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The effects of membrane-permeant Ca21 chelators on field
EPSPs (fEPSPs) were measured in the hippocampal CA1 region
of brain slices from young (2–4 months) and old (24–27 months)
Fischer 344 rats. BAPTA-AM depressed fEPSPs in young slices
by up to 70% but enhanced fEPSPs by 30% in aged slices.
EGTA-AM, with slower binding kinetics, did not affect fEPSPs
from young slices but enhanced fEPSPs in aged slices. BAPTA
derivatives with calcium dissociation constants (Kd ) of 0.2–3.5
mM reduced or enhanced fEPSPs in young and aged slices,
respectively, but 59,59-dinitro BAPTA-AM (Kd of ;7000 mM) had
no effect. Frequency facilitation of the fEPSPs occurred in
young, but not in aged, slices, except when BAPTA-AM or

EGTA-AM was perfused onto aged slices. The differential ef-
fects of BAPTA-AM in young and old slices were eliminated by
perfusing with a low Ca21–high Mg21 saline or with the calcium
blocker Co21. These data suggest that intracellular Ca21 reg-
ulation is altered and raised in aged neurons. Cell-permeant
calcium buffers may be able to “ameliorate” deficits in synaptic
transmission in the aged brain.
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Calcium ions are involved in numerous neuronal signaling pro-
cesses, such as the control of presynaptic neurotransmitter release
(Augustine et al., 1985, 1991), the regulation of membrane excit-
ability (Ghosh and Greenberg, 1995), long-term potentiation
(Bliss and Collingridge, 1993; Nicoll and Malenka, 1995), and as
a second messenger (for review, see Augustine et al., 1985;
Blaustein, 1988; Simpson et al., 1995). Several lines of evidence
point to alteration in Ca21 regulation in brains of aging rodents
(Landfield and Pitler, 1984; Gibson and Peterson, 1987; Verkh-
ratsky and Toescu, 1998). In neurons from aged rat brain, altered
Ca21 extrusion, buffering, and uptake (Michaelis et al., 1984;
Iacopino and Christakos, 1990; Martinez-Serrano et al., 1992)
and reduced clearance of Ca21 from aged nerve terminals (Mar-
tinez et al., 1987; Smith, 1988) have been measured. L-type Ca 21

channels (Thibault and Landfield, 1996) and currents (Campbell
et al., 1996) are increased in aged CA1 neurons. The above
observations support the “calcium hypothesis” of aging, which
implicates raised intracellular Ca21 as the major cause of func-
tional impairment and degeneration in aged neurons (Khachatu-
rian, 1989, 1994; Verkhratsky and Toescu, 1998).

Recently, it was demonstrated by several groups (Scharfman
and Schwartzkroin, 1989; Kudo et al., 1990; Tymianski et al.,

1993, 1994a) that membrane-permeant calcium chelators may
protect neurons in an in vitro model of glutamate-induced cell
death (for review, see Choi, 1988, 1995) and in a rat stroke model
in vivo (Tymianski et al., 1993, 1994b). These studies show that
calcium buffers with fast binding kinetics and higher binding
affinities (e.g., BAPTA-AM) were the most neuroprotective. The
AM moiety permits cell membrane permeation, and it is then
cleaved by intracellular esterases to form the active chelating
calcium buffer (Tsien, 1980). We have examined the effects of
concentration, Ca21 affinity, Ca21 binding rate, and extrusion of
permeant Ca21 chelator on synaptic field potentials of hippocam-
pal CA1 neurons in brain slices from young (20–35 d) Wistar
rats (Ouanounou et al., 1996b). The application of BAPTA-AM
for 15 min attenuated the synaptic field potential amplitude.
Probenecid, an anion transport inhibitor, accelerated and en-
hanced the depression of synaptic potentials by concentrations of
BAPTA-AM as low as 0.05 mM (Ouanounou et al., 1996b). We
have also shown that calcium currents, which were depressed in
aged dentate gyrus neurons, were enhanced by intracellularly
applied EGTA (Reynolds and Carlen, 1989).

In light of these observations, we compared the effects of
membrane-permeant calcium chelators on synaptic transmission
in hippocampal slices taken from young-mature and aged Fischer
344 rats. We found that both BAPTA-AM and EGTA-AM en-
hanced the fEPSP in aged slices, suggesting that there is tonic
elevation of [Ca21]i in the aged neuron. These enhancing effects
of calcium chelators could be completely reversed if Ca21 influx
was partially blocked by either reducing the extracellular Ca21/
Mg21 ratio or incubating the slices with Co21.

Part of this work was published previously in abstract form
(Ouanounou et al., 1996a).
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MATERIALS AND METHODS
Tissue preparation. Brain slices were obtained from young-adult (2–4
months) and aged (24–27 months) Fischer 344 rats. Rats were anesthe-
tized with halothane (Halocarbon Laboratories, River Edge, NJ) and
decapitated, and the brain was quickly removed, hemisected, and placed
in ice-cold (4°C) artificial CSF (ACSF) for ;3 min. Although the skulls
of aged animals are somewhat thicker than those of young animals, the
period required to remove the brain was not substantially longer, and we
have not observed consistent differences in the viability of slices from
aged and young animals. Brain slices were cut to 400 mm thickness with
a Vibratome (Series 1000; Technical Products, Inc., St. Louis, MO) and
incubated in ACSF at room temperature for a minimum of 1 hr before
recording. ACSF contained (in mM): 120 NaCl, 2.5 KCl, 2 CaCl2 , 2
MgCl2 , 25 NaHCO, and 10 D-glucose, pH 7.4, continuously bubbled with
95% O2–5% CO2.

