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Abstract
Abnormal neuronal excitability and impaired synaptic plasticity might occur before the
degeneration and death of neurons in Alzheimer’s disease (AD). To elucidate potential biophysical
alterations underlying aberrant neuronal network activity in AD, we performed whole-cell patch
clamp analyses of L-type (nifedipine-sensitive) Ca2+ currents (L-VGCC), 4–aminopyridine-
sensitive K+ currents, and AMPA (2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid)
and NMDA (N-methyl-D-aspartate) currents in CA1, CA3, and dentate granule neurons in
hippocampal slices from young, middle-age, and old 3xTgAD mice and age-matched wild type
mice. 3xTgAD mice develop progressive widespread accumulation of amyloid b-peptide, and
selective hyperphosphorylated tau pathology in hippocampal CA1 neurons, which are associated
with cognitive deficits, but independent of overt neuronal degeneration. An age-related elevation
of L-type Ca2+ channel current density occurred in CA1 neurons in 3xTgAD mice, but not in wild
type mice, with the magnitude being significantly greater in older 3xTgAD mice. The NMDA
current was also significantly elevated in CA1 neurons of old 3xTgAD mice compared with in old
wild type mice. There were no differences in the amplitude of K+ or AMPA currents in CA1
neurons of 3xTgAD mice compared with wild type mice at any age. There were no significant
differences in Ca2+, K+, AMPA, or NMDA currents in CA3 and dentate neurons from 3xTgAD
mice compared with wild type mice at any age. Our results reveal an age-related increase of L-
VGCC density in CA1 neurons, but not in CA3 or dentate granule neurons, of 3xTgAD mice.
These findings suggest a potential contribution of altered L-VGCC to the selective vulnerability of
CA1 neurons to tau pathology in the 3xTgAD mice and to their degeneration in AD patients.
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1. Introduction
Multiple lines of evidence suggest an important role for disturbed cellular Ca2+ regulation in
the selective vulnerability of neurons in Alzheimer’s disease (AD). Studies of postmortem
brain tissue samples revealed hyperactivation of Ca2+-dependent proteases in degenerating
neurons of AD patients compared with those in age-matched control subjects (Saito et al.,
1993). Exposure of cultured human cortical neurons to amyloid-β peptide (Aβ) results in
abnormally large elevations of intracellular Ca2+ levels in response to activation of
glutamate receptors, thereby rendering the neurons vulnerable to excitotoxicity (Mattson et
al., 1992). The latter findings are consistent with evidence that seizures are common in AD
patients (Gleichmann et al., 2011; Larner, 2011), and data from studies of transgenic mice
that accumulate Aβ deposits in their brains in which intracellular Ca2+ levels are elevated in
neurites associated with the Aβ (Kuchibhotla et al., 2008). Aβ might compromise neuronal
Ca2+ homeostasis by causing membrane-associated oxidative stress which impairs the
function of the Na+/K+-ATPase, Ca2+-ATPase, and glucose transporter GLUT3 (glutamate
transporter 3) (Mark et al., 1995, 1997), and by causing hyperactivation of Ca2+-dependent
enzymes (Wu et al., 2010). Neurons can be protected from being damaged by Aβ using
several treatments that reduce Ca2+ influx including agents that block voltage-dependent
Ca2+ channels (Anekonda and Quinn, 2011;Yagami et al., 2004), glutamate receptors
(Mattson et al., 1992), and ryanodine receptor channels (Guo et al., 1997; Oulès et al., 2012;
Peng et al., 2012).

Mutations in presenilin-1, the enzymatic component of the γ-secretase complex that cleaves
the Aβb precursor protein resulting in the release of Aβ, account for a large number of cases
of early-onset inherited AD (Schellenberg and Montine, 2012). In addition to their role in
Aβ generation, presenilin-1 mutations can cause excessive release of Ca2+ from the
endoplasmic reticulum (ER) (via ryanodine and IP3 [inositol triphosphate] receptor
channels) which can impair synaptic plasticity and sensitize neurons to excitotoxicity in an
Aβ-independent manner (Chakroborty et al., 2012; Guo et al., 1999; Ito et al., 1994). Tau
pathology has also been associated with altered Ca2+ regulation. For example, when
expressed in cultured neurons, mutations in tau that cause accumulation of
hyperphosphorylated tau (p-tau) in frontotemporal lobe dementia destabilize cellular Ca2+

homeostasis (Furukawa et al., 2003). On the other hand, excessive elevation of Ca2+ levels
in neurons can promote accumulation of p-tau and microtubule depolymerization similar to
that which occurs in vulnerable neurons in AD (Flaherty et al., 2000; Mattson, 1990;
Medeiros et al., 2012).

