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Altered neural excitability is considered a prominent contributing factor to cognitive decline during
aging. A clear example is the excess neural activity observed in several temporal lobe structures of
cognitively impaired older individuals in rodents and humans. At a cellular level, aging-related changes
in mechanisms regulating intrinsic excitability have been well examined in pyramidal cells of the CA1
hippocampal subﬁeld. Studies in the inbred Fisher 344 rat strain document an age-related increase in the
slow afterhyperpolarization (AHP) that normally occurs after a burst of action potentials, and serves to
reduce subsequent ﬁring. We evaluated the status of the AHP in the outbred Long-Evans rat, a wellestablished model for studying individual differences in neurocognitive aging. In contrast to the ﬁndings reported in the Fisher 344 rats, in the Long-Evan rats we detected a selective reduction in AHP in
cognitively impaired aged individuals. We discuss plausible scenarios to account for these differences
and also discuss possible implications of these differences.
Ó 2020 Elsevier Inc. All rights reserved.
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1. Introduction
Cognitive decline affects a substantial proportion of individuals
in the aged population. Research on the neural basis of this decline
has revealed that among aged individuals with memory impairments an excess of neural activity is observed in speciﬁc circuits
within the medial temporal lobe (for review Haberman et al., 2017).
Early on, a relation between neural hyperactivity and memory
impairment was established from recordings of principle neurons
in the CA3 region of the hippocampus in aged Long-Evans rats,
where neurons showed an elevated rate of ﬁring in aged rats with
impaired hippocampal-dependent memory while aged cohorts
with preserved behavioral performance did not differ from young
adults (Wilson et al., 2005b, 2006). Later studies extended these
observations to other mammalian species. Indeed, hippocampal
hyperactivity appears to be a dysfunctional condition common to
cognitive impairment in aged rodents (El-Hayek et al., 2013; Wilson
et al., 2005a), aged rhesus monkeys (Thome et al., 2016), agerelated late-onset Alzheimer’s disease in a tau variant mouse
model (Maeda et al., 2016), humans with age-related memory
impairment (Leal and Yassa, 2015; Yassa et al., 2011), and elderly
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patients diagnosed with mild cognitive impairment (Yassa et al.,
2011).
The manifestation of neural overactivity in age-related cognitive
impairment has been localized to hippocampal subregions, especially the dentate gyrus and CA3 subregions (Haberman et al., 2017;
Simkin et al., 2015; Tran et al., 2019; Wilson et al., 2005a), which
receive major input from the layer 2 neurons of entorhinal cortex.
At the same time, studies that have shown overactivity in those
circuits have not found comparable excess neural activity in the CA1
region, which is innervated by CA3 via Shaffer collaterals (Robitsek
et al., 2015; Wilson et al., 2005a). Nonetheless, other studies have
reported alterations in the aged rodent CA1. At a synaptic level,
animal models with hippocampal hyperactivity and hippocampaldependent cognitive impairment exhibit alterations in excitatory
(Neuman et al., 2015) and inhibitory (Tran et al., 2018) transmission
from in vitro studies of CA1. The goal of the current investigation
was to examine the intrinsic excitability of CA1 neurons under the
modulation of the postburst afterhyperpolarization (AHP), which
has been implicated in age-related cognitive impairment.
A context for studies of the AHP in learning was based on the
discovery that successful learning in young adult animals was
associated with a decrease of the AHP in CA1 pyramidal neurons
studied after training in associative eye-blink conditioning
(Disterhoft et al., 1986). Many studies, ranging across species and
conducted with animals trained in different tasks, subsequently
reported an association of decreased AHP with acquisition of
learning not limited to the CA1 region of hippocampus (see Oh and
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Disterhoft, 2020 for review). This background supported the notion
that an alteration in the AHP served as a localized manifestation of
learning and a possible contributing mechanism in the acquisition
of learning itself. The potential relevance of those ﬁndings in the
context of aging was initially suggested by an observed augmentation of the AHP in the CA1 region in behaviorally naïve aged animals (Disterhoft and Oh, 2007; Kumar and Foster, 2007; Landﬁeld
and Pitler, 1984; Thibault et al., 2007), followed by evidence for agerelated differences in AHP as a function of learning performance
(Matthews et al., 2009; Moyer et al., 2000; Tombaugh et al., 2005).
Such evidence served as a basis for the hypothesis that a greater
post-burst AHP in CA1 pyramidal neurons may contribute to a
propensity for age-related deﬁcits in learning. While the analysis of
AHP in the aged CA1 has been performed primarily in the inbred
Fisher 344 rat strain, here it was studied in the outbred Long-Evans
strain that has become widely used as a model for individual differences in neurocognitive aging (Barense et al., 2002; Liang et al.,
2020; Nicholson et al., 2004; Tomas Pereira et al., 2015).

