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Considerable evidence supports a Ca®" dysregulation hypoth-
esis of brain aging and Alzheimer’s disease. However, it is still
not known whether (1) intracellular [Ca®™], is altered in aged
brain neurons during synaptically activated neuronal activity; (2)
altered [Ca®"]; is directly correlated with impaired neuronal
plasticity; or (3) the previously observed age-related increase in
L-type voltage-sensitive Ca®* channel (L-VSCC) density in
hippocampal neurons is sufficient to impair synaptic plasticity.
Here, we used confocal microscopy to image [Ca®*]; in single
CA1 neurons in hippocampal slices of young-adult and aged
rats during repetitive synaptic activation. Simultaneously, we
recorded intracellular EPSP frequency facilitation (FF), a form of
short-term synaptic plasticity that is impaired with aging and
inversely correlated with cognitive function. Resting [Ca®™"], did
not differ clearly with age. Greater elevation of somatic [Ca®™"],
and greater depression of FF developed in aged neurons during

20 sec trains of 7 Hz synaptic activation, but only if the activa-
tion triggered repetitive action potentials for several seconds.
Elevated [Ca®*], and FF also were negatively correlated in
individual aged neurons. In addition, the selective L-VSCC
agonist Bay K8644 increased the afterhyperpolarization and
mimicked the depressive effects of aging on FF in young-adult
neurons. Thus, during physiologically relevant firing patterns in
aging neurons, postsynaptic Ca®™" elevation is closely associ-
ated with altered neuronal plasticity. Moreover, selectively in-
creasing postsynaptic L-VSCC activity, as occurs in aging,
negatively regulated a form of short-term plasticity that en-
hances synaptic throughput. Together, the results elucidate
novel processes that may contribute to impaired cognitive
function in aging.
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The calcium dysregulation hypothesis of brain aging and Alzhei-
mer’s disease, initially proposed in the mid-1980s (Khachaturian,
1984; Landfield and Pitler 1984; Michaelis et al., 1984, Peterson et
al., 1985), suggests that aging alters brain Ca*" regulation, re-
sulting in impaired neuronal function and, eventually, neurode-
generation. In support of this view, substantial evidence has
accumulated to show that multiple brain Ca®* regulatory/Ca>"-
dependent processes change with aging (for review, see Gibson
and Peterson, 1987; Khachaturian, 1989; Landfield et al., 1989;
Disterhoft et al., 1993; Foster and Norris, 1997; Thibault et al.,
1998; Verkhratsky and Toescu, 1998; Griffith et al., 2000). In
hippocampal neurons in particular, several Ca*"-dependent neu-
ronal processes linked to learning and memory exhibit aging-
related changes. These changes include an increase in the slow
afterhyperpolarization (AHP) (Landfield and Pitler, 1984; Moyer
et al., 1992; Disterhoft et al., 1996), reduced long-term potentia-
tion (LTP) (Barnes, 1979, 1994; Moore et al., 1993; Shankar et al.,
1998; Bach et al., 1999), enhanced long-term depression (LTD)
(Norris et al., 1996, 1998), and impaired short-term frequency
facilitation (FF) (Landfield et al., 1978, 1986; Ouanounou et al.,
1999).
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However recent advances in single-cell imaging and simulta-
neous recording in slices (Miyakawa et al., 1992; Regehr and
Tank, 1992; Perkel et al., 1993; Brown and Jaffe, 1994; Schiller et
al., 1995; Magee and Johnston, 1997; Yuste et al., 1999) have been
difficult to apply to the relatively opaque slices of adult/aged
animals (Brown and Jaffe, 1994). Consequently, although a num-
ber of aging studies have examined neuronal Ca*" content, only
a few have imaged the intracellular Ca?* concentration in single,
functional brain neurons (Kirischuk and Verkhratsky, 1996;
Murchison and Griffith, 1998) and none has done so during
recording and synaptic activation (for review, see Thibault et al.,
1998; Verkhratsky and Toescu, 1998). Thus, whether neuronal
[Ca?*]; regulation is altered with aging during physiologically
relevant firing frequencies or whether such alteration is corre-
lated with changes in plasticity remains uncertain.

In addition, the possible sources of altered Ca>" regulation are
not well understood. Voltage-dependent Ca>" currents and po-
tentials are enhanced in hippocampal CA1l neurons of aged rats
(Landfield and Pitler, 1984; Kerr et al., 1989; Campbell et al.,
1996) and rabbits (Moyer et al., 1992; Disterhoft et al., 1993),
apparently mediated by an increase in the membrane density of
L-type voltage-sensitive Ca>* channels (L-VSCCs) (Thibault
and Landfield, 1996). In addition, selective L-VSCC antagonists
and other Ca*" blockers can counteract the effects of aging on
several aspects of neuronal and/or behavioral function, implying
that L-VSCC activity may be necessary for the aging changes
(Deyo et al., 1989; Landfield et al., 1989; Scriabine et al., 1989;
Moyer et al., 1992; Norris et al., 1998; Shankar et al., 1998;
Ouanounou et al., 1999). To date, however, there have been no
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studies on the selective enhancement of L-VSCC activity, to test
the key related question of whether increased L-VSCC activity is
also sufficient to induce aging-like changes in function.

Here, we studied these unresolved questions using UV-
compatible confocal laser scanning microscopy and simultaneous
intracellular recording during repetitive synaptic stimulation at
physiological frequencies. We chose to study [Ca®*]; responses in
relation to FF (the growth of synaptic responses during repetitive
synaptic stimulation at 5-15 Hz), a prominent form of hippocam-
pal short-term synaptic plasticity that modulates synaptic
throughput (Andersen and Lomo, 1970). FF appears advanta-
geous for such studies, because it is likely associated with dynamic
[Ca?"]; responses and may be sensitive to postsynaptic Ca>*
influx (Landfield et al., 1986). Moreover, FF is impaired with
aging (Landfield et al., 1986; Ouanounou et al., 1999), inversely
correlated with cognitive function (Landfield, 1988), and may
play an important role in the deficient LTP seen with perithresh-
old stimulation in the aged hippocampus (Rosenzweig et al.,
1997).