Advancing age is the major risk factor for the most common late-onset cases of AD (Kawas
and Corrada, 2006). Electrophysiological analyses of ion channels in hippocampal CA1
neurons of rats have demonstrated an age-related increase in L-type voltage-gated Ca2+

currents (L-VGCC) (Disterhoft et al., 2004; Landfield, 1994). Further analysis showed that
the activity of single L-type channels in CA1 neurons is increased with aging (Thibault and
Landfield, 1996). However, it is not known whether an age-related increase in Ca2+ currents
is specific for CA1 neurons or also occurs in CA3 pyramidal neurons and dentate granule
neurons. The latter question is of considerable interest because CA1 neurons are selectively
vulnerable to degeneration in AD, whereas CA3 neurons are less vulnerable and dentate
granule neurons do not degenerate (Mattson and Magnus, 2006; Simonian and Hyman,
1995). Because CA1 neurons are more prone to accumulating p-tau and neurofibrillary
tangles, it is also important to know whether p-tau is associated with elevated L-type Ca2+

currents. To address these questions we recorded whole-cell Ca2+, K+, AMPA (2-amino-3-
(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid) and NMDA (N-methyl-D-aspartate)
currents in CA1, CA3, and dentate granule neurons in hippocampal slices from young,
middle-age, and old 3xTgAD and wild type (WT) mice. The 3xTgAD mice develop age-
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related accumulation of Aβ throughout the hippocampus, and p-tau accumulates in CA1
neurons, but not in CA3 or granule neurons (Kashiwaya et al., 2013; Oddo et al., 2003).

In the present study, we found that the L-VGCC density is significantly elevated in CA1
neurons of old, but not younger 3xTgAD mice compared with age-matched WT mice. In
contrast, the L-VGCC of CA3 pyramidal neurons and dentate granule neurons is normal
throughout the life of the 3xTgAD mice. These findings suggest a hippocampal neuron
subregion-selective association of elevated L-VGCC with p-tau pathology in 3xTgAD mice.
If a similar alteration of L-VGCC occurs in AD, it might contribute to the selective
vulnerability of CA1 neurons, and therapeutic interventions that normalize the L-VGCC has
therapeutic potential.

2. Methods
2.1. Chemicals

Nifedipine, APV ((2R)-amino-5-phosphonovaleric acid; (2R)-amino-5-
phosphonopentanoate), and NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione) were from Tocris Bioscience. Nifedipine was prepared as a
100-mM stock in DMSO (dimethylsulfoxide) and used at a final concentration of 30 μM in
artificial cerebrospinal fluid (ACSF). D-AP5 was prepared as a 100-mM stock in Millipore
water and used at a final concentration of 50 μM in ACSF. NBQX was prepared as a 20-mM
stock in DMSO, and used at a final concentration of 10 μM in ACSF.

2.2. Animals
3xTgAD mice (Oddo et al., 2003), that had been backcrossed to C57BL/6 mice for 8
generations (Kashiwaya et al., 2013; Liu et al., 2010), and nontransgenic control C57BL/6
mice ranging in age from 1 to 26 months were used in this study. All experiments complied
with National Institutes of Health guidelines and were approved by the National Institute on
Aging Animal Care and Use Committee.

2.3. Electrophysiology
Hippocampal slices were prepared using procedures described previously (Wang et al.,
2009). Briefly, the mice were euthanized with isoflurane, their brains were rapidly removed,
and transverse slices of the hippocampus were cut at a thickness of 350 μm. The slices were
allowed to recover for at least 1 hour in ACSF at room temperature before recording. ACSF
consisted of: 120 mM NaCl, 2.5 mM KCl,1.25 mM NaH2PO4, 26 mM NaHCO3,1.3 mM
MgSO4, 2.5 mM CaCl2, and 10 mM glucose (pH 7.4). The osmolarity of the ACSF was
adjusted to 290 mmol/kg using a 5520 Vapor Pressure Osmometer (Wescor, Inc). All
recordings were performed at 30 °C–32 °C.

