPR in the two conditions is very

similar, reflecting the lack of saturation when the proba- at short interpulse intervals, the effect of AMPA receptor
saturation on recovery from depression has not beenbility of release is low. However, as release probability

is increased, PPRDGG/PPRcontrol drops to about 0.5. assessed. We therefore determined the time depen-
dence of PPR in control conditions and in DGG by deliv-This is consistent with postsynaptic receptor satura-

tion making no significant contribution to short-term ering pairs of pulses to the climbing fiber at interstimulus
intervals ranging from 10 ms to 10 s. As a control, weplasticity when the initial probability of release is low

but becoming important when the release probability is examined PPR in 0.4 mM Cae where postsynaptic recep-
tor saturation is not prominent and found that DGG didhigh (Wadiche and Jahr, 2001). In addition to revealing

the effects of saturation on paired-pulse plasticity, these not significantly alter the amplitude or the time course
of PPR (Figure 5A).data serve as an additional control for the effects of

DGG on transmission. If DGG were affecting presynaptic In contrast, postsynaptic receptor saturation has a
significant impact on recovery from depression (Figurerelease, we would expect to see a change in PPR under

conditions of low release probability, even though satu- 5B). In 4 mM Cae, recovery from depression occurs in
two phases and can be approximated with a doubleration does not play a role under these conditions. No

such change is observed. Moreover, even for experi- exponential (Figure 5B, closed circles). The fast compo-
nent has a time constant of 89 ms and accounts formental conditions for which DGG alters paired-pulse

plasticity (2 Cae), we found in separate control experi- 43% of the recovery, and the slow component has a
time constant of 2.7 s and accounts for 57%. In DGG,ments that DGG did not significantly alter presynaptic
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Cae). Figure 6A shows an example of such an experi-
ment. Decreasing Cae from 2 mM to 0.4 mM reduced
Cainflux during both the first pulse (closed circles) and the
second pulse (open circles) to �40% of control. The
traces to the right show that the incremental increase
in the �F/F was the same for both pulses in the high
and low calcium concentrations. The ratio of Cainflux for
the two pulses remained close to 1 during the wash-in
and wash-out of low calcium (open squares). Therefore,
changes in calcium entry for the second of two closely
spaced pulses do not contribute significantly to facilita-
tion or rapid recovery from depression.

We next tested the role of elevations of presynaptic
calcium levels in short-term plasticity at the climbing
fiber synapse. Increases in presynaptic calcium levels
have been shown to play a role in short-term plasticity,
such as rapid recovery from depression (Dittman and
Regehr, 1998; Stevens and Wesseling, 1998; Wang and
Kaczmarek, 1998) and facilitation (Katz and Miledi,
1968). Immediately following an action potential, peak
local calcium (Calocal) near the release site reaches levels
of �10 �M and decays in a few milliseconds (Fogelson
and Zucker, 1985; Heidelberger et al., 1994; Matthews,
1996; Roberts et al., 1990; Simon and Llinas, 1985). Cal-
cium equilibrates throughout the nerve terminal and this
residual calcium (Cares), which is typically several hun-Figure 5. The Time Course of Short-Term Plasticity in Control Con-

ditions and after Relief of Postsynaptic Receptor Saturation dred nanomolar, decays to baseline levels over tens of
milliseconds (Neher and Augustine, 1992; Tank et al.,The time course of PPR (PPR � EPSC2/EPSC1) in 0.4 Cae (A) and 4

Cae (B) is shown for control conditions (closed circles) and in the 1995). EGTA is a slow calcium chelator that speeds the
presence of 5 mM DGG (open circles). The fits shown in (A) are to decay of Cares in the parallel fiber and other synapses
the equation PPR � A1 � A2e�1/�, with fit parameters [A1, A2, � (ms)] (Atluri and Regehr, 1996). Due to its relatively slow cal-
of [1.1, 0.64, 38] in control conditions (n � 6), and [1.1, 1.04, 16] in

cium binding kinetics (Naraghi, 1997; Smith et al., 1984),DGG (n � 6). In (B), the data were fit to the equation PPR � 1 �
EGTA has less of an effect on Calocal (Adler et al., 1991),A1e�1/�1 � A2e�1/�2. Fit parameters [A1, �1(ms), A2, �2(s)] were [�0.33,
which drives transmitter release (although effects on89, �0.43, 2.7] for control conditions (n � 17) and [�0.14, 184, �0.73,

5.3] in the presence of DGG (n � 8). (Inset) Shows these same traces EPSC amplitude have been observed at some synapses
on an expanded timescale. [Borst and Sakmann, 1996; Chen and Regehr, 1999]).