anesthetized with isoﬂurane, and under urethane anesthesia (1 g/
kg), they were perfused transcardially with cold dissecting buffer
(75 mL at 25 mL/min) containing (in mM) 92 N-methyl-D-glucamine, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2
thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, and 10 MgSO4,
pH adjusted to 7.4. After decapitation brains were removed quickly
and transferred to ice-cold dissection buffer bubbled with a mixture
of 5% CO2 and 95% O2. The transverse hippocampal slices (300 mm)
from the dorsal half of the hippocampus were made using a LeicaVT1200s vibratome. The slices then recovered for 15 minutes at
30 C and subsequently for 1 hour at room temperature in artiﬁcial
cerebrospinal ﬂuid (ACSF) in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4,
26 NaHCO3, 25 dextrose, 2 MgCl2, and 2.4 mM CaCl2, pH 7.4
(bubbled with a mixture of 5% CO2 and 95% O2). The Institutional
Animal Care and Use Committee at Johns Hopkins University
approved all procedures.

2. Methods

All recordings were done in a submerged recording chamber
superfused with ACSF (34  0.5  C, 2 mL/min). Visualized whole-cell
voltage-clamp recordings were made from CA1 pyramidal cells with
glass pipettes (3e5 MU) ﬁlled with intracellular solution containing
the following solutions (in mM): 115 potassium methylsulfate, 20 KCl,
10 Na2-phosphocreatine, 10 HEPES, 2 Mg2ATP, and 0.3 Na3GTP. The
junction potential, not corrected, was 6.9 mV. The pH was adjusted
with KOH to 7.45; osmolality was between 280 and 290 mOsm.
Intrinsic properties were recorded in the presence of 10 mM bicuculline methiodide (Enzo; Life Sciences) and 10 mM saclofen (R&D;
Tocris). We studied only cells with series resistance <25 MU, an input
resistance >80 MU, resting potential < 58 mV, an action potential
(AP) height at least 95 mV above the holding potential, and ½ width
AP longer than 0.7 ms. Data were ﬁltered at 4 kHz and digitized at
10 kHz using Igor Pro (WaveMetrics Inc, Lake Oswego, OR). All drugs
were purchased from Sigma or Thermo Fisher Scientiﬁc.