MATERIALS AND METHODS

Slice preparation. All experiments were conducted in compliance with the
institutional guidelines of the Animal Care and Use Committee at the
University of Kentucky. Young-adult (3-5 months of age) and aged
(24-27 months of age) male Fischer 344 rats were anesthetized in a CO,
chamber before rapid decapitation. Brains were rapidly removed (<1
min) and transverse hippocampal slices (250-350 um) were cut with a
vibratome (TPI, St. Louis, MO) into a cold oxygenated artificial CSF
(ACSF) solution of the following composition (in mm): 128 NaCl, 1.25
KH,PO,, 10 glucose, 26 NaHCO;, 3 KCl, 2 CaCl,, and 2 MgCl,. Slices
were placed in an interface-type chamber at room temperature (21—
23°C) gassed with 95% O,-5% CO, for at least 1 hr. For sharp-electrode
recording and imaging studies, a single slice (250 wm) was transferred
with a fire-polished Pasteur pipette into a recording chamber (RC-22C;
Warner Instruments, Co., Hamden, CT) perfused (1.5 ml/min) with
oxygenated ACSF solution at 21-23°C (~305 mOsm). The recording
chamber sat on the stage of an inverted Nikon microscope (Diaphot 300;
Nikon Inc., Melville, NY) interfaced with a UV-compatible confocal
laser scanning microscope (see below). For patch-clamp experiments,
slices (350 wm) were placed in a recording chamber mounted on the stage
of an upright microscope (E600FN; Nikon). Oxygenated ACSF was
gravity-fed and delivered at 1.5 ml/min into the recording chamber.
Controls were set (model TC? Bip; Cell Micro Controls, Norfolk, VA)
such that ACSF was 32°C at the recording chamber input. For both
sharp-electrode and patch-clamp recording experiments, electrode solu-
tions were sterile-filtered (0.2 wm) and the ACSF was continually suc-
tioned to maintain a constant flow and level in the recording chamber.

Electrophysiology. In the Ca** imaging/aging study, sharp microelec-
trodes were used for intracellular recording and indicator delivery and to
minimally perturb the Ca?" regulatory physiological properties of the
internal milieu. However, in studies aimed at testing the effects of
selectively enhancing membrane L-VSCC activity with the agonist Bay
K8644, holding the intracellular environment constant appeared advan-
tageous; therefore, whole-cell patch-clamp methods were used. Sharp
microelectrodes (World Precision Instruments, Sarasota, FL) were pulled
on a P80 puller (Sutter Instruments Co., Novato, CA) and had resistances
of 100-150 MQ when filled. Electrode tips were first filled at the tip by
capillary action with 15 mM Indo-1or 20 mm Calcium Orange (Molecular
Probes, Eugene, OR) in 150 mM KmeSO, (ICN Biomedicals Inc., Au-
rora, OH) and 10 mm HEPES. The rest of the electrode was then
backfilled with 2 M KmeSO, (ICN Biomedicals Inc.) in 40 mm HEPES.
Somata of CAl neurons were impaled and recordings were obtained in
current-clamp mode with bridge-balance neutralization (Axoclamp 2A
amplifier; Axon Instruments Inc., Union City, CA). Voltage signals were
sampled at 1-3 kHz.

Patch-clamp electrodes were pulled from Fisher Scientific (Houston,
TX) micro-hematocrit glass capillaries (# 02-668-68) on a Sutter Instru-
ments pipette puller. Electrodes were coated with polystyrene Q-dope
(GC Electronics, Rockford, IL) and had resistances of 2.9-3.7 M() in the
bath. Pipettes were filled with the following solution (in mm): 140
KmeSO,, 10 HEPES, 14 Tris-phosphocreatine, 4 Tris-ATP, and 0.3
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Tris-GTP. The osmolarity of the solution was ~300 mOsm and the pH
was adjusted to 7.3 with Trizma Base (Sigma, St. Louis, MO). Small steps
(~1 wm) were used in combination with slight positive pressure to move
the electrode into the stratum pyramidale until a G() seal was formed on
the soma of a cell; the whole-cell patch-clamp recording configuration
was then established in voltage-clamp mode (Blanton et al., 1989). After
break-in, neurons were held at —70 mV for ~5 min to allow membrane
sealing and stabilization; measures of capacitance and input resistance
were then obtained with small hyperpolarizing steps. The remainder of
the experiment was conducted in current-clamp mode (Axoclamp 1D;
Axon Instruments) with bridge balance and electrode capacitance neu-
tralization. Voltage records were digitized at 2-20 kHz and low-pass-
filtered at 2 kHz.

Synaptic stimulation and frequency facilitation. In all experiments, a
twisted bipolar stainless-steel stimulation electrode (0.0045 inches, coat-
ed; A-M Systems, Inc., Everett, WA), was positioned in the Schaffer
collaterals/commissural fibers of the stratum radiatum, ~500 wm from
the recorded neuron, to deliver synaptic stimulation. Input—output rela-
tionships were determined in every cell during synaptic stimulation (0.1
msec pulses) at 0.2 Hz. In sharp-electrode studies (imaging), the stimulus
intensity for the subthreshold stimulation protocol was set to a level that
generated a 4-5 mV baseline EPSP. For the suprathreshold stimulation
protocol, stimulation current intensity was set 50% above the Na * action
potential threshold to ensure consistent action potential generation in all
cells. In the patch-clamp studies (Bay K8644), subthreshold FF was
induced with a protocol similar to that described above, but in the
suprathreshold protocol, intensity was set just at action potential thresh-
old. The latter protocol was used to determine whether any effects of Bay
K8644 on EPSP facilitation also affected action potential generation.
Stimulation was delivered with an SD9K stimulator (Astro Med Inc.,
Grass Instruments, Warwick, RI).

The frequency facilitation of the EPSP was assessed during two se-
quential 20 sec trains of 7 Hz of synaptic stimulation at suprathreshold
and subthreshold intensity, in cells with membrane potential initially set
at —70 mV in current clamp. To avoid confounding by other, longer
forms of plasticity or by declining “health,” the second train was run only
in neurons in which EPSP amplitude and resting [Ca®"]; returned to
baseline values within 5-10 min after the first train. Facilitation was
measured as the percentage of change in the amplitude of each of 139
consecutive EPSPs relative to the baseline EPSP (the first EPSP of the 20
sec, 7 Hz train of stimulation), using Synaptosoft mini analysis (Synap-
tosoft Inc., Decatur, GA). The percentage of facilitation was averaged
across 1 sec segments for statistical analyses (Fig. 1C). In suprathreshold
protocols, the amplitude of the EPSP was measured at the inflection
point between the action potential and the EPSP on the back downstroke
of the Na* spike. Confirmation that this method accurately measured
EPSP amplitude was obtained from measures of EPSPs in instances in
which the action potential failed (Fig. 2), which showed that both ap-
proaches yielded highly similar values. For correlational analyses with
imaging, FF was measured as the mean EPSP amplitude during the first
2 sec of the stimulus train (FF,,, first 13 EPSPs after the baseline
EPSP), coinciding with a 2 sec imaging window (see below), and the last
2 sec of the train (FF,., last 14 EPSPs), coinciding with the last 2 sec
imaging window.