EGTA also attenuates the amplitude of the fast compo-
nent of recovery from depression at the climbing fiber
synapse while having little effect on transmission in 4recovery from depression also occurs in two phases,
mM Cae (Dittman and Regehr, 1998), suggesting a rolealthough the fast phase is less prominent (Figure 5B,
for Cares in rapid recovery from depression.open circles). The fast component has a time constant

Before using EGTA to examine short-term plasticity,of 184 ms and accounts for 16% of the recovery, and
we determined the effect of EGTA on Cares transients inthe slow component has a time constant of 5.3 s and
the climbing fiber in 4 Cae and on the amplitude of theaccounts for 84%. These findings suggest that two
initial EPSC. As shown in a representative experimentmechanisms are involved in recovery from depression,
(Figure 6B, left), when 100 �M of the membrane-perme-both in control conditions and in the absence of satura-
ant form of EGTA (EGTA-AM) was bath applied for 10tion, but that AMPA receptor saturation effectively ac-
min, the average half-decay time of the �F/F signal wascelerates the time course of both phases and accentu-
decreased from 41 ms to 7 ms (Figure 6B, open circles),ates the rapid phase (see Discussion).
and the peak �F/F was reduced from 1.1% to 0.7%
(Figure 6B, closed circles). The average �F/F transients

Dependence of Paired-Pulse Plasticity before and after the application of EGTA-AM (Figure 6B,
on Presynaptic Calcium Dynamics right; n � 5 experiments) showed a similar reduction in
Presynaptic calcium is another important factor that in- the half-decay time (60 ms to 10 ms) and the amplitude,
fluences both facilitation and recovery from depression. which was reduced by 33% � 3%. Reductions in the
We therefore measured and manipulated presynaptic initial EPSC were sufficiently small (�15% in 4 Cae,
calcium levels to study the role of calcium in these forms �20% in 4 Cae � DGG, and �40% in 0.4 Cae) that they
of plasticity. were unlikely to contribute significantly to changes in

We first tested the possibility that facilitation and rapid paired-pulse plasticity. These findings show that the
recovery from depression arise from a change in Cainflux primary effect of EGTA is to accelerate the time course
into the climbing fiber. We monitored Cainflux for two of the Cares and suggest that it can be used to test the
pulses separated by 20 ms in conditions in which rapid role of Cares in short-term plasticity.
recovery from depression is prominent (2 mM Cae) and We next tested the effect of EGTA on synaptic plastic-

ity. EGTA eliminated facilitation in 0.4 Cae (Figure 6C),conditions in which facilitation is prominent (0.4 mM
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Figure 6. The Dependence of Short-Term
Plasticity on Residual Presynaptic Calcium

In (A) and (B), fluo-4 dextran was used to
measure calcium transients from individual
climbing fibers. (A) (Top left) Time course of
incremental �F/F increase evoked by the first
(closed circles) or second (open circles) of
two stimuli separated by 20 ms. The ratio of
the change in �F/F is indicated below (open
squares). The horizontal bar denotes the time
during which 0.4 Cae was applied. Starting
conditions were 2 Cae. (Right) Average traces
in the indicated conditions. (B) (Left) Time
course of the peak (closed circles) and the
half-decay time (open circles) of the �F/F
transient following 100 �M EGTA-AM appli-
cation in 4 Cae. (Right) Average traces from
five experiments in control conditions and
after application of 100 �M EGTA-AM. Error
bars are SEM at the points indicated. (C–E)
Time course of PPR before (closed circles)
and after (open circles) application of 100 �M
EGTA-AM in 0.4 Cae (C), 4 Cae (D), and 4 Cae �

5 mM DGG (E). In (C), the data in control con-
ditions (n � 6) were fit to PPR � A1 � A2e�1/�,
with fit parameters [A1, A2, � (ms)] of [1.1,

0.64, 26] and a line with EPSC2/EPSC1 � 1 approximates the data after exposure to EGTA-AM (n � 5). In (D) and (E), data were fit to PPR �

1 � A1e�1/�1 � A2e�1/�2, with fit parameters [A1, �1(ms), A2, �2(s)]. (D) In 4 Cae, fit parameters were [�0.42, 87, �0.39, 3.0] for control (n � 5) and
[�0.22, 55, �0.59, 3.2] for EGTA (n � 5). (E) In 4 Cae � 5 DGG, fit parameters were [�0.15, 116, �0.75, 4.9] for control conditions (n � 4) and
[�0.04, 27, �0.86, 5.9] for EGTA (n � 4). Insets in (D) and (E) show the first 200 ms on an expanded timescale.

suggesting that facilitation at the climbing fiber synapse ing and following a 20 Hz train at both 24	C (Figure 7A)
and 35	C (Figure 7B), with the results being remarkablyin low Cae is the result of enhanced transmitter release

driven by elevations in Cares as has been shown at the similar at these two temperatures. The normalized EPSC
parallel fiber synapse (Atluri and Regehr, 1996). In 4 Cae,
EGTA reduced the amplitude of the fast component from
42% to 27% and reduced the time constant from 89 ms
to 55 ms (Figure 6D, open circles); the time course of
the slow component of recovery from depression was
not greatly affected by EGTA (2.7 s, control; 3.2 s, EGTA).
These findings suggest that, at climbing fiber synapses,
Cares drives two distinct forms of synaptic plasticity,
facilitation and calcium-dependent recovery from de-
pression (CDR), that are prominent under different ex-
perimental conditions.

Although the relative amplitude and time course of
the fast component of recovery are changed in the pres-
ence of DGG, it is likely that this fast phase of recovery
still corresponds to the calcium-dependent process. In
order to test this, we examined the effects of EGTA on
the recovery curve in the presence of DGG. Under these
conditions, the rapid component of recovery is reduced
but is still sensitive to EGTA. In the presence of DGG
and EGTA, the fast component accounts for only 4% of
recovery and decays with a time constant of 27 ms. The

Figure 7. The Effect of Postsynaptic Receptor Saturation during
slow phase accounts for the remainder of recovery and Sustained Activity
has a time course similar to recovery in the presence Trains of ten pulses at 20 Hz were delivered to the climbing fiber
of DGG alone (4.9 s in DGG; 5.9 s DGG � EGTA). at 24	C (A) and at 35	C (B). (Aa and Ba) The resulting EPSCs are

shown for control conditions (top) and in the presence of 5 mM
DGG (bottom). Cae is 2 mM. In successive trials, test pulses were
delivered at either 100, 300, or 600 ms. (Ab and Bb) Paired-pulseThe Effect of Postsynaptic Receptor Saturation
ratio (R, EPSCn/EPSC1) in control conditions (closed circles) and induring Trains
the presence of 5 mM DGG (open circles) is plotted as a functionThe effects of DGG on paired-pulse plasticity suggested
of time (top, n � 4). The ratio of the magnitudes of depression in

that postsynaptic receptor saturation might also be im- DGG to those in control (RDGG/Rcontrol) is plotted as a function of time
portant during stimulus trains. We therefore explored (open squares, bottom). Error bars are SEM. In many cases, error

bars are obscured by the symbols.the influence of receptor saturation on transmission dur-
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amplitude (R � EPSCn/EPSC1) in DGG (RDGG) was much
smaller than in control conditions (Rcontrol). The effects of
saturation become slightly larger later in the train. This
is most evident when the ratio of the normalized EPSC
amplitudes in the two conditions (RDGG/Rcontrol) is plotted
as a function of time. The effect of saturation on trans-
mission is also evident following the train. These results
suggest that under control conditions, saturation con-
tributes to the reliability of the EPSC and minimizes the
considerable attenuation of the EPSC that would occur
during repetitive activation if saturation were absent.