2.1. Behavioral assessment
Male Long-Evans outbreed rats obtained pathogen-free from
Charles River Laboratories (Raleigh, NC) were aged 4e6 months
(young) or 24e28 months (aged) at the time of behavioral characterization for spatial learning in a water maze (1.83 m diameter,
opaque water at 27  C). For details on care, see Gallagher and Nicolle
(1993). During an 8-day period, in sessions consisting of 3 trials a day
with a 60 seconds intertrial interval, rats were trained to locate a
camouﬂaged platform that remained in the same location 2 cm
below the water surface. During a training trial, the rat was placed in
the water at the perimeter of the pool and allowed 90 seconds to
locate the escape platform. If at 90 seconds, the rat failed to escape
on a trial, it was placed onto the platform and allowed to remain
there for 30 seconds. The position of entry for the animal varied at
each trial. Every sixth trial consisted of a free swim (“probe trial”),
which served to assess the development of a spatially localized
search for the escape platform. During probe trials, the rat was
allowed to swim a total of 30 seconds with the escape platform
retracted to the bottom of the pool. After 30 seconds, the platform
was raised so that the rat could complete escape on the trial. A
“behavioral index,” which was generated from the proximity of the
rat to the escape platform during probe trial performance, was used
in correlational analysis with the neurobiological data. This index is
the sum of weighted proximity scores measured during probe trials;
low scores reﬂect search near the escape platform, whereas high
scores reﬂect search farther away from the target. Thus, the
“behavioral index” provides a measure that is based on search accuracy independent of escape velocity (Gallagher and Nicolle, 1993).
“Search error” during training trials refers to the deviation from a
direct path to the platform and provided an additional measure for
behavioral analysis (Gallagher and Nicolle, 1993), Cue training
(visible escape platform; 6 trials) occurred on the last day of training
to test for sensorimotor and motivational factors independent of
spatial learning. Rats that failed to meet a cue criterion of locating the
visible platform within an average of 20 seconds over 6 trials were
excluded from the experiments.
2.2. Slice preparation
Behavioral groups were intentionally balanced among young,
aged unimpaired, and aged impaired rats. The experimenter was
blind to the behavioral status of subjects during recording and
cellular data analyses. Behaviorally characterized rats were deeply

2.3. Visualized whole-cell voltage-clamp recordings

2.4. Statistical analysis
Statistical signiﬁcance was determined with Prism GraphPad
using analysis of variance tests followed by Dunnett post hoc test
when the data are distributed normally (judged by the D’AgostinoPearson normality test) or by the Kruskal-Wallis (KW) test followed
by the Dunn’s test.
3. Results
The goal of the study was to determine changes in the slow
afterhyperpolarization (sAHP) associated with cognitive aging in
pyramidal cells of the CA1 hippocampal subﬁeld. To that end we
quantiﬁed the magnitude of burst-induced sAHP in slices from
young mature (6-month old) and aged (24-month old) outbred
Long-Evans rats that had been behaviorally characterized in the
water maze as described previously (see Section 2).
The results of the behavioral assessment of the rats used in this
study are presented in Fig. 1A and B. During performance in the ﬁrst
trial (TT data point), before the rats had experienced escaping to the
hidden platform in the water maze, the random search to escape
was slightly lower in the older rats (p ¼ 0.0202 Mann-Whitney
test). Subsequently, the young rats were more proﬁcient in
learning to locate the platform. A 2-way analysis of variance
(Age  Trial Block) conﬁrmed that performance improved over the
course of training (Trial Block, F(3,108) ¼ 34.13, p < 0.0001) and
yielded a signiﬁcant difference between age groups (Age, F(1,108) ¼
28.26, p < 0.0001). The interaction between Trial Block and Age was
not signiﬁcant, F(3,108) ¼ 1.762, p ¼ 0.159. The learning index
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Fig. 1. Quantiﬁcation of sAHP in behavioral characterized young and aged rats. (A)
Cumulative search error measure of learning in 5 trial blocks during training in the
Morris water maze. This measure reﬂects the distance of the young (open circles) and
aged rats (ﬁlled circles) from the escape platform throughout its search, with higher
numbers indicating worse performance. Data points represent the average for blocks
of 5 training trials  standard error of mean. Note that during random search prior to
the ﬁrst escape aged rats have proximity scores that are less than young on the ﬁrst
training trial (TT), but young rats are more proﬁcient in learning to escape. (B) A
learning index measure for each rat was derived from proximity of the rat’s search
during probe trials (see (A), Section 2, and Gallagher et al., 1993) with lower scores
indicating more accurate performance. As a group, aged rats exhibited signiﬁcant
impairment in accuracy, yet substantial variability. Approximately half of the aged rats
performed more poorly than young rats (designated aged impaired), while a substantial subpopulation performed within the range of younger adults (designated aged
unimpaired). (C, D) Example pictures of CA1 in slices obtained from a young (C) and an
aged rat (D). Images on the right are ampliﬁed views of the indicated rectangle. Scale:
100 mm (left), 20 mm (right). (E) Example trace showing the induction of the slow AHP
with a burst of APs. The dotted lines indicate where the peak and the 1-second
measurements were done. Abbreviation: sAHP, slow afterhyperpolarization.