For whole-cell excitatory postsynaptic current recordings from CA1 and CA3 pyramidal
neurons and dentate granule cells, the neurons were visualized using differential interference
contrast microscopy and a 40× water immersion lens. For recordings of L-VGCC and IA (A-
type potassium channel current), the ACSF contained: 95 mM NaCl, 25 mM tetraethyl
ammonium chloride, 2.5 mM KCl, 1.3 mM MgSO4, 2 mM CaCl2, 1 mM NaH2PO4, 26 mM
NaHCO3, and 10 mM glucose (Kochlamazashvili et al., 2010). Series resistance was 10–15
MΩ (data were discarded if the resistance varied by more than 10% during the recording
period). The patch-clamp electrode (3–4 MΩ) internal solution contained CsMeSO3, 2.5 mM
CsCl, 8 mM NaCl, 7 mM tetraethyl ammonium, 20 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 0.2 mM (ethylene glycol tetraacetic acid), 5 mM Mg ATP
(adenosine triphosphate), 0.3 mM Na-GTP (guanosine triphosphate), and 5 mM QX 314 (pH
7.2, adjusted using CsOH), and 280–290 mmol/Kg (Zhang et al., 2011). A series of voltage
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steps (100 ms) from −60 mV to 60 mV generated L-VGCC and a transient outward 4-
aminopyridine (4-AP)-sensitive K+ current as described previously (Connor and Stevens,
1971; Gustafsson et al., 1982; Kochlamazashvili et al., 2010). Sodium currents and synaptic
transmission were blocked by adding 1 μM TTX (tetrodotoxin), 10 mM NBQX, 100 mM
APV, and 100 μM picrotoxin to the extracellular solution. Series voltage steps (20 mV and
150 ms) from −70 mV to 40 mV generated AMPA and NMDAR (NMDA receptor) currents
simultaneously (Zhang et al., 2011). To avoid capacitance transients generated by the step
effect on the current, there was a delay of 50 ms between the start of a step and presynaptic
stimulation. We routinely applied APV or NBQX to verify the amplitude of each current. In
most cases, in presence of APV, the AMPA current increased by 5%–10%, consistent with
reciprocal inhibition of these 2 types of ionotropic glutamate receptors (Gray et al., 2011; Lu
et al., 2011; Schoppa et al., 1998). Data were collected using a MultiClamp 700B amplifier
(Molecular Devices). Signals were filtered at 2 kHz and digitized at 10 kHz with a Digidata
1440A Data Acquisition System, and analyzed using pCLAMP 10 software (Molecular
Devices). The Multiclamp 700B amplifier is designed to compensate series resistance. In
addition, cesium was included in the internal patch solution, which previous studies have
shown greatly reduces space-clamp errors (Schaefer et al., 2003; Stuart and Sakmann,
1994).

2.4. Data analysis
Data are presented as the mean ± standard error. Statistical significance was assessed using
an unpaired 2-tailed Student t test or an analysis of variance test with Tukey-Kramer post
hoc analysis.

3. Results
3.1. Age-dependent elevation of L-VGCC amplitude in CA1 pyramidal neurons of 3xTgAD
mice

The congenic line of 3xTgAD mice used in this study exhibit no discernible p-tau or Aβ
pathologies, and no cognitive deficits, before 6 months of age; thereafter, CA1 neurons
accumulate p-tau and cognitive deficits occur (Halagappa et al., 2007). To determine
whether the L-VGCC was altered in CA1 pyramidal neurons in 3xTgAD mice, we recorded
L-VGCC in CA1 neurons in hippocampal slices from young (1-month-old), middle-age (6–
9-month-old) and older (12–16-month-old) 3xTgAD and WT mice (Fig. 1). As expected,
there was an age-related increase in the L-VGCC amplitude in WT mice, and this also
occurred in 3xTgAD mice. There were no differences between WT and 3xTgAD mice in the
L-VGCC amplitude in 1-month-old mice (300 ± 20.1 pA and 302 ± 19.6 pA, respectively)
or in 6–9-month-old mice (312 ± 20.2 pA and 318 ± 22.3 pA, respectively). In contrast, the
L-VGCC amplitude was significantly greater in CA1 neurons in slices from 12–16-month-
old 3xTgAD mice (368 ± 18.9 pA) compared with age-matched WT mice (328 ± 19.6 pA)
(Fig. 1B and C). The current–voltage relationship for L-type channel recordings are shown
in Fig. 1D. We also determined the L-VGCC density as a function of age in CA1 neurons of
WT and 3xTgAD mice. Previous studies have shown that an age-related increase in whole-
cell L-VGCC that occurs in cultured hippocampal neurons results mainly from an increase
in the L-VGCC current density (Porter et al., 1997). We found that, in agreement with the
LVGCC amplitude data (Fig. 1C), the L-VGCC density was significantly greater in CA1
neurons of older (12–16-month-old) 3xTgAD mice compared with age-matched WT mice,
whereas there was a significant difference in the L-VGCC density in CA1 neurons of
younger 3xTgAD and WT mice (Fig. 1E).
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3.2. L-VGCCs in CA3 pyramidal neurons and dentate granule neurons are unaffected by
age and is not different in 3xTgAD and WT mice