Extracellular recordings. Slices were transferred to a submerged record-
ing chamber and continuously perfused with bubbled ACSF at 35 6
0.5°C. Recording pipettes were inserted into either the apical dendritic
region of the Schaffer collateral–commissural termination in the stratum
radiatum of the hippocampal CA1 field to record the field EPSPs
(fEPSPs) or the stratum pyramidal of CA1 to record population spikes. A
stimulating electrode (bipolar twisted wire) was placed on the Schaffer
collateral–commissural fibers for orthodromic activation of CA1 neu-
rons. Population spike amplitudes were measured from the onset of the
spike to the negative peak. The amplitude of the fEPSP in the dendrites
was measured from the baseline to the maximum negative deflection.
Stable responses (610%) for 10 min before drug application were re-
quired. Afferent fiber spike amplitude (the presynaptic volley) was mea-
sured in those dendritic records in which they were present. Signals were
recorded by an Axoclamp 2A amplifier (Axon Instruments, Foster City,
CA). Field potentials were evoked every 30 sec. Data were collected,
digitized, and analyzed using pClamp software (version 5.1; Axon In-
struments) on an IBM personal computer. Although the number of slices
are noted, all statistical differences were assessed by the Student’s paired
t test comparing the number of rats (also noted for each experiment) in
each group. Unless otherwise stated, mean 6 SE were shown throughout
the text. All drug responses were measured 40–45 min after onset of
drug perfusion.

Drug preparation. BAPTA-AM was initially dissolved in DMSO and
then diluted to its final concentration in the ACSF. DMSO concentration
in ACSF was 0.1% for the highest concentration (50 mM) of BAPTA-
AM. In addition, 2-hydroxypropyl-b-cyclodextran (0.7 mM; Research
Biochemicals, Natick, MA) was used to stabilize the chelator in the
aqueous ACSF, presumably protecting the AM moiety from hydrolysis.
EGTA-AM, 59,59-dinitro BAPTA-AM, 5959-difluoro BAPTA-AM, and
5959-dibromo BAPTA-AM (Molecular Probes, Eugene, OR) were dis-
solved initially in DMSO. Probenecid (Sigma, St. Louis, MO) was dis-
solved in 1 M NaOH and buffered to pH 7.4 using HCl acid. When
probenecid was used, sodium concentration in the ACSF was adjusted to
be the same as in the normal ACSF.

RESULTS
BAPTA-AM attenuates fEPSPs in young rats but
enhances those in aged rats
Extracellular recording from the stratum radiatum of the CA1
area shows a response that is usually composed of a presynaptic
volley and an fEPSP. The fEPSP that follows the presynaptic
volley reflects the extracellular sum of single EPSPs at the level of
the Schaffer collaterals. As shown in Table 1, the maximal fEPSP
amplitudes were significantly reduced with age, consistent with

previous observations (Landfield et al., 1986; Deupree et al.,
1993). As shown previously in the studies mentioned above, there
were no significant differences in the presynaptic volleys between
young and aged rats (Table 1). These results are consistent with
a reduction in the number of functional synaptic contacts made by
individual Schaffer collateral axons onto old CA1 cells (Barnes et
al., 1992; Barnes, 1994) or could also be caused by alterations in
the postsynaptic effectiveness of released transmitter.

Recently, we showed that BAPTA-AM attenuated synaptic
field potentials recorded from the stratum radiatum in a
concentration-dependent manner in young (20–35 d) Wistar rats
(Ouanounou et al., 1996b). BAPTA-AM was more efficient when
applied together with probenecid (1 mM), an anion transport
blocker, which presumably blocks the extrusion of BAPTA from
the presynaptic terminal. Following the same strategy,
BAPTA-AM (1 mM) was applied in the presence of 1 mM probe-
necid after a stable baseline was achieved. To control for the
possible effects of DMSO, cyclodextran, and probenecid (see
Materials and Methods), the slices were perfused with ACSF
containing the same concentrations of the above agents until a
stable baseline was achieved before the application of BAPTA-
AM. BAPTA-AM application for 20–25 min attenuated the
fEPSPs in young slices by 58 6 4% (n 5 5 slices from 5 rats);
however, it enhanced the fEPSP in aged slices by 31 6 6% (n 5
9 slices from 6 rats) (Fig. 1). The maximal effect was achieved
within 10–12 min from the application time. fEPSP attenuation
(or enhancement) by BAPTA was reversible on washout once
probenecid had been removed and was reproduced by a second
BAPTA application (young, n 5 4 slices from 4 rats; aged, n 5 6
slices from 4 rats; data not shown).