scores (Fig. 1B), computed from a key measure of search accuracy
during interleaved probe trials, also differed according to age
(t(27) ¼ 2.59; p < 0.0153) with higher values indicating worse
performance. Consistent with previous research in this model, the
aged rats displayed a wide spectrum of outcomes, with many aged
rats performing on par with young adults and a substantial subgroup performing outside the range of young performance (Fig. 1B).
Aged rats performing outside the range of the young group were
designated aged impaired (AI), while those performing on par with
young adults (Y) were designated aged unimpaired (AU).
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Hippocampal slices were prepared according to previously
described procedures for young adult and aged brain tissue (see
Section 2 for details) that yield high number of viable cells (Tran
et al., 2018, 2019; Zhao et al., 2011) amenable for visualized whole
cell recordings (see examples in Fig. 1C). To facilitate comparison
with previous studies in aged rats with a Fisher background, the
sAHP was evoked with brief bursts of APs (15 APs evoked at 50 Hz
with 2 ms suprathreshold current pulses of 1e2 nA) in cells with a
targeted membrane potential of 65 mV (Table 1), and in the same
ACSF composition as reported previously (Matthews et al., 2009;
Simkin et al., 2015). In each cell recorded we determined the average
peak sAHP and the amplitude at 1 second (see Fig. 1D). These averages were computed from at least 20 individual responses to bursts
delivered at 0.1 Hz. The results for the young and the aged subgroups
(AU and AI) are shown in Fig. 2. The amplitude of the peak AHP was
smaller in the cells of the AI group than in the AU or Y groups (AI:
0.71  0.09 mV, n ¼ 38 cells, 9 rats; AU: 1.85  0.33 mV, n ¼ 24.7;
1.59  0.22 mV, n ¼ 33.10), The signiﬁcance of these differences was
conﬁrmed by a KW test (KW stat: 8.64; p ¼ 0.013) and a Dunn’s
multiple comparison test (alpha set at 0.05). Similarly, the AHP
amplitude at 1 second after the burst was also affected by aged
subgroup (AI: 0.41  0.04 mV, n ¼ 38 cells, 9 rats; AU: 0.81  0.14 mV,
n ¼ 24.7; Y: 0.75  0.09 mV, n ¼ 35,10. KW stat: 7.83, p ¼ 0.02), the
difference between the AI and the AU and Y groups was conﬁrmed to
be signiﬁcant by the Dunnett’s multiple comparison tests with AI
differing from both young and AU, which did not differ from one
another. To further examine the differences across the spectrum of
aged rat performance, we examined the relationship between each
aged individual’s average AHP and its behavioral performance
quantiﬁed as a learning index (see Section 2 and Fig. 1B). We averaged the AHP amplitude (both the peak and amplitude at 1 second)
from all the cells recorded in a given aged individual and plotted this
value against the individual’s behavioral performance in the water
maze. Only individuals with 3 or more cells recorded were included
in this analysis. As shown in Fig. 2C and D, the individuals’ averages
for both measures of the AHP were signiﬁcantly correlated with
behavioral performance (peak AHP: r2 ¼ 0.73, p ¼ 0.0029, Fig. 2C;
AHP-1sec: t ¼ 0.61, p ¼ 0.031, Fig. 2D), such that higher index
behavioral scores indicative of worse performance were associated
with more reduced AHP values. In sum, among the aged rats, both
measures of the of AHP magnitude are associated with presence/
severity of cognitive impairment.
4. Discussion
The AHP that follows a burst of APs is widely considered to be a
feedback mechanism that prevents excess excitability, and it has
been extensively studied in CA1 pyramidal cells in the context of
learning and aging (Disterhoft and Oh, 2007; Kumar and Foster,
2007; Landﬁeld and Pitler, 1984; Thibault et al., 2007) The present study revealed that in behaviorally characterized outbred aged
Long-Evans rats, the AHP magnitude in CA1 is signiﬁcantly reduced
in AI rats, and among all aged rats impairment is signiﬁcantly
correlated with a reduction in measures of the AHP.
The current ﬁndings differ from previous studies reporting an
age-related increase in AHP magnitude in CA1 cells of aged Fisher
344 rats, with an expected reduction in excitability thought to be a
contributing factor to cognitive decline. In one such study the
increased AHP was associated with impairment in the water maze
performance in the Fisher 344 inbred strain (Tombaugh et al.,
2005), which contrasts with the reduction in AHP that we detected in the aged impaired group of outbred Long-Evans rats. The
source of this discrepancy is unclear.
Differences in the current results and prior studies might relate to
methodological differences in the preparation of the slices. Prior to
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Table 1
Recording conditions and intrinsic membrane properties in pyramidal CA1 cells of behaviorally characterized young and aged rats