To determine whether the enhancement of L-VGCC in CA1 neurons of older 3xTgAD mice
was specific for CA1 neurons, we recorded L-VGCC in CA3 pyramidal neurons and dentate
granule neurons in slices from young, middle-age, and older 3xTgAD and WT mice. There
was no significant effect of age on L-VGCC amplitude in CA3 or dentate granule neurons in
either WT or 3xTgAD mice (Fig. 2A and B). There were no significant differences in the
CA3 neuron L-VGCC amplitudes in 3xTgAD mice compared with WT mice at any age
(Fig. 2A). The current amplitudes were, for 1-month-old mice: WT, 289 ± 15.6 pA;
3xTgAD, 291 ± 20.2 pA; for 6–9-month-old mice: WT, 293 ± 19.5 pA; 3xTgAD, 294 ±
18.9 pA; and for 12–16-month-old mice: WT, 303 ± 21.2 pA; 3xTgAD, 316 ± 18.8 pA.
There were no signi ficant differences in the dentate granule neuron L-VGCC amplitudes in
3xTgAD mice compared with WT mice at any age; for 1-month-old mice: WT, 288 ± 16.8
pA; 3xTgAD, 290 ± 20.5 pA; for 6–9-month-old mice: WT, 292 ± 18.5 pA; 3xTgAD, 295 ±
16.8 pA; and for 12–16-month-old mice: WT, 302 ± 17.2 pA; 3xTgAD, 315 ± 18.1 pA (Fig.
2B). Previous studies have shown that 4–AP-sensitive K channels are the predominant K+

current in CA1 pyramidal neurons, + and play a critical role in the control of neuronal
excitability and synaptic NMDA receptor function (Andrásfalvy et al., 2008; Storm, 1990).
We first isolated the IA current and showed that, as expected, the current was inhibited by 4-
AP (2 mM) (Fig. 3A). The 4–AP-sensitive current was unaffected by age in CA1, CA3, and
dentate granule neurons of WT and 3xTgAD mice (Fig. 3A-C). In CA1 neurons, the K+

currents were not significantly different in slices from WT and 3xTgAD mice at any age; 1-
month-old mice: WT, 420 ± 32.1 pA; 3xTgAD, 415 ± 25.6 pA; 6–9-month-old mice: WT,
418 ± 30.2 pA; 3xTgAD, 422 ± 22.3 pA; and 12–16-month-old mice: WT, 425 ± 28.8 pA;
3xTgAD, 410 ± 29.9 pA (Fig. 3A; Supplementary Fig. 1A). The K+ currents in CA3
neurons were not different in slices from WT and 3xTgAD mice; 1-month-old: WT, 420 ±
32.1 pA; 3xTgAD, 415 ± 24.6 pA; 6–9-month-old: WT, 425 ± 24.2 pA; 3xTgAD, 428 ±
22.3 pA; and 12–16-month-old: WT, 435 ± 24.8 pA; 3xTgAD, 438 ± 22.9 pA (Fig. 3B). The
K+ currents were also not different in dentate granule neurons in slices from WT and
3xTgAD mice; 1-month-old: WT, 398 ± 29.9 pA; 3xTgAD, 405 ± 25.6 pA; 6–9-month-old:
WT, 388 ± 32.2 pA; 3xTgAD, 400 ± 28.3 pA; and 12–16-month-old: WT, 395 ± 28.8 pA;
3xTgAD, 398 ± 21.8 pA (Fig. 3C).