Physiological Significance
We next examined the role of saturation and recovery
from depression in maintaining the response of a Pur-
kinje cell to climbing fiber activation under physiological
conditions. Climbing fibers in vivo typically fire at rela-
tively low frequencies (1 Hz) with periodic short bursts
of several spikes at rates as high as 15 Hz (Armstrong
and Rawson, 1979; Schwarz and Welsh, 2001). Climbing
fiber activation depolarizes its Purkinje cell target and
evokes a characteristic response known as a complex
spike, which is typically followed by a period of inactivity
(Granit and Phillips, 1956; Ito, 1984). The climbing fiber
is such a powerful synapse that it is not obvious that
the changes in synaptic strength arising from saturation
and recovery from depression would affect the manner
in which a climbing fiber activates a Purkinje cell. We
therefore examined the effects of a physiological pattern
of activity on climbing fiber EPSCs in control conditions
and when saturation was eliminated and then deter-
mined if such reductions in synaptic strength altered
climbing fiber efficacy measured in current clamp re-
cordings.

We began by examining the EPSCs evoked by a physi-
ological activity pattern (3 pulses at 15 Hz followed by
a test pulse at 100 ms) at 35	C in control conditions and
when saturation was eliminated by DGG (Figure 8A). In

Figure 8. The Contribution of Saturation to the Complex Spike dur-control conditions, the test pulse was 78% � 1.8% of
ing Trains of Realistic Activitythe initial pulse in the train, whereas in DGG the test
Experiments were performed in 2 mM Cae at 35	C. (A) (Left) EPSCspulse was 47% � 1.3% of the initial response. Our strat-
elicited by trains of three pulses at 15 Hz followed by a test pulseegy was to mimic these effects using appropriate con-
100 ms later are shown in control conditions (closed circles) and incentrations of the AMPA receptor antagonist NBQX,
the presence of 5 mM DGG (open circles). Each point is the average

which we determined as in Figure 8B. of four experiments, and error bars are the SEM. (Right) Representa-
We then determined if the reductions of synaptic tive EPSCs in control and DGG. (B) (Left) Representative experiment

showing the time course of the EPSC amplitude. Application of 1strength for the fourth pulse of the train in control condi-
�M NBQX is denoted by the horizontal line. (Insets) Averaged tracestions and in DGG (Figure 8A) had any effect on the
in control conditions (light trace) and in the presence of 1 �M NBQXclimbing fiber response. We mimicked the depression
(dark trace). (Right) The data are plotted as a function of NBQXin control conditions and DGG by using, respectively,
concentration and fit to the equation EPSC � 100/(1 � NBQX/Kd),50 nM NBQX (reduced to �78% control) and 250 nM where Kd � 0.2 �M. Each point is the average of three experiments.

NBQX (reduced to �47% control). Purkinje cells were Error bars are SEM. (C) The effect of the complex spike on spontane-
ous Purkinje cell firing in control conditions, 50 nM NBQX, 250 nMspontaneously active at 10 to 40 Hz. As shown for the
NBQX, and after washout of NBQX. Small currents (less than 40 pA)example of Figure 8C, in control conditions climbing
were used to maintain the firing rate at a constant level. Arrowheadsfiber activation (arrow head) prevented the Purkinje cell
indicate the time at which the stimulus was applied. (Right) Tracesfrom firing for 480 ms, as measured from the time of the
on an expanded timescale to show the complex spike. (D) Trains

stimulus until the time of the next spontaneous spike of climbing fiber stimuli consisting of three pulses at 15 Hz followed
(left). The complex spike arising immediately after climb- by a stimulus 100 ms later in control conditions (top), in the presence

of 150 nM NBQX (middle) and following washout of NBQX (bottom).ing fiber activation is shown on an expanded trace
(Right) Traces on an expanded timescale to show the complex spike(right). Application of 50 nM NBQX caused little change
in response to the fourth stimulus. Stimulus artifacts have beenin the complex spike waveform (8C, right), and the dura-
blanked for clarity.tion of the quiet period following climbing fiber activation