When the Schaffer collateral pathway was stimulated, there was
a population spike amplitude of ;2 mV in the stratum pyramidal
(somatic region), representing postsynaptic action potentials in
response to the excitatory stimulus. Superfusion of the young
brain slices with ACSF containing 1 mM BAPTA-AM and 1 mM

probenecid for 20 min attenuated the population spike amplitude
by 68 6 8% ( p , 0.01; Student’s t test) when measurements were
taken 20 min after the onset of the BAPTA application. However,
when aged slices were perfused with the same concentration of
BAPTA-AM, the population spike amplitude was enhanced by
28 6 3% (n 5 4 slices from 3 rats).

To determine whether the action of BAPTA might be attrib-
uted to altered inhibitory synaptic transmission, the experiments
in both the young-adult and aged slices were repeated using
ACSF containing the GABAA blocker bicuculline (10 mM). Re-
sults similar to those shown in Figure 1 were obtained (young,
52 6 4% depression; n 5 5 slices from 4 rats; aged, 27 6 5%
enhancement; n 5 6 slices from 5 rats), supporting the notion that
BAPTA-AM directly attenuates excitatory responses in young
animals and enhances those in aged. In the present study, the
attenuation (or enhancement) of the fEPSPs occurred without
clearly affecting the presynaptic volley amplitude (Fig. 1, arrows;
see also Fig. 4, arrows), suggesting that BAPTA is unlikely to act
on axonal spike invasion into the presynaptic terminal.

We next asked whether the enhancing effects that we observed
in the aged neurons were attributable to failure to accumulate
sufficient BAPTA intracellularly. For instance, Robitaille and
Charlton (1992) and Robitaille et al. (1993a) found that for a
short time, when its intracellular concentrations would be small,
BAPTA-AM actually enhanced transmitter release at the frog
neuromuscular junction, but later, when intracellular BAPTA
concentration should have increased, transmitter release was in-

Table 1. Maximal fEPSP and presynaptic volley amplitudes in young
and old rats

Maximal fEPSP amplitude
(mV)

Presynaptic volley amplitude
(mV)

Young 1.8 6 0.09 (n 5 12) 0.3 6 0.02 (n 5 12)
Old 1.2 6 0.03* (n 5 10) 0.3 6 0.01 (n 5 10)

Values are mean 6 SE. As indicated, data are taken from 12 slices in young (4) rats
and 10 slices in old (3) rats. *p , 0.01; Student’s paired t test.
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hibited. They showed that this enhancement was caused by block
of Ca21-gated K1 channels in the presynaptic terminal. If en-
hancement in aged slices is attributable to the inability to accu-
mulate BAPTA sufficiently, then increasing the BAPTA-AM
concentration would cause a more rapid increase in intracellular
BAPTA and attenuate the fEPSP, even in the aged slices. How-
ever, BAPTA-AM application to the young slices at a concentra-
tion of 1, 10, or 50 mM caused fEPSP depressions of 52 6 7 (1 mM;
n 5 6 slices from 4 rats), 66 6 5 (10 mM; n 5 4 slices from 4 rats),
and 71 6 11% (50 mM; n 5 9 slices from 6 rats) (Fig. 2) when
measured 40 min after the onset of the BAPTA-AM application.
These results show that increasing concentrations of BAPTA-AM
can have larger effects in young, but not old, slices, confirming our
previous observations in brain slices from young Wistar rats
(Ouanounou et al., 1996b). Application of 1 (n 5 9 slices from 6
rats), 10 (n 5 5 slices from 3 rats), or 50 mM (n 5 8 slices from 5
rats) BAPTA-AM with 1 mM probenecid for 40 min enhanced the
fEPSP by ;30% (Fig. 2). At these concentrations, it is unlikely
that BAPTA-AM entry was inhibited or was not active, particu-

larly because 1 mM probenecid was added to the ACSF (Ouanou-
nou et al., 1996b). Furthermore, aged slices perfused with 50 mM

BAPTA-AM for 1 hr showed enhancement of the fEPSP ampli-
tude (n 5 6 slices from 5 rats; 25 6 3% enhancement).

BAPTA-AM effects in young and aged slices occurred
at all stimulus intensities
We questioned whether the excitatory synapses would be affected
by BAPTA-AM at all stimulation intensities, i.e., lower intensities
may show different effects than higher intensities during applica-
tion of BAPTA-AM to the slices. To test this hypothesis, the
effect of 50 mM BAPTA-AM and 1 mM probenecid at different
stimulation intensities was examined in young and aged slices.
The stimulus strength was altered to determine the range of
synaptic responses when different numbers of presynaptic axons
were stimulated. Responses to different stimuli between threshold
and maximum were obtained to construct an input–output (I–O)
curve from averaged potentials (n 5 4 at each stimulus). After
generation of the baseline I–O curve, BAPTA-AM and probe-
necid were applied. The BAPTA effect, i.e., reduction or en-
hancement of the field amplitude in young and aged slices, re-
spectively, was observed at all stimulation intensities (Fig. 3),
suggesting that this phenomenon is not dependent on a particular
stimulation intensity and is therefore not peculiar to a small
number of synapses.