3.3. NMDA current amplitude in CA1 neurons is unaffected by aging and is modestly
elevated in older 3xTgAD mice

Because excessive Ca2+ influx through NMDA receptors is implicated in the
neurodegenerative process in AD (Goussakov et al., 2010; Landfield et al., 1989; Mattson et
al., 1992; Shankar et al., 2007), we measured whole-cell NMDA and AMPA currents in
CA1 neurons in hippocampal slices from WT and 3xTgAD mice. The AMPA current
amplitude was unaffected by age and was not significantly different in slices from WT and
3xTgAD mice in any of the 3 age groups: 1-month-old (WT, 172 ± 13.12 pA; 3xTgAD, 168
± 12.59 pA); 6–9-month-old (WT, 165 ± 14.22 pA; 3xTgAD, 166 ± 15.58 pA); and 12–16-
month-old (WT, 168 ± 13.0 pA; 3xTgAD, 170 ± 14.1 pA) (Fig. 4A). The NMDA current
amplitude was not different in young and middle-age 3xTgAD mice compared with age-
matched WT mice (1-month-old, WT: 230 ± 15.2 pA; 3xTgAD, 228 ± 13.2 pA; 6–9-month-
old, WT, 238 ± 16.4 pA; 3xTgAD, 235 ± 13.8 pA) (Fig. 4B). However, in the older
3xTgAD mice, the NMDA current amplitude and current density was significantly (p <
0.05), albeit modestly, elevated (250 ± 12.7 pA) compared with age-matched WT mice (230
± 15.9 pA) (Fig. 4B; Supplementary Fig. 1B).
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4. Discussion
Previous studies of rat hippocampal CA1 neurons during normal aging in rabbits and rats
demonstrated increased L-type Ca2+ currents and an associated enhancement of Ca2+-
dependent after-hyperpolarizations (Campbell et al., 1996; Matthews et al., 2009; Moyer et
al., 1992; Santos et al., 2010). In the present study, we did not detect an age-related increase
of the L-VGCC in CA1 neurons of WT mice. However, because the main purpose of the
present study was to compare currents in neurons in different hippocampal subfields of
3xTgAD and WT mice, we did not evaluate very old mice (older than the age of 16 months).
We therefore cannot rule out the possibility that the L-VGCC density would increase after
16 months of age in WT mice; indeed, we did observe a trend for an age-related increase of
the L-VGCC in CA1 neurons of WT mice. We found that the L-VGCC density in CA1
neurons of 12–16-month-old 3xTgAD mice was significantly greater than that in age-
matched WT mice, whereas there was no difference in the L-VGCC density in younger
3xTgAD and WT mice. In contrast, we found that the 4–AP-sensitive current amplitude in
CA1 neurons was remarkably stable during normal aging, and was unchanged in the
3xTgAD mouse model of AD. There were no significant effects of age or mouse genotype
on L-VGCC in CA3 and dentate granule neurons. The whole-cell 4–AP-sensitive K+ current
amplitude did not change with age and was not different in 3xTgAD mice compared with in
WT mice in CA1, CA3, or dentate neurons.

Findings from studies of AD patients and experimental models suggest that excessive Ca2+

influx and associated synaptic dysfunction occur in vulnerable neurons in AD (Mattson and
Magnus, 2006; Sandin et al., 1990). However, the reason(s) why CA1 neurons are
vulnerable to degeneration in AD, whereas CA3 neurons are less vulnerable and dentate
granule neurons are resistant, is unknown. Our findings suggest 1 possible explanation for
the selective vulnerability of CA1 neurons, namely, that they are prone to excessive Ca2+