was similar to control conditions. In 250 nM NBQX, how-
ever, climbing fiber activation no longer elicited a com-
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plex spike but rather evoked a series of simple spikes paired-pulse depression occurs, two properties of
transmission combine to accelerate recovery of the(8C, right). Similarly, the climbing fiber response caused

very little change in the subsequent activity of the cell. postsynaptic response: residual calcium speeds the re-
covery of transmitter release and postsynaptic receptorThis effect was partially reversed upon washout. In four

such experiments, we found that the complex spike and saturation accentuates this rapid phase of recovery. In
this way, even when climbing fibers are activated at highthe duration of the quiescent period varied significantly

between cells in control conditions (1.1 � 0.5 s). None- frequency, receptor saturation enables them to reliably
drive Purkinje cells.theless, in all cells, 250 nM NBQX was sufficient to affect

the complex spike and subsequent silent period (29% �
2% of control), whereas 50 nM NBQX did not signifi- Mechanisms Contributing to EPSC Saturation
cantly alter the duration of the silent period (90% � 14% The climbing fiber to Purkinje cell synapse is typical of
of control). These results suggest that in the absence high p synapses in that the EPSC begins to saturate
of AMPA receptor saturation the depression arising from when Cae is increased. Saturation of presynaptic cal-
such a brief train would be large enough to prevent the cium entry contributed significantly to this EPSC satura-
climbing fiber from reliably eliciting a complex spike and tion. In 2 Cae, calcium influx is half of that expected if
would diminish the influence of the climbing fiber on there were a linear relationship between Cae and calcium
subsequent Purkinje cell activity. influx (Figure 2). This reduction in calcium entry leads

Although we have shown that 50% reductions in syn- to a decrease in the EPSC amplitude that is shaped by
aptic strength can reduce the efficacy of climbing fiber the nonlinear relationship between EPSC amplitude and
activation, we also wanted to examine the climbing fiber calcium entry (Figures 3A and 3B). The relationship be-
response evoked by brief trains. We therefore measured tween calcium influx and EPSC amplitude in the absence
in current clamp the response of Purkinje cells to climb- of AMPA receptor saturation (Figure 3C, DGG curve)
ing fiber activation with the activity pattern of Figure 8A. allows us to estimate the effect of calcium influx satura-
In these experiments, a small holding current was used tion on neurotransmitter release. In 2 Cae, release is
to maintain the Purkinje cells at �60mV to eliminate decreased by a factor of 4. Thus, saturation of presynap-
spontaneous activity. The response to such a train is tic calcium entry is an important factor in limiting neuro-
shown in Figure 8D, upper left. Each of the stimuli transmitter release and ultimately in determining the ex-
evoked a strong response in the Purkinje cell, and the tent of EPSC saturation.
response to the fourth stimulus is shown on an ex- By measuring presynaptic calcium influx, we took into
panded timescale to the right. We next wanted to assess account the saturation of calcium entry, which allowed
the effect of eliminating saturation on the Purkinje cell us to examine additional mechanisms involved in EPSC
response. As noted above, the fourth EPSC is 78% of saturation. Comparing the relationships between EPSC
the first in control conditions and 47% of the first in amplitude and Cainflux in control conditions and in the
DGG. In this experiment, the AMPA conductance during presence of DGG revealed that AMPA receptor satura-
the fourth pulse in current clamp is already reduced to tion makes an important contribution. Based on the rela-
78% by the preceding train. In order to mimic the effects tive block of DGG in different external calcium condi-
of eliminating saturation on the fourth pulse, we needed tions (Figure 3C), AMPA receptor saturation does not
to further reduce the AMPA receptor conductance dur- attenuate the EPSC in low Cae but results in 4-fold and
ing this pulse to 60% of its control value (47%/78%). 7-fold reductions in EPSC amplitude in 2 Cae and 4 Cae,
We used 150 nM NBQX to mimic this reduction (Figure respectively (Figure 3D). The increasing prominence of
8D, middle). Although all of the spikes in the train are AMPA receptor saturation is consistent with more preva-
affected by NBQX, we focus on the fourth climbing fiber lent multivesicular release in high Cae (Wadiche and
response. In 150 nM NBQX, climbing fiber activation Jahr, 2001).
produced only a single delayed spike as opposed to An additional mechanism, most likely saturation of
two spikes in control conditions (Figure 8D, right). The neurotransmitter release, accounts for the saturation of
effects of NBQX were reversed upon washout (Figure EPSC amplitude observed in the presence of DGG (Fig-
8D, bottom). 150 nM NBQX altered the complex spike ure 3C). We estimate that saturation of release results
in all of the four cells studied. These results further sup- in 1.9-fold and 3.6-fold reductions in EPSC amplitude
port the hypothesis that without saturation the climbing in 2 Cae and 4 Cae, respectively (Figure 3D). This indi-
fiber would be sufficiently attenuated during physiologi- cates that although saturation of neurotransmitter re-
cal patterns of activity to affect its ability to produce a lease contributes to the saturation of EPSC amplitude,
robust complex spike, which could influence the ability contrary to widely held views, it is not the primary under-
of the climbing fiber to induce long-term changes in lying mechanism.
synaptic strength. Thus, three mechanisms contribute to saturation at