Mechanisms of frequency facilitation and hyperpolarizing/depolarizing
shifts. Multiple processes interact during repetitive synaptic activation.
As do most forms of short-term synaptic plasticity (Magleby, 1987;
Zucker, 1996; Kreitzer et al., 2000), hippocampal FF (also termed
“frequency potentiation”) (Andersen and Lomo, 1970) appears to de-
pend primarily on presynaptic mechanisms (Andersen and Lomo, 1970;
Creager et al., 1980; Applegate and Landfield, 1988). Notably, hippocam-
pal FF is associated with massive presynaptic vesicle mobilization to
active zones (Applegate and Landfield, 1988), consistent with enhanced
release probability and a presynaptic mechanism (Rosenmund and
Stevens, 1996). Nevertheless, postsynaptic factors can modify short-term
plasticity. For example, paired-pulse facilitation can be enhanced by
postsynaptic IPSP suppression (Davies and Collingridge, 1996). It also
has been suggested that suppression of GABA ,-mediated postsynaptic
inhibition during prolonged repetitive activation in the hippocampus may
contribute to facilitation (McCarren and Alger, 1985). However, this
seems unlikely, because the GABA , antagonist bicuculline does not alter
FF (Pitler and Landfield, 1987). In addition, the onset of synaptically
induced FF in the hippocampus is accompanied by a substantial postsyn-
aptic hyperpolarization and membrane conductance increase (Landfield
et al., 1986; Pitler and Landfield, 1987) that appears to be a combination
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Figure 1. Subthreshold frequency facilita-
tion. Representative intracellular voltage
traces recorded in a young-adult (4) and an
aged (B) CAl neuron during 7 Hz of syn-
aptic activation below threshold for a Na *
action potential. The first second (left) and
the last second (right) of a 20 sec train of
repetitive activation are shown. The first
EPSP of the first second record is the base-
line EPSP. The baseline EPSP (arrow, #) is
delimited by two dotted lines, extended
across the width of the figure to highlight
the degree of facilitation during the 20 sec
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Imaging

A

—— Young Adult EPSP
—@— Aged EPSP

Imaging
train. Measur‘err.ler.lt of EPSP facilitation c
during the train is illustrated by the second 140
arrow (##) and two dashed lines. An initial
hyperpolarization accompanies repetitive $ 120
activation but partly decays with EPSP fa- :
cilitation by the end of the train (see Mate- o 100
rials and Methods). Note that EPSPs during ® 80
the train are measured from the hyperpo- =
larized membrane potential. C, Mean =* g 6o
SEM of the percentage of facilitation aver- 'y
aged in 1 sec segments during the 20 sec 33 40
train (n = 11 young-adult and 11 aged neu- a o
rons). No significant differences were seen w
between the two age groups. For simulta- 0
neous imaging in the same cells, Ca?" tran- T
sients were acquired during the first 2 sec 0 2

and the last 2 sec of the simulation train
(horizontal bar insets).

of a late IPSP (Newberry and Nicoll, 1984) and the Ca®*-dependent
AHP (Madison and Nicoll, 1984; Storm, 1990). After a few seconds of
repetitive stimulation above but not below spike threshold, this ongoing
hyperpolarization converts to depolarization. This depolarizing shift
appears to be mediated by a large K efflux via spike-triggered AHP and
delayed rectifier conductances, with a resulting accumulation of extra-
cellular K* and a shift in the K" equilibrium potential (Alger and
Teyler, 1978; Creager et al., 1980; Pitler and Landfield, 1987). After
additional seconds of activation, the membrane exhibits hyperpolariza-
tion again (apparently mediated by Na*/K™* pump activation), which
then decays roughly along with the decay of EPSP facilitation. Unless
extreme, these fluctuations in membrane potential, although briefly af-
fecting spike probability (Alger and Teyler, 1978; Creager et al., 1980;
Pitler and Landfield, 1987), have little effect on EPSP magnitude. How-
ever, the increased membrane conductance that accompanies both the
hyperpolarization and depolarization phases can shunt EPSP amplitude
(Pitler and Landfield, 1987).

Studies with Bay K§644. A 1 mM stock solution of Bay K8644 in DMSO
was delivered at the mouth of the perfusion chamber via a cannula and
tubing attached to a syringe perfusion pump (model 341B; Sage Instru-
ments, Cambridge, MA). The perfusion rate of the syringe was 1000-fold
slower than the main perfusate, providing a final concentration of 1 um
Bay K8644 in 0.1% DMSO. Control slices were perfused with 0.1%
DMSO. The AHP was triggered from a set membrane potential of —60
mV, using a 150 msec intracellular depolarizing current pulse sufficient
to generate three to four Na™* action potentials. AHPs were elicited
every 30 sec and AHP amplitudes were measured 750 msec after the end
of each pulse. AHP amplitudes were derived by averaging at least three
consecutive AHP measures obtained in the baseline period and after 15
min of drug or vehicle. For each cell studied for AHP amplitude, the
same number of Na * action potentials was carefully maintained from the
start of the experiment throughout its duration (15 min of Bay K8644 or
vehicle) by small adjustments of injected current intensities. Synaptic
activation protocols were then performed as described above.

4 6 8 10 12 14 16 18 20

Seconds of 7 Hz Stimulation

[C&™ |, Imaging. Tmaging studies were performed on a real-time (30
Hz), inverted confocal laser scanning microscope (RCM 8000; Nikon
Inc.) equipped with a 40X water immersion objective. For ratiometric
studies, the Ca*" fluorophore Indo-1 was excited using an argon laser
generating multiline UV light (351-364 nm). Ratiometric measures of
[Ca?*]; were derived from two images acquired simultaneously through
a dichroic mirror centered at 445 nm (“400 nm” and “500 nm” images).
Images were obtained by signal averaging 60 images across 2 sec periods.
To reduce UV damage, 2 sec images were obtained only for the first 2 sec
period (FF,,,;,) and the last 2 sec period (FF,,) of the 20 sec 7 Hz train.
Because of the confocal nature of the images, out-of-focus background
fluorescence (from adjacent cells or processes of the same cell above or
below the plane of focus) was minimal (Brown and Jaffe, 1994); never-
theless, all signals were background subtracted offline using an area near
to the cell of interest. Metamorph software (Universal Imaging Corpo-
ration, West Chester, PA) was used to measure the average gray values of
the region of interest (the entire somatic region or the proximal apical
dendrite) in each cell.

Ratio values were calibrated to generate estimates of free Ca®* using
a standardized series of droplets containing 50 um Indo-1 and seven
increasing Ca®" concentrations (0-39.8 um free Ca®",1 mm Mg?";
Molecular Probes). The standard curve obtained from this in vitro cali-
bration was fitted to yield several parameters: R ,;,, the minimum ratio in
the absence of Ca®*, R, the maximum ratio at saturating Ca>"
concentrations, K, the dissociation constant for Ca>" binding to the
indicator, and a constant (3) equal to the ratio of the 500 nm image in
zero Ca?* to the 500 nm image in 39.8 uM Ca?*. The extracted values
were 0.8 for R,,;,, 2.7 for R, ., and 565 for K;B. Cell ratios were
converted to free Ca>* concentration ([Ca®*];) using the following
equation: [Ca?"]; = K48 (R — Rpin)/(Rmax — R), in which R is the 400
nm/500 nm fluorescence emission ratio of the imaged cell (Grynkiewicz
et al., 1985). In situ calibration by whole-cell patch or in nondissociated
slice neurons is known to be problematic (Regehr and Tank, 1992).
However, to cross-validate our in vitro calibration, we used in situ cali-
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Figure 2. Suprathreshold frequency facilita-
tion. Representative traces from a young-
adult (A4) and an aged (B) CA1 neuron during
the first and last sec of 7 Hz of synaptic
stimulation above threshold for a Na ™ action
potential. In the young-adult neuron, the
baseline EPSP (#, dotted line) was facilitated
rapidly and then depressed slightly over the 20
sec train. In the aged neuron, the initial de-
gree of facilitation (##, dashed lines) was
similar, but the EPSP depressed nearly to
baseline by the end of the stimulation train
(FF,, .)- C, Mean = SEM data (n = 15
young-adult and 16 aged neurons). *Signifi-
cant age difference (p < 0.05); *> significant
age difference at this point and all points