Figure 1. BAPTA-AM attenuates the fEPSPs in young slices but en-
hances fEPSPs in aged slices. Top, Sample tracing recording of fEPSPs
during control condition, during BAPTA-AM and probenecid applica-
tion, and after removal of the drugs. Bottom, Normalized fEPSP (6SE)
plotted against time. Slices (5 young from 5 rats; 9 old from 6 rats) were
incubated in ACSF with probenecid (see Materials and Methods), and,
after a stable baseline was achieved, BAPTA-AM was applied. fEPSPs
were reduced in the young and enhanced in the aged slices without a clear
effect on the presynaptic volley (arrows).

Figure 2. Effects of different concentrations of BAPTA-AM on the
fEPSP amplitude in young and aged Fischer 344 rats. Slices were perfused
for 15–20 min with ACSF until stable recordings (changes in the baseline
fEPSPs of ,610% for 10 min before drug application) were achieved. In
the young animals (open bars), the application of 1, 10, or 50 mM and 1 mM
probenecid for 40 min caused a reduction in the fEPSP amplitude, but in
the aged ( filled bars), BAPTA-AM caused enhancement of the fEPSP.
Numbers in parentheses are the number of brain slices used to generate the
average plotted values (mean 6 SE). *p , 0.001; paired Student’s t test.
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EGTA-AM enhances the fEPSP in aged slices
The importance of the Ca21 binding rate on the ability of the
chelator to block synaptic transmission in young animals and to
enhance that in aged was examined next. BAPTA binds Ca 21

ions ;100 times faster than EGTA, although both have similar
Ca21 affinities (Smith et al., 1984; Kao and Tsien, 1988; Pethig et
al., 1989; Augustine et al., 1991). In contrast to BAPTA-AM, the
application of 50 mM EGTA-AM with 1 mM probenecid (n 5 5
slices from 4 rats) (Fig. 4) caused no significant change in the
fEPSP amplitude as measured 45 min after EGTA-AM bath
application to the young slices. The lack of effect of EGTA-AM,
the slow Ca 21 chelator, is unlikely to be caused by poor loading
of this compound given the concentration used. The probable
explanation remains that the kinetics of calcium binding by
EGTA are too slow relative to [Ca21]i stimulation of evoked
transmitter release (Adler et al., 1991; Augustine et al., 1991).

If aging is associated with tonically elevated intracellular cal-
cium concentration, application of EGTA-AM, as well as
BAPTA-AM, might also enhance the fEPSP in the aged slices,
regardless of the binding kinetics. When aged slices were incu-
bated with 50 mM EGTA-AM and 1 mM probenecid, the fEPSP
was enhanced by 36 6 5% (n 5 6 slices from 4 rats) (Fig. 4),

suggesting that fast association and dissociation binding kinetics
are not required for this effect in aged animals.

Effect of BAPTA derivatives with different
calcium affinities
We investigated the effects of several BAPTA derivatives with
different calcium affinities, including 59,59-difluoro BAPTA-AM
(0.7 mM estimated Kd), 59,59-dibromo BAPTA-AM (3.5 mM esti-
mated Kd), and 59,59-dinitro BAPTA-AM, a low affinity BAPTA
analog (7000 mM estimated Kd) (Pethig et al., 1989). All com-
pounds were applied at 1 mM with 1 mM probenecid (Ouanounou
et al., 1996b), and, except for 59,59-dinitro BAPTA-AM, were
capable of reducing the fEPSP amplitude in young slices and
enhancing those in aged slices (Fig. 5). The mean reduction in
transmission produced by 59,59-difluoro BAPTA-AM in the
young slices was 43 6 3%, and the mean enhancement in the aged
slices was 26 6 2%. As for 5959-dibromo BAPTA-AM, there was

Figure 3. BAPTA-AM reduced or enhanced the fEPSP amplitude in
young and aged slices, respectively, at all stimulation intensities. I–O
curves for fEPSP amplitude versus the stimulation intensity. Data were
generated by averaging the fEPSP amplitudes at the different stimulation
intensities in six slices from four young rats and in 10 slices from five aged
rats. BAPTA effects were significantly different ( p , 0.05) from control
and recovery (30 min after drug washout) conditions at each stimulus
intensity.

Figure 4. EGTA-AM (50 mM), a Ca 21 chelator with slow Ca 21-binding
kinetics, enhanced the fEPSP amplitude in slices from aged animals but
did not attenuate fEPSPs when applied to young-mature brain slices for 45
min. Top, Single recordings from young and aged slices during control,
EGTA-AM application, and washout. Bottom, Bars indicate mean 6 SE.
Numbers in parentheses represent the number of slices in each group. *p ,
0.01, significant difference from baseline; paired Student’s t test. Note the
significant effect that EGTA-AM had on the fEPSPs, but not on the
presynaptic volleys, in aged slices (arrows).
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a 38 6 2% depression in fEPSP amplitude in young slices and a
23 6 3% enhancement in the aged slices.

The effects seen were attributable to the BAPTA analogs
rather than to the hydrolyzed AM ester moiety, because treating
the slices with 50 mM 59,59-dinitro BAPTA-AM, a permeant
BAPTA analog with a low affinity (Kd values in the micromolar
range) (Pethig et al., 1989) had no effect in young and aged slices
(young, n 5 7 slices from 6 rats; aged, n 5 4 slices from 4 rats)
(Fig. 5).