this synapse. Under conditions of low calcium entry,
when pre- and postsynaptic saturation are not factors,Discussion
saturation of calcium influx limits neurotransmitter re-
lease and reduces the EPSC amplitude. Under standardWe found that a number of factors combine to make

the climbing fiber synapse both powerful and reliable. conditions, AMPA receptor saturation is prominent and
limits the amplitude of the EPSC, even though calciumTogether, saturation of presynaptic calcium entry, of

neurotransmitter release, and of postsynaptic receptors influx is more attenuated than in low Cae. Although satu-
ration of neurotransmitter release occurs, it is obscuredmakes the EPSC insensitive to changes in calcium influx

and near maximal in standard conditions. Although by AMPA receptor saturation. The relative importance of
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saturation of neurotransmitter release and postsynaptic curve by attenuating larger EPSCs to a greater extent
than the small EPSCs recorded at short interpulse inter-receptor saturation are consistent with the number of

docked vesicles present at individual release sites, vals. As a result, in control conditions, AMPA receptor
saturation accelerates recovery and accentuates themultivesicular release, and postsynaptic receptor satu-

ration. Because there are an average of seven docked rapid recovery phase.
We have restricted our studies to climbing fiber syn-vesicles at each release site (Xu-Friedman et al., 2001),

multivesicular release leads to AMPA receptor satura- apses from relatively young animals because it is diffi-
cult to voltage clamp climbing fiber responses in oldertion before there is significant saturation of release.
animals. However, climbing fiber responses measured
in adult cats during trains and for pairs of stimuli (EcclesFactors Contributing to the Magnitude
et al., 1966b) show remarkably similar use-dependentof Paired-Pulse Plasticity
plasticity to the responses we report here. It is likely,We investigated both the Cares dependence and the con-
therefore, that the mechanisms underlying the plasticitytribution of postsynaptic receptor saturation to the
in our experiments are also present in older animals.paired-pulse ratio at this synapse in different Cae. In low