0 2 4 6 8 10 12 14
Seconds of 7 Hz Stimulation

bration in hippocampal neurons grown in culture (Porter et al., 1997).
Neurons were loaded with a series of increasing Ca®* concentrations
and 50 uM Indo-1 using whole-cell patch pipettes. Five to eight cells per
Ca?" solution were imaged. In addition, to control for the possibility of
aging differences in K, we also estimated [Ca**]; using different Ks for
young and aged cells, based on values published in a study comparing
dissociated brain neurons from young-adult and aged animals (Murchi-
son and Griffith, 1998). Analyses of Ca>" data showed that the age-
dependent [Ca?*]; differences reported here were significant with any of
these calibrations.

To image Ca®" in dendritic segments and to obtain imaging data
throughout the full stimulation train, we also used the single-wavelength
Ca?" indicator Calcium Orange. Compared with Indo-1, this indicator is
excited and emits at longer wavelengths, improving tissue penetration,
decreasing scatter, and improving resolution. Calcium Orange was ex-
cited using an He-Ne laser (543 nm), which is less likely to cause
photodamage during repetitive imaging. Single images were acquired

thereafter. Imaging transients were acquired
during the first 2 sec and the last 2 sec of the
simulation train (bar insets). Action potentials
are truncated for illustrative purposes.

16 18 20

consecutively throughout the train in 2 sec windows and temporally
synchronized to electrophysiological responses via TTL pulses. Relative
Ca?* changes during the stimulation were expressed as the percentage of
change from baseline fluorescence (% AF/F). Images were obtained
from different dendritic segments running from the base of the proximal
apical dendrites to ~200 um along the main apical dendrite. Metamorph
software was used to measure average fluorescence in each segment. All
signals were background subtracted from an area near the cell and were
also corrected for bleaching.

Cell yield and selection criteria. An important issue in brain aging
studies is the possibility that interactions between age and preparation
procedures may preferentially damage aged neurons and introduce po-
tential bias. Electrophysiological studies examining this question have
found few age differences in resting potential, yield, input resistance, or
action potential threshold and amplitude (Barnes and McNaughton,
1980; Landfield and Pitler, 1984; Kerr et al., 1989; Moyer et al., 1992;
Disterhoft et al., 1993; Potier et al., 1993) (for review, see Barnes, 1994;



9748 J. Neurosci., December 15, 2001, 27(24):9744-9756

Table 1. Basic neuronal parameters in young-adult and aged
CALl neurons

Young-adult  Aged

(n =15) (n = 16)
Input resistance (M() 589 £3.7 61.9 3.3
Resting membrane potential (mV) —-587+11 —588%13
Action potential threshold (nA) 151 £ 15 181 = 15
Action potential amplitude (mV) 838+ 13 81.9 £23
Action potential width at base (msec) 23+02 24*0.1
Action potentials during 20 sec train (n)  134.6 =84 1269 £8.1
Action potentials during FF,, (1) 14+0 14+0
Action potentials during FF . (n) 112+13 102 +1.3
Interval, slicing to imaging (hr) 385 0.4 43 +0.3

All values are mean = SEM. No significant age-dependent differences were de-
tected. Threshold was the synaptic stimulation electrode current necessary to trigger
a Na' action potential. Action potential amplitude was measured from the peak of
the EPSP. Action potential number values (n) were obtained during the 7 Hz
suprathreshold train of synaptic activation.

Thibault and Landfield, 1996; Barnes et al., 1997). However, a recent
study found that age may interact with brain slice procedures under some
conditions (Moyer and Brown, 1998). Therefore this issue was assessed
with specific regard to our imaging preparation.

Only cells held with minimal holding current (—0.05 to —0.3 nA),
input resistances of >35 MJ(), overshooting action potentials, and no
signs of hyperexcitability or abnormal depolarization during stimulation
were included in the cell imaging analysis. Cells also were excluded if
resting [Ca?"]; was >200 nM. These criteria resulted in a comparable
yield of recorded and imaged cells between young-adult and aged ani-
mals. In the young-adult slices, we recorded and imaged 15 neurons
(from 13 animals) that met all criteria throughout the full suprathreshold
protocol. In aged slices, we recorded and imaged 16 cells (from 13
animals) that met all criteria throughout the suprathreshold protocol.
Eleven neurons of each age group also met all criteria through the
subthreshold protocol. Overall, including neurons that met initial criteria
and yielded resting [Ca®*]; data but were not held throughout the full
protocol, we recorded and imaged 39 neurons from 33 young-adult
animals (approximate yield of 1.2) and 31 neurons from 24 aged animals
(approximate yield of 1.3). Thus, our yield of healthy cells was at least as
high in the aged group. For neurons run through the full protocol, there
were no age differences in input resistance, resting potential, or action
potential height, width, or threshold (Table 1). Moreover, there was no
significant age difference in mean interval between slice preparation and
cell imaging/recording (Table 1). There also was no significant correla-
tion of the interval between the slice preparation and cell imaging with
either resting or stimulated [Ca>"]; in individual neurons (e.g., » = 0.30
for resting [Ca®*]; and r = 0.14 for FF,,,. [Ca®"]; in aged cells).

In addition, baseline fluorescence gray values at rest did not differ
significantly with age for either the 400 or 500 nm images. In analyses of
cells recorded through the full suprathreshold protocol or analyses of the
larger set, including cells that were not held for the full protocol, we
found no correlation between [Ca?*]; (at rest or during stimulation) and
distance from the edge of the slice. Thus, it appears unlikely that age
differences in indicator loading or transmission through the tissue con-
tributed to the age-dependent differences in estimated Ca?*.

RESULTS

As noted above, most resting electrophysiologic measures re-
corded in CA1 neurons were unaffected by age (Table 1). How-
ever, the stimulus intensity needed to generate a threshold EPSP
was modestly increased in the aged neurons (Table 1), likely
because of decreased excitatory transmission (Barnes et al., 1997).