influx through L-VGCC. Although the contribution of enhanced L-VGCC to the selective
vulnerability of CA1 neurons in AD remains to be established, considerable data are
consistent with its pivotal involvement. First, blockers of L-VGCC can protect neurons and
preserve synaptic function in animal models of aging and AD (Anekonda and Quinn, 2011;
Levere and Walker, 1992; Paris et al., 2011; Roberts-Lewis et al., 1994; Veng et al., 2003).
Second, CA1 neurons are particularly prone to cellular Ca2+ overload and degeneration in
conditions of impaired energy metabolism. For example, transient global ischemia results in
the selective Ca2+-mediated degeneration of CA1 neurons with the sparing of dentate
granule neurons and CA3 neurons (Calderone et al., 2004; Roberts-Lewis et al., 1994). In
addition, mitochondrial function is impaired in CA1 neurons in aging and AD (Cottrell et
al., 2001; Yao et al., 2009), and sustaining cellular bioenergetic properties reduces p-tau
pathology in CA1 neurons and ameliorates learning and memory deficits in 3xTgAD mice
(Kashiwaya et al., 2013). Third, CA1 neurons are prone to p-tau/neurofibrillary pathology in
AD patients (Arnold et al., 1991) and 3xTgAD mice (Oddo et al., 2003), and expression in
hippocampal neurons of tau mutations that cause p-tau and neurofibrillary pathology result
in increased L-VGCC amplitude and excessive Ca2+ influx (Furukawa et al., 2003). Because
CA1 pyramidal neurons, but not CA3 or dentate granule neurons accumulate p-tau in
3xTgAD mice (Oddo et al., 2003), it is therefore possible that the p-tau pathology is
mechanistically involved in the elevated L-VGCC in CA1 neurons of old 3xTgAD mice.

Our finding of elevated whole-cell L-VGCC in CA1 neurons of old 3xTgAD mice is
consistent with considerable previous evidence that excessive Ca2+ influx contributes to
neuronal degeneration in AD (Bezprozvanny and Mattson, 2008). The lack of an increase in
LVGCC in CA3 pyramidal neurons and dentate granule neurons of 3xTgAD mice is
consistent with a relative resistance of these neurons to tau pathology in the 3xTgAD mice
(Oddo et al., 2003) and to degeneration in AD (Mattson and Magnus, 2006). Studies of other
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mouse models of AD support a role for cellular Ca2+ overload occurring downstream of Aβ
accumulation (Kuchibhotla et al., 2008), and it has been reported that an aberrant elevation
of intracellular Ca2+ levels in neurons in 3xTgAD mice is partially normalized using
nifedipine treatment (Lopez et al., 2008). However, in contrast to the increase in L-VGCC
that occurs in CA1 neurons during normal aging (Thibault and Landfield, 1996) and in
3xTgAD mice (present study), it was recently reported that L-VGCC activity in CA1
neurons is reduced in a line of mice expressing mutant amyloid precursor protein and
presenilin 1 (Thibault et al., 2012). There are numerous variables in the latter study that
differed from the present study including: the electrophysiological recordings were
performed in slices from mice that had been subjected to behavioral testing before they were
euthanized, whereas our recordings were made from behaviorally naive mice; the
background strains of mice are different; the PS1 mutations are different (P264L in the 2xTg
mice and M146V in the 3xTgAD mice); and the methods of slice preparation were different
(mild enzymatic treatment to partially dissociate cells in area CA1 in Thibault et al., 2012,
and conventional slice preparation methods in the present study).

We found that the NMDA current was elevated significantly, albeit modestly, in CA1
neurons of old 3xTgAD mice compared with in age-matched WT mice. Excessive Ca2+

influx through NMDA receptor channels is implicated in the neurodegenerative process in
AD based on studies in experimental models (Goussakov et al., 2010; Mattson, 2003) and by
clinical data demonstrating a disease-modifying effect of the NMDA receptor channel open
blocker, memantine, in AD patients (Rogawski and Wenk, 2003). Interestingly, previous
studies have suggested that exposure of neurons to Aβ reduces NMDA currents (Snyder et
al., 2005), as does expression of mutant PS1 (Wang et al., 2009). In contrast, expression of
human tau enhances nonsynaptic NMDA receptor-mediated neuronal degeneration
(Amadoro et al., 2006). Because CA1 neurons in 3xTgAD mice express amyloid precursor
protein, PS1, and tau mutations, it might be that the human p-tau pathology in CA1 neurons
in old 3xTgAD mice is linked mechanistically to the selective elevation of NMDA current in
these neurons.