BAPTA-AM and EGTA-AM permit frequency facilitation
in aged neurons
In some central systems, EPSP amplitude increases substantially
during repetitive stimulation (“frequency facilitation”), as does
the probability of spike generation. We examined the effects of a
1 Hz repetitive stimulation for 16 sec in young and aged slices. In
younger slices, the amplitude of the fEPSP tended to increase
with increasing number of stimuli; after 16 stimuli, the fEPSP was
increased by 44 6 4% (n 5 7 slices from 4 rats; p , 0.01). In aged
slices, only the first one to two stimuli caused an increase in the
fEPSP, and after 16 stimuli, no significant frequency facilitation
was noted (n 5 8 slices from 5 rats).

We next tested the effect of repetitive stimulation (1 Hz for 16
sec) in the presence of BAPTA-AM. In seven slices examined, we
observed an 83 6 3% increase in the fEPSP amplitude in the aged

slice in the presence of BAPTA-AM (Fig. 6). Similar effects
occurred in aged slices in the presence of EGTA-AM (n 5 6
slices from 6 rats; a 49 6 5% increase in the fEPSP amplitude).

Restricted Ca21 entry causes calcium chelators to
depress fEPSP in aged slices
Although there may be a number of potential sites of altered
Ca21 homeostasis in aged neurons, several electrophysiological
studies have pointed to a specific potential source of disregulated
neuronal calcium, namely excessive Ca 21 influx (Landfield and
Pitler, 1984; Campbell et al., 1996; Thibault and Landfield, 1996).
To examine this hypothesis, we lowered the extracellular calcium
concentration to 0.5 mM (from 2 mM), and increased Mg21 to 4
mM (from 2 mM). This maneuver has been shown to reduce
neurotransmitter release (Mg21 by blocking the Ca21 channels
and other nonspecific channels) (Martin, 1977; Hagiwara and
Byerly, 1981; Lansman et al., 1986; Katz et al., 1997). Moreover,
the probability of neurotransmitter release will be decreased,
presumably because both resting Ca 21 levels and Ca 21 entry are
reduced. Application of the above medium caused a significant
reduction in the fEPSPs in the young animals (Fig. 7A, lef t, open
bar, B). In seven young slices, the low Ca21–high Mg21 saline
caused a 62 6 5% reduction of the fEPSP, compared with a
reduction of only 31 6 7% in the aged slices ( p , 0.01; paired
Student’s t test) (Fig. 7A, lef t, filled bar). The time required to
cause the depression was ;15–20 min (Fig. 7B). Similar time was
required to obtain complete reversal in the normal perfusate.

We next asked whether application of BAPTA-AM can cause
a depression of the fEPSPs in the aged slices when calcium influx
is reduced. Application of 1 mM BAPTA-AM and 1 mM probe-
necid (in the above saline containing 0.5 mM Ca21 and 4 mM

Mg21) depressed the fEPSP in the aged slices by 51 6 8% (n 5
8 slices from 5 rats) (Fig. 7A, right, filled bar). Similar results were
obtained when BAPTA-AM and the anion blocker probenecid
were applied to the younger slices (n 5 7 slices from 4 rats;
depression by 61 6 5.8%) (Fig. 7A, right, open bar). Also shown in
Figure 7B, bottom, is the time course for this effect in one aged
slice. As can be seen from this figure, recovery from the BAPTA-
induced synaptic inhibition in the presence of the above men-
tioned saline occurred after application of a 1 Hz repetitive
stimulation for 16 sec (Fig. 7B, bottom, arrows). After perfusion
with normal ACSF, the amplitude of the fEPSP returned toward
the control level.

If after perfusing with low Ca21–high Mg21 saline the aged
slice takes on “younger” characteristics, the observed depressive
effects of BAPTA-AM will not be mimicked by EGTA-AM,
which has no effect on younger animals (Ouanounou et al.,
1996b). If this hypothesis is correct, then it is very likely that
elevated Ca21 in aged animals might be caused by excessive
Ca21 influx. In a set of five experiments on aged slices, applica-
tion of EGTA-AM in low Ca 21–high Mg 21 saline caused no
significant change of the fEPSP amplitude (n 5 5 slices from 4
rats).

The voltage-gated calcium channel blocker cobalt has
different effects on slices from aged and
young animals
From the above results, it seemed that in this preparation aging
could be associated with greater influx of Ca 21. Although there
appears to be a number of potential sites for altered Ca21 influx,
some studies suggest enhanced voltage-gated Ca21 influx (Camp-
bell et al., 1996; Thibault and Landfield, 1996). Divalent metals,