Frequency facilitation of the EPSP

Figure 1 illustrates the FF of the EPSP during subthreshold
stimulation in a young-adult (Fig. 14) and an aged (Fig. 1B) cell.
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FF develops rapidly and reaches maximal values within a few
pulses. As noted above (see Materials and Methods), hyperpo-
larization also develops with the first few pulses, although it
declines along with FF by the end of the 20 sec train (Fig 1.
FF,,, ..)- For ease of comparison, the two central dotted lines
and small arrows (Fig. 1, #) illustrate the amplitude of the first
baseline EPSP, whereas the two outer dashed lines and large
arrows (Fig. 1, ##, FFy,, ...) illustrate measurement of the
facilitated EPSP during repetitive stimulation. Note that the
facilitated EPSP is measured from the hyperpolarized base-
line. Facilitation was relatively well-maintained throughout the
duration of the train in the subthreshold protocol, because
EPSPs recorded during the last seconds of stimulation were
still significantly facilitated (Fig. 1, FF,,,, ,..). In 11 young-adult
and 11 aged neurons with comparable baseline EPSP values
(4.1 £ 0.3 and 4.2 = 0.4 mV, respectively), no significant
age-dependent difference was seen in the degree of facilitation
measured during the duration of the stimulation (Fig. 1C). In
addition, depression of FF from its maximal value at 1 sec was
modest, and in both groups FF still exceeded 60% by the end
of the train.

A different pattern was seen during the suprathreshold activa-
tion protocol. Figure 2 shows representative responses during
synaptic activation above Na™ action potential threshold in a
young-adult (Fig. 24) and an aged (Fig. 2B) cell. Baseline EPSP
amplitudes for young-adult and aged neurons averaged 12.2 = 0.8
and 12.2 = 0.5 mV, respectively. In general, the percentage of
amplitude facilitation was less in the suprathreshold compared
with the subthreshold protocol. Moreover, in this protocol, aged
neurons displayed a significant decline in FF relative to young-
adult neurons (Fig. 2C, n = 15 young-adult and 16 aged neurons
from 13 young-adult and 13 aged animals). Two-way ANOVAs
(for repeated measures) of EPSP amplitude facilitation revealed a
highly significant overall effect of stimulation (p < 0.001), as
well as a significant main effect of age (F(; 59y = 4.8; p < 0.05).
Post hoc analyses indicated that the age difference developed
starting after the fourth to fifth second of stimulation and was
sustained thereafter. A similar effect was observed for EPSP
area, which tended to decline more in aged cells (young-adult,
+10.5 = 18.9 vs aged, —13.8 = 7.4 at FF,,,.). However, because
of variability in EPSP width, this effect was not significant.
Hyperpolarization also was present at the start of the suprath-
reshold train but, as noted above (see Materials and Methods),
the synaptically activated hyperpolarization is a multicompo-
nent and varying process that, unlike the AHP, does not clearly
differ with age.

[Ca®*]; Image quality

Older brain tissue is more opaque than the juvenile tissue gen-
erally used in imaging studies and, therefore, yields lower reso-
lution images (Brown and Jaffe, 1994; Moyer and Brown, 1998).
Moreover, because the question of whether absolute neuronal
[Ca?*]; levels are altered in aging was central to these studies, a
ratiometric indicator was used to estimate [Ca®*];. Like most
ratiometric indicators, Indo-1 uses UV light that does not pene-
trate as readily through tissues as higher wavelengths. In addition,
because large numbers of comparable samples with low variance
must be obtained for statistical comparison in an aging study, we
set the UV laser power at ~25% of its maximal output (also, to
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Figure 3. A, Representative pseudocolor
Indo-1 ratiometric images acquired from
the somata of a young-adult (fop) and an
aged (bottom) CAl pyramidal neuron in
hippocampal slices during repetitive su-
prathreshold stimulation. Images were ac-
quired at rest (left), as well as during the
first 2 sec of the 7 Hz stimulation (FF,,,,
middle) and the last 2 sec of stimulation
(FF 4, Hight). Note the substantially greater
elevation of [Ca?"]; in the aged neuron (4,
bottom) at FF,,.. Electrophysiologic traces
above each image are simultaneous current-
clamp recordings from the same cells dem-
onstrating comparable action potential gen-
eration and similar responses in the two
cells. B, Mean = SEM results for measures
of [Ca®"]; obtained at rest, during the first
2 sec, and during the last 2 sec of the 20 sec
trains of the 7 Hz synaptic activation. Left,
Same cells as shown in Figure 1C, studied
during the subthreshold stimulation proto-
col (n = 11 per group). Right, Same cells
shown in Figure 2C during the suprathresh-
old stimulation protocol (n = 15 young-
adult and 16 aged neurons). Significant ag-
ing differences were found for [Ca®*]; i
the suprathreshold but not in the subthresh-
old protocol. *p < 0.05 by ANOVA and post
hoc analysis.

relative to dendrites significantly improves signal detection. Nev-
ertheless, somal images were consistently bright (Fig. 34) and
these resolution issues should not influence the accuracy of ra-
tiometric estimates of somal [Ca®"],.
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[Ca?*]; before and during stimulation

Figure 34 illustrates representative [Ca?"], responses in a young-
adult (top) and an aged (lower) CAl neuron at the FF,,,,, and
FF,,. periods during repetitive 7 Hz stimulation. The concomi-
tant electrophysiologic traces from the same cells above each
image show that comparable action potentials were generated in
both cells throughout the train.

The mean resting [Ca?"], values acquired just before the onset
of stimulation for the subset of neurons in which the full 20 sec
suprathreshold protocol was completed (15 young-adult and 16
aged neurons) were 53.3 = 9.5 and 71.4 = 9.0 nM, respectively
(Fig. 3B); these values did not differ statistically with age. More-
over, in the larger population of neurons for which resting values
were obtained (n = 39 young-adult and 31 aged neurons), resting
[Ca®*]; also was not different with age (63.2 = 8.0 nm for
young-adult neurons and 75.1 = 8.0 nm for aged neurons).

During repetitive subthreshold stimulation, [Ca®"]; rose mod-
estly in the first 2 sec in both young-adult and aged neurons and
then remained relatively constant through the last 2 sec (FF,.).
The small trend for [Ca?"]; to be greater in aged neurons was not
statistically significant (Fig. 3B, left). However, a very different
pattern emerged during repetitive stimulation above action po-
tential threshold. [Ca®"]; rose substantially more in the FF oy
period and continued to accumulate during the train such that
[Ca?*], was greater at FF,,,, than at FF.,.y- Moreover, this latter
effect was significantly greater in aged neurons (Fig. 3B, right). An
ANOVA of FF.,,, and FF,. [Ca®"]; transients revealed a
significant aging-dependent difference in [Ca®"]; during the stim-
ulation train (F, 9y = 5.3; p < 0.05), and post hoc analyses
(Tukey’s test) showed that this was attributable primarily to age
differences during FF,,,. (p < 0.001). Because of the clear en-
hancing effect of action potentials on [Ca®*]; elevation (Miy-
akawa et al., 1992; Regehr and Tank, 1992; Brown and Jaffe, 1994;
Schiller et al., 1995; Yuste et al., 1999), the number of action
potentials was carefully monitored during each suprathreshold
protocol. No age differences were found over the entire 20 sec
train or during the first 2 sec or last 2 sec periods of the train that
corresponded to the imaging windows (Table 1).