Finally, our findings suggest potential roles for aberrant L-VGCC and NMDA receptor
activation in perturbed synaptic plasticity and neuronal network activity in AD. It was
previously shown that in-hibitors of L-VGCC can normalize excitability of CA1 neurons in
old rats (Moyer et al., 1992; Norris et al., 1998). In addition, disturbances of the ER Ca2+

handling might occur in hippocampal neurons during normal aging (Bodhinathan et al.,
2010; Kumar and Foster, 2004) and in AD (Bezprozvanny and Mattson, 2008). Moreover,
PS1 mutations that cause early-onset inherited AD result in an aberrant release of Ca2+ from
the ER (Bezprozvanny and Mattson, 2008). Because Ca2+ regulation at the plasma and ER
membranes are intimately associated, it is reasonable to envision a scenario in which age-
and AD-related increases in Ca2+ influx via L-VGCC and NMDA receptors enhance ER
Ca2+ store accumulation and release, thereby perturbing synaptic plasticity and neuronal
network activity in ways that impair learning and memory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Whole-cell L-VGCC amplitude and density is elevated, in an age-dependent manner, in
CA1 hippocampal neurons of 3xTgAD mice compared with in WT mice. (A) Representative
current traces and protocol for recording of L-VGCCs. Command depolarizing steps to 40
mV, in 20-mV steps, after a 100-ms hyperpolarizing step to −100 mV from a holding
potential of −60 mV. Recordings are from hippocampal slices from 14-month-old WT and
3xTgAD mice. (B) The L-VGCC is elevated in old 3xTgAD mice compared with in WT
mice. Upper panel, representative traces from CA1 neurons in slices from WT and 3xTgAD
mice of the indicated ages, the voltage steps are 10 mV. Lower panel, traces showing that
the Ca2+ current is completely blocked by the L-type channel blocker nifedipine. (C)
Histogram of averaged CA1 L-VGCC in hippocampal slices from WT and 3xTgAD mice of
the indicated ages (mean ± standard error of the mean; n = 6 mice per group with recordings
made from a total of 6–12 neurons). * p < 0.05. (D) IV curves for recordings from CA1
neurons from 12–16-month-old WT and 3xTgAD mice. (E) Plot of L-VGCC current density
(peak whole-cell current divided by the cell capacitance) plotted as a function of age in CA1
neurons of WT and 3xTgAD mice. * p < 0.05 compared with the WT value. Abbreviations:
L-VGCC, L-type Ca2+ current; WT, wild type; IV, current/voltage.

Wang and Mattson Page 12

Neurobiol Aging. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
L-VGCC in CA3 and dentate granule neurons are unaltered in 3xTgAD mice. (A) Top,
representative traces of L-VGCC in CA3 neurons in WT and 3xTgAD mice of the indicated
ages. Bottom, levels of L-VGCC in CA3 neurons in WT and 3xTgAD mice of the indicated
ages. Values are the mean and standard error of the mean (n = 5–8 neurons in slices from 4–
6 mice). (B) Top, representative traces of L-VGCC in dentate granule neurons in WT and
3xTgAD mice of the indicated ages. Bottom, levels of L-VGCC in dentate granule neurons
in WT and 3xTgAD mice of the indicated ages. Values are the mean and standard error of
the mean (n = 5–8 neurons in slices from 4–6 mice). Abbreviations: L-VGCC, L-type Ca2+

current; WT, wild type.
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Fig. 3.
The 4–AP-sensitive K+ channel current in CA1 neurons is unaltered by aging and in
3xTgAD mice. (A) The upper panels show representative traces of K+ currents recorded in
CA1 neurons from WT mice at steps from 40 mV to −70 mV (left) or only at 40 mV
(middle), and in a slice treated with 2 mM 4-AP (right); at the bottom is the induction
protocol. The lower graph shows the results of measurements of K+ currents in CA1 neurons
in WT and 3xTgAD mice of the indicated ages. Values are the mean and standard error of
the mean (n = 5–8 neurons in slices from 4–6 mice). (B) and (C) Top, representative traces
of K+ currents in CA3 neurons (B) and dentate granule neurons (C) in WT and 3xTgAD
mice of the indicated ages. Bottom, levels of K+ currents in CA3 neurons (B) and dentate
granule neurons (C) in WT and 3xTgAD mice of the indicated ages. Values are the mean
and standard error of the mean (n = 5–8 neurons in slices from 4–6 mice). Abbreviations:
AP, aminopyridine; WT, wild type.
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Fig. 4.
NMDA current amplitude is elevated in old 3xTgAD mice. (A) AMPA currents in CA1
neurons in slices from WT and 3xTgAD mice of the indicated ages. (B) NMDA currents in
CA1 neurons in slices from WT and 3xTgAD mice of the indicated ages. * p < 0.05. Values
are the mean and standard error of the mean (n = 5–8 neurons in slices from 4–6 mice).
Abbreviations: AMPA, 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid;
NMDA, N-methyl-D-aspartate; WT, wild type.
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