Figure 5. Relative ability of several BAPTA derivatives to reduce or
enhance synaptic transmission in young and aged slices, respectively.
Values are mean 6 SE. *p , 0.01; paired Student’s t test. Numbers in
parentheses indicate the number of slices used. Kd, Estimated dissociation
constant. The numbers of animals for each condition are as follows
(young and old, respectively): BAPTA, four and five; EGTA, four and
five; difluoro BAPTA, four and three; dibromo BAPTA, four and three;
and dinitro BAPTA, six and four.
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such as cobalt, have been used in neuropharmacological studies to
block synaptic transmission presynaptically (Kretz, 1984; Kaneko
and Tachibana, 1986; Dickie and Davies, 1992). In the present
study, 0.7 mM cobalt application to young and aged slices revealed
strikingly different results. In eight slices from young-mature rats,
0.7 mM cobalt depressed the fEPSPs by 43 6 2%, but in seven
slices from the aged rats, 0.7 mM cobalt caused a 19 6 4%
enhancement of the fEPSP (Fig. 8). Prolonging the incubation
time of 0.7 mM Co21 in the aged slices to 1 hr produced the same
result. We therefore decided to increase the concentration of
Co21 to 1.4 mM, which depressed synaptic transmission in the
aged slices by ;45% (Fig. 8). The same concentration of cobalt
(1.4 mM) depressed synaptic transmission in young slices by 78 6
2.3% (n 5 5 slices from 5 rats) (Fig. 8). These results suggest
significant modification of the number and function of the
voltage-gated calcium channels during the process of normal
aging.

Application of 1 mM BAPTA-AM and 1 mM probenecid with
1.4 mM cobalt in the aged slices caused a depression of 50 6 4%
(n 5 7 slices from 4 rats; data not shown), demonstrating, as
before, that by blocking Ca21 influx and thereby presumably
lowering intracellular calcium, BAPTA “resumes” its role of
depressing synaptic transmission as in the young slices.

DISCUSSION
The BAPTA-AM effects of enhancing fEPSPs in aged slices were
striking, because BAPTA-AM attenuates synaptic transmission
in various preparations (Charlton and Iwanchshyn, 1986; Adler et
al., 1991; Niesen et al., 1991; Robitaille and Charlton, 1992;
Robitaille et al., 1993a,b; Hunt et al., 1994; Tymianski et al.,
1994b; Winslow et al., 1994; Blundon et al., 1995; Ouanounou
et al., 1996b). Hippocampal synaptic physiology appears to be
different in slices from aged compared with young animals in their
response to Ca 21 chelators or to diminishing inward Ca 21 flux,
supporting the hypothesis that aging results in a persistent
increase in the free cytoplasmic calcium concentration
(Verkhratsky and Toescu, 1998). These differential effects of
calcium chelators cannot be caused by poor loading, because

increasing the concentration and exposure time of BAPTA-AM
produced similar results, and BAPTA-AM was able to reduce
fEPSPs in aged slices once treatments to markedly reduce pre-
synaptic Ca21 influx were used.

Calcium hypothesis of aging
The calcium hypothesis of aging (for review, see Khachaturian,
1989, 1994; Disterhoft et al., 1993; Landfield, 1994; Verkhratsky
and Toescu, 1998) suggests that basal intracellular calcium is
increased in aged animals, altering Ca21-dependent processes,
such as neurotransmitter release, synaptic plasticity, and protease
activity. In aged CA1 neurons, a direct mechanism for increasing
intracellular calcium has been found; L-type Ca 21 channels
(Thibault and Landfield, 1996) and currents (Campbell et al.,
1996) are increased. In hippocampal dentate granule cells of aged
rats, L-type Ca21 currents were reduced, possibly because of an
age-related increase in Ca21-mediated inactivation of Ca21

channels (Reynolds and Carlen, 1989). Furthermore, calcium
currents were enhanced in the dentate neurons of aged, but not
young, Fischer 344 rats by intracellular application of EGTA. By
analogy to the effects on postsynaptic L-type currents, we hypoth-
esize that buffering of presynaptic intracellular calcium is im-
paired in aged animals, leading to tonically raised calcium, which
might impair rather than enhance synaptic function

Calcium buffering and extrusion is impaired in aging
Cytosolic calcium-binding (buffering) proteins are decreased in
the hippocampus, but not the cerebellum or cortex, of aged rats
(Villa, 1994; Papazafiri et al., 1995). The number of calbindin-
immunoreactive neurons is decreased in the hippocampus of aged
rats (Krzywkowski et al., 1995). Aged Fischer rats have lower
Ca21 extrusion through both the Na/Ca21 exchanger and the
Ca21 ATPase (Martinez-Serrano et al., 1992). Michaelis et al.
(1984) found a decrease in the Vmax of the Ca21 ATPase and an
increase in the Km of the Na/Ca21 exchanger in synaptic mem-
branes from 23- to 25-month-old rats compared with younger rats.
The ameliorative effects of the addition of a membrane-
permeable calcium buffer may be attributable to enhanced cal-
cium buffering.