Negative correlation between somal [Ca®*]; and
facilitated EPSPs in aged neurons

The prediction of an inverse correlation between EPSP facilita-
tion and elevated [Ca®*]; was tested across individual young-
adult and aged neurons. No significant correlation was seen in
young-adult animals for suprathreshold FF,,,. (r = +0.14; p =
0.25) (Fig. 4A4) or for either age group during FF,,,,, or at either
time point of the subthreshold protocol (data not shown). How-
ever, a significant negative correlation was found in aged neurons
during the FF,,. period of the suprathreshold protocol (r =
—0.54; p < 0.01), regardless of whether absolute EPSP amplitude
or FF percentage values were used (Fig. 4B). Thus, the inverse
correlation between [Ca®"]; and FF was seen only under condi-
tions of repetitive action potential generation lasting several sec-
onds and only in the age group exhibiting the greatest elevation of
[Ca**]; (aged, suprathreshold, FF,,..).

Dendritic and somal imaging throughout the train

Because only the first and last 2 sec periods during the 20 sec train
were imaged in the Indo-1 study, it was not clear how closely the
[Ca?*]; rise (Fig. 3B) corresponded to the temporal course of FF
(Fig. 2C). To partly address this question, repetitive imaging of
Ca?" in dendrites and soma using Calcium Orange was per-
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Figure 4. Correlations between mean EPSP amplitude and [Ca®"];
during the last 2 sec period (FF, ) of the 20 sec train of suprathreshold
stimulation in young-adult (4) and aged (B) neurons (open and filled
diamonds, respectively). A significant inverse correlation was seen in aged
neurons (r = —0.54; p < 0.05) but not in young-adult neurons. In both
panels, the thick line shows the regression line and the thin curved lines
delineate 95% confidence limits.

formed throughout the stimulation train in a separate set of
young-adult neurons (n = 6). In these studies, relative changes in
Ca*" fluorescence (% AF/F) were measured in sequential 2 sec
periods throughout the suprathreshold stimulation train. The
main apical dendritic shaft was imaged in different segments
along the inner ~200 um of the dendritic tree (Fig. 54). In accord
with previous studies (Miyakawa et al., 1992; Regehr and Tank,
1992; Jaffe and Brown, 1994b; Schiller et al., 1995; Magee and
Johnston, 1997), Ca®" responses in neurons reached asymptote
more rapidly in proximal regions of the apical dendrite than in the
soma (Fig. 5B). In young-adult cells, Ca®" transients in all den-
dritic segments combined reached maximal values after 5.3 = 0.8
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Figure 5. Representative example of Ca®" imaging with the visible
wavelength indicator Calcium Orange. 4, Montage of three frames of a
young-adult CA1 neuron including soma and apical dendritic shaft. B,
Example of % AF/F in different segments of a young-adult neuron in
which an action potential was generated on each pulse of the 20 sec
suprathreshold 7 Hz stimulation train. As reported previously by others,
the most rapid Ca®" changes appeared in the proximal and middle
regions of the apical dendrite.
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sec of stimulation, whereas somatic Ca>" transients reached peak
values after 13.3 = 2.9 sec of stimulation (p < 0.01). Although it
is not clear from these studies that aged neurons follow a similar
temporal course, it seems interesting that the onset of age differ-
ences in FF (Fig. 2C) roughly coincided with near maximal Ca®*
transients in proximal dendrites, whereas the gradually increasing
depression of FF in aged neurons (Fig. 2C) followed a temporal
course more similar to that of somal accumulation of Ca®" in
young-adult neurons (Fig. 5B). However, additional studies
clearly will be needed to determine whether these temporal
patterns are similar in aged neurons.

Bay K8644 mimics aging effects in

young-adult neurons

The highly selective L-VSCC agonist Bay K8644 substantially
prolongs open time and increases the probability of opening of
L-VSCCs (Fox et al., 1987; Fisher et al., 1990). Because L-VSCC
density increases with aging (Thibault and Landfield, 1996) and
L-VSCCs are localized primarily in postsynaptic elements (Hell
et al., 1993), we tested the hypothesis that exposure to Bay K8644
in hippocampal neurons of young-adult animals would mimic the
effects of aging on the AHP and on short-term synaptic plasticity.
In sharp-electrode studies, the AHP is significantly prolonged and
larger in CAl neurons of aged rats (Landfield and Pitler, 1984;
Kerr et al., 1989) and rabbits (Moyer et al., 1992; Disterhoft et al.,
1993) and is modified by pharmacological manipulation of
L-VSCCs (Mazzanti et al., 1991; Moyer et al., 1992). To confirm
that a similar effect on the AHP can be detected in the whole-cell
patch-clamp mode, we tested AHPs in nine aged and nine young-
adult neurons (from five and five animals, respectively) under
patch-clamp conditions. The AHP amplitude at 750 msec in aged
neurons was —3.3 = 0.4 mV versus —2.0 = 0.3 mV in young-adult
neurons (p < 0.05).

To test whether Bay K8644 could recreate this effect in young-
adult neurons, we recorded from 24 neurons (from nine young-
adult animals) in the CAl region using the blind patch method
(Blanton et al., 1989). Nine of these neurons were perfused with
ACSF containing 0.1% DMSO alone for 15 min, and nine neu-
rons were perfused with Bay K8644 (1 um) for 15 min.

The effect of Bay K8644 on the AHP typically appeared be-
tween 1-5 min after the beginning of drug perfusion. However, to
ensure maximal effect, cells were maintained for 15 min with Bay
K8644 or DMSO alone before data acquisition was begun. In
comparison with vehicle controls, Bay K8644-treated neurons
displayed substantially larger AHPs (Fig. 6 and Table 2). Only
cells that exhibited the same number of action potentials before
and after Bay K8644 or DMSO were used for AHP analyses. Bay
K8644 did not significantly affect action potential height, width, or
threshold (data not shown).

Bay K8644-mediated depression of

frequency facilitation

The same young-adult neurons examined for effects of Bay K8644
on the AHP were then run through repetitive stimulation proto-
cols. In control DMSO cells, the FF of the EPSP and action
potential generation were primarily maintained throughout the
20 sec subthreshold train (Fig. 74). In contrast, although facilita-
tion of the EPSP in Bay K8644-treated neurons was relatively
normal in the initial seconds (slightly, but not significantly less
than controls), FF decreased by the fourth second of stimulation
and continued to decline throughout the train. In most Bay
K8644-treated cells, action potential failure and full loss of FF
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A

DMSO alone

Bay K8644

Figure 6. Representative examples of AHPs recorded in slices from
young-adult animals. 4, Superimposed AHPs were triggered from a
holding potential of —60 mV at 5 min after break-in and after an
additional 15 min of 0.1% DMSO bath perfusion. Three action potentials
were generated on each depolarizing pulse. No differences were noted
with DMSO perfusion. B, A similar recording paradigm and superimpo-
sition of AHP traces obtained before and after 15 min of 1 um Bay K8644
bath perfusion (larger trace). The same number of action potentials was
triggered before and after drug or vehicle. Bay K8644 nearly doubled the
AHP (Table 2). Action potentials are truncated for illustrative purposes.

occurred by the end of the train (Fig. 7B,C). Two-way ANOVA
revealed that Bay K8644 significantly reduced FF, and post hoc
analyses showed that FF was significantly depressed in Bay K8644
cells over the last 16 sec of the 20 sec stimulation train
(F1,16y=15.8; p < 0.001; Fig. 7C). A significant interaction was
detected between drug treatment and stimulation (F 9 16,=5.9;
p < 0.001), indicating that Bay K8644 depressed EPSP facilitation
more prominently with increasing stimulation duration.