Cae, Cares played an important role in determining the
Physiological Implications of Postsynapticmagnitude of short-term plasticity, but postsynaptic re-
Receptor Saturationceptor saturation did not. Manipulating presynaptic cal-
The influence of receptor saturation on short-term syn-cium levels with EGTA eliminated facilitation (Figure 6C).
aptic plasticity has important physiological conse-Calcium measurements revealed that EGTA reduced the
quences. Receptor saturation reduces the amount oftime constant of Cares decay by 86% and reduced the
depression during repetitive activation and acceleratesamplitude of Cares by 33%. Although we cannot measure
subsequent recovery from depression. The extent ofCalocal directly, these measurements provide an upper
this effect can be seen in Figure 7, which reveals thatestimate of the reduction in Calocal. The much larger effect
following a train the EPSC amplitude is still significantlyof EGTA on Cares than on Calocal suggests that EGTA
depressed in the absence of receptor saturation at aeliminated facilitation primarily by affecting Cares, as at
time when recovery is nearly complete in control condi-the parallel fiber synapse (Atluri and Regehr, 1996). DGG
tions. The importance of saturation in maintaining climb-did not affect facilitation, indicating that saturation of
ing fiber efficacy during physiological trains is revealedpostsynaptic receptors did not occur for such low p
when the synaptic strength is reduced in current clampconditions.
(Figures 8C and 8D). Reducing the synaptic efficacy toThe mechanisms governing the magnitude of the
mimic the depression that follows a realistic train inpaired-pulse ratio are very different for conditions where
control conditions does not significantly alter the Pur-the probability of release is high. Presynaptic calcium
kinje cell response to climbing fiber stimulation. How-manipulations with EGTA did not influence the magni-
ever, reducing the conductance to mimic depression intude of PPR for stimulus pulses separated by 10 ms.
the absence of receptor saturation changes the complexThis indicates that Cares has very little effect on the mag-
spike and its effect on spontaneous Purkinje cell firingnitude of PPR for high p conditions. However, DGG
(Figure 8C). Additionally, reducing the climbing fiber effi-reduces the PPR from 0.40 to 0.32 in 2 Cae and from
cacy during brief trains in current clamp to mimic the0.25 to 0.15 in 4 Cae. Thus, AMPA receptor saturation
removal of receptor saturation changes the Purkinje celllimits the extent of depression in high p conditions (Wad-
response. A reduced climbing fiber synaptic conduc-iche and Jahr, 2001).
tance will likely decrease the resulting elevation in den-
dritic calcium that is involved in long-term changes inContribution of Presynaptic Calcium
synaptic strength. Thus, by limiting depression of theand Postsynaptic Receptor Saturation
EPSC, receptor saturation makes transmission at thisto Recovery from Depression
high p synapse more reliable, even during periods ofWe found that recovery from depression in high p condi-
relatively high activity.tions is influenced by both presynaptic residual calcium

and by receptor saturation. In high Cae, there is a rapid
Experimental Proceduresand a slow phase of recovery from depression. Previous

studies showed that EGTA reduced the rapid compo- Electrophysiology
nent of recovery from depression (Dittman and Regehr, Sagittal slices (300 �M thick) were cut from the cerebellar vermis

of 10- to 14-day-old Sprague Dawley rats as described previously1998; Wang and Kaczmarek, 1998), although the effects
(Dittman and Regehr, 1996; Llano et al., 1991). The external solutionof EGTA on Cares were not measured. Here we find that
consisted of (in mM) 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3,EGTA has a greater effect on Cares than on Calocal, sup-
1.25 NaH2PO4, and 25 glucose, bubbled with 95% O2/5% CO2. Forporting a role for Cares in rapid recovery from depression.
room temperature experiments, slices were superfused at 1 ml/min

AMPA receptor saturation also influences the time with the external solution. For high-temperature experiments (35	C),
course of recovery from depression. In DGG, when slices were superfused at 4 ml/min using a Gilson Minipuls pump,

and saline was run through an inline heater (SH-27b with TC-324BAMPA receptor saturation is relieved, the recovery curve
controller, Warner Instruments). 20 �M bicuculline was included infaithfully tracks changes in neurotransmitter release.
the external solution to block GABAA-mediated synaptic currents.DGG slowed both the rapid and slow phases of recovery

Whole-cell voltage clamp recordings of Purkinje cells were ob-and reduced the contribution of the rapid phase. These
tained as described previously (Regehr and Mintz, 1994). Glass elec-

effects are readily explained by the sublinear relation- trodes (1–1.8 M
) were filled with an internal solution consisting of
ship between the amount of neurotransmitter released (in mM) 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, 0.2 D600, adjusted

to pH 7.2 with CsOH. D600 was included to block L-type voltage-and the EPSC amplitude. Saturation alters the recovery
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gated calcium channels. The access resistance and leak current clamp recordings were filitered at 10 kHz. Photodiode currents were
digitally filtered offline at 200 Hz with a 4 pole Bessel filter. Analysis(�20 to �200 pA holding at �40mV) were monitored continuously,

and experiments were rejected if either of these parameters in- was performed using Igor Pro software (Wavemetrics, Lake Os-
wego, OR).creased significantly during the recording. Climbing fibers were

stimulated by placing a glass electrode filled with external saline in
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