Figure 6. Repeated stimulation (1 Hz for
16 sec) causes an increase in the fEPSP
amplitude in the presence of BAPTA-AM
in the aged slice. Repetitive stimulation
before the application of 1 mM BAPTA and
1 mM probenecid had no effect, but in the
presence of BAPTA-AM, it caused a sig-
nificant increase in the fEPSP amplitude.
Arrows indicate the times at which 1 Hz
stimulation for 16 sec was applied. Similar
results were obtained from eight slices.
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Ca21 binding kinetics of BAPTA compared with EGTA
BAPTA has rapid Ca21 binding kinetics compared with EGTA
(Tsien, 1980; Neher, 1986). BAPTA can markedly attenuate
neurotransmitter release in squid synaptic terminals (Adler et al.,
1991), frog synaptic terminals (Robitaille and Charlton, 1992;
Robitaille et al., 1993a), crayfish nerve terminals (Winslow et al.,
1994), and in the Calyx of Held (Helmchen et al., 1997), presum-
ably by shuttling calcium ions away from synaptic active zones
where transmitter release is triggered. BAPTA-AM, but not
EGTA-AM, attenuates excitatory neurotransmission in hip-
pocampal slices, possibly by acting presynaptically (Niesen et al.,
1991; Tymianski et al., 1994b; Ouanounou et al., 1996b). The
kinetics of EGTA–calcium binding are slow relative to the initi-
ation of transmitter release so that EGTA may be unable to
reduce calcium concentration rapidly enough to reduce transmit-
ter release in this preparation, although EGTA does affect release
at crayfish neuromuscular junction (Winslow et al., 1994) and the
Calyx of Held, as demonstrated by Helmchen et al.(1997). How-
ever, in our study, fEPSP enhancement was also achieved when
the aged slices were perfused with EGTA-AM, an effect that we
did not observe in the young slices (Fig. 4). This supports the
notion that cytoplasmic calcium is elevated in aged neurons,

4

experiment and was removed at the same time as the low Ca 21–high
Mg 21 saline. Note that 1 Hz repetitive stimulation for 16 sec (arrows)
facilitated the fEPSP after BAPTA-AM application. In addition, after
perfusion with normal ACSF, the amplitude of the fEPSP returned
toward the control level. Similar results were obtained from eight slices.

Figure 7. Effects of low Ca 21–high Mg 21 saline on the fEPSP amplitude
in young and aged slices. A, Slices were perfused initially with normal
ACSF and, after stable control responses were achieved, with 0.5 mM
Ca 21 and 4 mM Mg 21 ACSF. Left, The percent of baseline fEPSP in the
low Ca 21–high Mg 21 saline. Open bars represent the percent (mean 6
SE) of the baseline response of the fEPSP amplitude when switching from
the normal ACSF to the 0.5 mM Ca 21–4 mM Mg 21 ACSF in young slices,
and filled bars represent those in old slices. Note that aged slices were less
affected by the reduction of Ca 21–Mg 21 than young slices. *p , 0.01;
paired Student’s t test. Numbers in parentheses represent the number of
slices used in each group. Right, Application of 1 mM BAPTA-AM and 1
mM probenecid in the presence of low Ca 21–high Mg 21 causes further
attenuation of the fEPSP in both the young and old slices. Slices were
perfused as described above. After stability was achieved in the low
Ca 21–high Mg 21, 1 mM BAPTA-AM and 1 mM probenecid were applied,
causing a reduction of ;40–50% in the fEPSP amplitude in the slices
taken from both young and aged Fischer 344 rats (open bars, young; filled
bars, old). B, Top, Sample fEPSP recordings from stratum radiatum.
Bottom, Effect of low Ca 21–high Mg 21 saline and BAPTA-AM in one
old slice. One micromolar probenecid was applied at the beginning of the

Figure 8. The voltage-gated calcium channel blocker cobalt causes dif-
ferent effects on the fEPSP in young and aged slices. Slices were perfused
with normal ACSF and later with ACSF containing 0.7 mM Co 21. Bars
represent mean 6 SE change from baseline. As can be viewed, 0.7 mM
Co 21 caused ;45% reduction in the fEPSP amplitude in the young (open
bars), whereas the same concentration of Co 21 caused 20% enhancement
in the fEPSP amplitude ( filled bars). Increasing the concentration of
Co 21 to 1.4 mM caused remarkable attenuation of the fEPSP in young
slices (open bars), and the reduction in aged was similar to the effect of 0.7
mM in young. Numbers in brackets indicate the number of slices in each
group. *p , 0.01; paired Student’s t test.
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because fast association and dissociation calcium binding kinetics
were not required here.

Presynaptic or postsynaptic actions
We hypothesize that the major effects of membrane-permeant
calcium chelators on the fEPSPs could be on the presynaptic
terminals, in part because of the overwhelming amount of evi-
dence showing that alterations in presynaptic calcium effects
neurotransmitter release. Loading the postsynaptic neuron with
high concentrations of BAPTA did not alter the effects of
BAPTA-AM on fEPSPs in the CA1 region in slices from young-
mature rats (Velumian et al., 1998). In CA1 presynaptic terminals
of aged animals, there is increased calcium that was decreased by
preadministration of BAPTA-AM (Morris et al., 1998). How-
ever, we cannot exclude a postsynaptic action, because there are
several studies showing that alterations in postsynaptic calcium-
dependent events can effect neurotransmission. An L-type cal-
cium channel blocker enhanced hippocampal long-term potenti-
ation in aged animals, an effect correlated with depression of the
calcium-activated afterhyperpolarization measured postsynapti-
cally (Norris et al., 1998). In CA1 neurons, increased postsynaptic
calcium entry via voltage-sensitive calcium channels transiently
potentiates EPSPs (Kullmann et al., 1992). Inhibition of postsyn-
aptic calcineurin activity induced postsynaptic calcium-
dependent synaptic potentiation in adult CA1 neurons (Wang and
Kelly, 1997).