In suprathreshold protocols, the initial hyperpolarization is
often succeeded by a depolarization phase (see Materials and
Methods). In the present study, the membrane potential was
depolarized significantly more during suprathreshold activation
in Bay K8644-treated cells versus controls (Fig. 7B; Table 2; p <
0.001; Tukey’s test). This effect of Bay K8644 may be attributable
to the greater AHP conductance (Fig. 6). Although these depo-
larization/hyperpolarization shifts do not generally affect FF
(Pitler and Landfield, 1987), we studied an additional six Bay
K8644-treated cells to control for the possibility that the larger
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depolarizing membrane voltage shift here might alter EPSP driv-
ing force or channel inactivation and influence EPSP depression
during the 20 sec of stimulation. In these six neurons, we main-
tained membrane potential at approximately —70 mV throughout
the stimulation train by injecting small amounts of hyperpolariz-
ing current (Table 2). Under these conditions, Bay K8644 still
significantly attenuated FF to essentially the same degree as seen
without hyperpolarization (FF was 23.4 + 3.5% for the first 2 sec
of stimulation and —18.3 = 13.6% for the last 2 sec of stimulation
in membrane-stabilized Bay K8644 cells). Accordingly, the depo-
larization was not necessary for the substantial FF depression
seen in Bay K8644. Because these six neurons were hyperpolar-
ized only during the repetitive stimulation train, data from the
Bay K8644 hyperpolarized and nonhyperpolarized cells were
combined for basic electrophysiological measures, including input
resistance, AHP amplitude, and stimulus input threshold (n = 15,
Table 2).

In contrast, during the subthreshold simulation protocol (n = 8
Bay K8644 cells and 9 control cells), membrane potential did not
exhibit a depolarization phase in either group, and neither FF nor
membrane potential differed significantly between the Bay K8644
and the DMSO groups (Table 2). Thus, as with aging, repetitive
action potential generation for several seconds appeared neces-
sary for Bay K8644 to depress FF.

DISCUSSION

The present studies found that [Ca?"]; was elevated in hippocam-
pal neurons of aged versus young-adult rats during comparable
degrees of synaptic and voltage-dependent activation. Concomi-
tant intracellular recordings ruled out the possibility that differ-
ences in membrane depolarization or action potential generation
could account for the age differences in [Ca®"];. In addition,
because our yields of aged and young-adult neurons were gener-
ally similar, as were resting parameters (Table 1), an interaction
of preparation procedure with age on cell health seems unlikely to
have been a major factor in the results. These conclusions are also
supported by the findings that age differences in [Ca®*]; were
found only under a very restricted set of conditions. Together,
these results strongly suggest that [Ca?*]; is normally elevated in
hippocampal neurons of aged animals during physiologically rel-
evant frequencies of repetitive firing.

Relationship of [Ca?*], to short-term

synaptic plasticity

Age effects on FF and on [Ca?"]; were seen under essentially the
same conditions, specifically during stimulation above action po-
tential threshold and in the later phases of a repetitive activation
train. Moreover, the two processes were negatively correlated
across individual aged neurons, notably at the time point at which
they were both altered with aging.

These observed associations between FF and [Ca®"]; are con-
sistent with the hypothesis that elevation of neuronal [Ca®*]; in
soma, and possibly, in dendrites, negatively regulates the ampli-
tude of the somal EPSP during repetitive activation. Of course,
correlational data alone cannot provide definitive evidence for
this putative causal relationship.

Enhanced L-VSCC activity was sufficient to mimic
age-related impaired plasticity

In addition to the above correlations, however, our results show
that a highly selective pharmacologic intervention, the enhance-
ment of L-VSCC activity in young-adult neurons, was sufficient to
mimic essentially the full range of aging effects on the AHP and
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Table 2. Neuronal parameters in patched-clamped control and Bay K8644-treated CAl neurons

DMSO (n = 9) Bay K8644

AHP amplitude at 750 msec (mV) -19*+04 =3.6 £ 0.5* (n =15)
Input resistance (M() 105.8 = 14.9 91.5 £10.4 (n = 15)
Stimulation threshold (uA) 207 =353 212 £75.1 (n = 15)
Subthreshold 7 Hz stimulation

FF .y (%) 91.9 +23.1 98.3 = 14.4

FF,. (%) 66.8 = 21.0 553+ 145

FF.,,, membrane potential (mV) =70.9 0.2 =711 =01 (n=28)

FF,,.., membrane potential (mV) —70.6 = 0.3 —68.7 0.5 (n=28)
Suprathreshold 7 Hz stimulation

FF.,,.,, membrane potential (mV) =711+ 05 —69.7 =04 (n=9)

FF,,.., membrane potential (mV) —-67.3 = 0.7 —61.7 = 0.9** (n = 9)
Suprathreshold 7 Hz stimulation + current injection

FF.,.,, membrane potential (mV) N/A =71.6 = 0.8 (n = 6)

FF,,.., membrane potential (mV) N/A =71.1 £03 (n = 6)

All values are mean = SEM. *p < 0.05; **p < 0.001 for DMSO versus Bay K8644 effect. Values for FF or membrane
potential are 2 sec averages obtained during the first 2 sec and last 2 sec periods of a 20 sec train of 7 Hz of synaptic

activation. N/A, Not applicable.

on FF. Bay K8644 dramatically accelerated the depression of FF
in young-adult CA1 neurons (Fig. 7C), with a temporal course
roughly analogous to the depression seen in aged neurons (Fig.
2C). Intriguingly, Bay K8644 was effective in impairing FF only
under the same conditions as those under which aging impaired
FF (i.e., with suprathreshold repetitive synaptic stimulation last-
ing at least several seconds) (Fig. 7C). This pattern of effects of
Bay K8644 on AHP enhancement and FF depression was essen-
tially identical to that of aging. Thus, the present results suggest
that the increase in the L-VSCC pathway in CAl neurons that
occurs with aging (Thibault and Landfield, 1996) may be sufficient
to impair aspects of short-term plasticity.

Sources of elevated [Ca®*];

The finding that the age-related increase in [Ca®*]; responses is
seen only during repetitive action potentials, presumably propa-
gated throughout the soma and dendrites (Miyakawa et al., 1992;
Schiller et al., 1995; Johnston et al., 1999), indicates that this
aging effect depends on activation of voltage-dependent channels.
However, although Bay K8644 increases [Ca”"]; responses dur-
ing repetitive activation (Regehr and Tank, 1992), the action
potential dependence of the aging effect does not of course
demonstrate that the L-VSCC is the primary source of elevated
[Ca*"]; in aged neurons. Voltage-dependent elevation of Ca*"
also occurs via both NMDA receptors (Regehr et al., 1989;
Alford et al., 1993; Perkel et al., 1993; Schiller et al., 1998; Yuste
et al., 1999) and other VSCCs (Miyakawa et al., 1992; Brown and
Jaffe, 1994; Markram and Sakmann, 1994; Elliott et al., 1995;
Magee and Johnston, 1995; Randall and Tsien, 1995). Moreover,
multiple Ca®"- and receptor-mediated pathways, including the
L-VSCC, trigger Ca*" release from intracellular stores (Jaffe
and Brown, 1994a; Llano et al., 1994; Gruol et al., 1996; Emptage
et al., 1999; Murchison and Griffith, 1999; Nakamura et al., 1999).
Several of these alternative pathways, as well as buffering/clear-
ance mechanisms, also are altered with age (Ito et al., 1994;
Michaelis et al., 1996; Murchison and Griffith, 1999) (for review,
see Thibault et al., 1998; Verkhratsky and Toescu, 1998; Griffith
et al., 2000) and could contribute to overall Ca®" dysregulation
and/or alterations in Ca?* microdomains. Thus, additional stud-
ies will be needed to unravel the complex interactions and relative
contributions among multiple Ca®" regulatory processes in ag-

ing. Nevertheless, the present data suggest that enhanced
L-VSCC activity plays an important role in impaired plasticity
and, very likely, in the elevation of [Ca*"],.

Presynaptic versus postsynaptic impairment

Presynaptic fatigue during repetitive activation can depress trans-
mission (Rosenmund and Stevens, 1996; Zucker, 1996; Hagler
and Goda, 2001) (see Materials and Methods). However, the
depression of FF during suprathreshold stimulation seen here
does not seem to be accounted for by presynaptic factors. That is,
whether with aging or Bay K8644, much less FF depression
developed during subthreshold (Fig. 1C, Table 2) compared with
suprathreshold activation (Figs. 2C, 7C). Although fewer presyn-
aptic fibers are activated in a subthreshold protocol, each acti-
vated fiber in either protocol should have been activated by the
same number of presynaptic action potentials. Therefore, the
primary distinction between the subthreshold and suprathreshold
protocols apparently was the generation of postsynaptic action
potentials. In addition, enhancement of L-VSCCs by Bay K8644
induced almost complete depression of FF (Fig. 7C) and local-
ization of L-VSCCs is almost completely postsynaptic (Hell et
al., 1993). The Schaffer collateral/commissural presynaptic fibers
activated in these studies are also able to sustain minutes of 10 Hz
activation without major synaptic vesicle depletion (Applegate
and Landfield, 1988). Therefore, postsynaptic factors (e.g., action
potentials and the conductances they activate, L-VSCC activity)
appeared to provide the basis for FF depression in suprathreshold
protocols.

Hippocampal FF has been found to change with aging in
multiple studies (Landfield et al., 1978, 1986; Applegate and
Landfield, 1988; Rosenzweig et al., 1997; Ouanounou et al.,
1999), but it was previously not known whether presynaptic or
postsynaptic factors underlie the FF deficit, nor under which
specific conditions a deficit is seen. However, the aforementioned
evidence clearly suggests that postsynaptic mechanisms play the
primary role in age-related impairment of hippocampal short-
term synaptic plasticity.

Mechanisms of impaired FF
One postsynaptic mechanism that could link high [Ca®*]; and/or
elevated L-VSCC activity to impaired FF is excessive activation
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Figure 7. Representative voltage traces of the
first and last seconds of repetitive FF stimulation
in young-adult neurons recorded with or without
Bay K8644 exposure. A, After 15 min of exposure c
to DMSO alone, EPSP facilitation was well-
maintained throughout the duration of the train.

B, In contrast, after 15 min of Bay K8644 exposure,
strong EPSP depression was seen by the end of the
stimulation protocol along with significant mem-
brane depolarization (Table 2). To offset the Bay
K8644-induced depolarization during FF, some

cells were hyperpolarized during the stimulation
train. Despite hyperpolarization, Bay K8644 still
significantly depressed FF (data not shown). C,
Mean = SEM for EPSP frequency facilitation dur-

ing 7 Hz of stimulation in DMSO control neurons 0
or Bay K8644-treated neurons. Bay K8644 signifi-

cantly depressed FF after the fourth second of

stimulation compared with DMSO control condi- -20 ‘
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of Ca®"-dependent K* or Cl~ “shunting” conductances. It has
been shown, for example, that the increased hippocampal AHP
with aging results in greater accommodation and spike failure
(Moyer et al., 1992; Disterhoft et al., 1993). However, the shunt-
ing effect of a single AHP (Fig. 6) or of a single action potential
(Héausser et al.,, 2001) apparently is not sufficient to counteract
EPSP facilitation, because several seconds of activation were
required for depression (Figs. 2C, 7C). Therefore, some threshold
level of Ca?* accumulation induced by repetitive action poten-
tials in soma or dendrites might be required to activate relevant
shunting conductances in dendrites and soma (Sah and Bekkers,
1996; Schwindt and Crill, 1997; Johnston et al., 1999). Alterna-
tively, elevated [Ca*"]; could impair FF by inactivating NMDA
receptors (Rosenmund et al., 1995; Tong et al., 1995) or triggering
Ca?" signaling pathways that enhance concurrent LTD (Foster
and Norris, 1997; Norris et al., 1998), among other possibilities.

Functional implications
The present results provide evidence that hippocampal [Ca®"];
elevation during physiological frequencies (7 Hz) of repetitive

2 4 6 8 10 12 14 16 18 20
Seconds of 7 Hz Stimulation

action potentials is relatively greater in aged neurons compared
with young-adult neurons. In turn, this [Ca®"]; elevation was
closely correlated with depression of FF. Moreover, enhanced
L-VSCC activity, as is present with aging (Thibault and Land-
field, 1996), directly suppressed FF at 7 Hz. Firing frequencies in
the 5-10 Hz range are often seen in hippocampal neurons in vivo,
notably during theta rhythms (Foster et al., 1987; Mizumori et al.,
1990) that are closely correlated with attention, cognition, and
memory processing (for review, see Landfield and Thibault,
2001). Thus, it can be inferred that [Ca?"]; is likely elevated and
FF is impaired in aged hippocampal neurons during the theta
frequencies associated with cognitive processing.

FF is a prominent form of short-term plasticity that importantly
regulates throughput in multisynaptic systems (Andersen and
Lomo, 1970) and has been linked to both LTP induction (Rosen-
zweig et al., 1997) and cognitive function (Landfield, 1988).
Therefore, impaired FF during theta rhythms implies that in aged
brain neurons, the extent of neuronal activation, LTP induction,
and, as a corollary, memory formation, might well be reduced.
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Moreover, in addition to functional impairment, the chronic
elevation of [Ca®*]; during physiological activity could erode
neuronal structural integrity and set the stage for eventual neu-
rodegenerative disease.
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