Frequency facilitation
The increase in EPSP that occurs during or after repetitive
activation has long been viewed as a possible substrate of behav-
ioral or functional plasticity (Massicotte and Baudry, 1991; Mul-
ler et al., 1991). However, the mechanisms of central frequency
facilitation remain unclear. The amount of frequency facilitation
in the aged hippocampus responses is markedly reduced (Land-
field and Lynch, 1977). The deficit appears to involve both pre-
synaptic and postsynaptic components; moreover, alterations in
postsynaptic membrane hyperpolarization may well contribute to
impaired transmission, particularly during periods of high fre-
quency activity (Pitler and Landfield, 1987; Landfield, 1994). In
our experiments, aged slices exhibited significantly less frequency
facilitation than young-mature ones, which markedly improved
after application of BAPTA-AM (or EGTA-AM) to the aged
slices. Because frequency facilitation itself is Ca21-dependent, it
appears paradoxical that excess Ca21 can reduce frequency fa-
cilitation. However, elevated calcium might impair frequency
facilitation of the fEPSP by Ca 21-dependent inactivation of sub-
sequent Ca21 influx (Landfield et al., 1986) or by increased
Ca21-dependent hyperpolarization of the axon terminals or den-
drites, resulting in presynaptic action potential failure or a
“shunt” of the dendritic EPSP (Landfield, 1994). Frequency fa-
cilitation is usually greater at lower quantal content. Therefore,
lowering extracellular Ca21 or applying BAPTA, both of which
lower quantal content, might increase facilitation. Although the
ratio of the first to second fEPSP (paired-pulse facilitation) and
the quantal content may not change with aging (Landfield and
Lynch, 1977; Barnes et al., 1992; Deupree et al., 1993), the
facilitation that we measured was over a period of 16 stimuli at 1
Hz. With BAPTA-AM, the absolute size of the fEPSPs grew
markedly during the 16 stimuli, whereas the ratio of the first two
fEPSPs could remain constant. Further experiments are required
to properly investigate these phenomena. A Ca 21 receptor for
facilitation could be saturated in old neurons (Stanley, 1986;

Yamanda and Zucker, 1992). Reducing [Ca21]i may unsaturate
the facilitation Ca21 receptor so that it can function again. In
aged neurons, a chronic Ca 21 leak may elevate [Ca 21]i. Thus,
application of BAPTA is less effective, because it becomes satu-
rated with Ca21. BAPTA may reduce presynaptic [Ca21]i , thus
reducing spontaneous release and making more vesicles available
for evoked release. BAPTA may also reduce activation of KCa

channels, making the presynaptic action potential longer, thereby
admitting more Ca21, causing increased neurotransmitter release
(Robitaille and Charlton, 1992; Robitaille et al., 1993a,b).

Reducing calcium influx reverses “aging” effects
High Ca21 might impair frequency potentiation by saturation of
binding sites for release or by rapid transmitter depletion (Land-
field, 1994). Because Mg 21 competitively inhibits these calcium
actions, the beneficial effects of Mg 21 on hippocampal synaptic
potentiation in aged rats suggests that calcium may be elevated in
these cells. Magnesium facilitates maze reversal learning and
improves hippocampal frequency facilitation in aged rats (Land-
field and Morgan, 1984). Blocking calcium influx by decreasing
the Ca21/Mg21 ratio improved intracellular and extracellular
measures of frequency facilitation in aged hippocampal slices
(Landfield et al., 1986). We showed that low Ca 21–high Mg21

caused a reversal of the effect of the BAPTA-AM (but not that of
EGTA-AM) in aged slices, here showing synaptic transmission
resembling that of young slices. These data suggest that reducing
calcium influx can reverse some of the functional effects of aging.
Also, in younger slices, 0.7 mM Co21 attenuated fEPSPs by
;50%, whereas in aged slices, it enhanced fEPSPs by 20%. Only
after doubling the Co21 concentration to 1.4 mM were similar
results obtained in the aged slices, i.e., ;50% depression of the
fEPSP (Fig. 8). Recently, we showed that the volatile anesthetic
isoflurane depressed fEPSPs significantly more in aged than in
young slices (Ouanounou et al., 1998a). However, when the slices
were exposed to low Ca21–high Mg 21 or to cobalt (Ouanounou
et al., 1998b), the isoflurane depression was similar in young and
old slices. Overall, these results in old neurons suggest Ca 21-
dependent modifications in the number of presynaptic Ca 21

channels, the number of postsynaptic receptors, or altered func-
tion of these channels, possibly from increased cytoplasmic
calcium.

Calcium-mediated cellular dysfunction
Thus, neuronal dysfunction in aging could be attributable to the
buildup of intracellular Ca21 via NMDA receptors, voltage-
gated Ca21 channels, impaired membrane pumps or exchangers,
leakage from intracellular stores, and/or by impaired intracellular
Ca21 buffering. Increased free cytosolic Ca 21 could then acti-
vate several Ca21-dependent processes, leading to neuronal
damage.
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