Y (35.10)
AU (33.9)
AI (44.10)
Prob.
Stat.

Rseries (MU)

Rinput (MU)

Vrest (mV)

Vholding (mV)

APamplitude (mV)

15.6  0.7
15.2  0.9
14.6  0.7
0.66
KW ¼ 0.84

143.5  10.5
158.7  13
125.9  6.7
0.1
KW ¼ 4.72

67.1  0.8
66.1  0.8
66.0  0.8
0.63
KW ¼ 0.92

64.8  0.1
65.0  0.1
64.9  0.1
0.66
KW ¼ 0.84

125.4  2.2
125.2  2.0
127.6  1.9
0.56
KW ¼ 1.15

Recording conditions and intrinsic membrane properties in pyramidal CA1 cells of behaviorally characterized young and aged rats. The number of cells and rats for each age
group is indicated in parenthesis on the left column.
Key: AI, aged impaired; APamplitude, action potential amplitude; AU, aged unimpaired; Rseries, series resistance; Rinput, input resistance; sAHP, slow afterhyperpolarization; Vrest,
membrane resting potential; Vholding, membrane targeted potential to evoke sAHP; Y, young adults.

decapitation we transcardially perfused subjects with solutions
developed to optimize visualized whole cell recordings in aged brain
tissue, which was not done in the studies on Fisher rats. The interpretation of these discrepant results is further complicated by the fact
that the biophysical mechanisms responsible for the sAHP are not
fully understood (Andrade et al., 2012; Gulledge et al., 2013; Oh and
Disterhoft, 2020; Pedarzani and Stocker, 2008). The studies using
aged Fisher 344 rats have emphasized a contribution of Cadependent K-channels in the context of the Caþ2-dysregulation hypothesis of aging (reviewed by Disterhoft et al., 2004; Foster, 2007;
Thibault et al., 2007). In this view, intracellular Caþ2 accumulates in
excess during the AP burst in aged cells resulting in turn in an
increased activation of Ca-dependent K-channels to produce a larger
AHP. It must be noted, however, that another major contributing

A

mechanism to the AHP, which operates in many neurons of many
organisms, including mammalian pyramidal cells, is the pump
KþNaþATPase responsible for generating and maintaining the Naþ
and Kþ transmembrane gradients (Gulledge et al., 2013; King et al.,
2015; Picton et al., 2017; Tiwari et al., 2018). This pump is electrogenic such that an increase in its activity, after a burst of APs for
example, produces an outward current that results in a detectable
after hyperpolarization (King et al., 2015; Tiwari et al., 2018).
Although the pump contribution is often studied with long spike
trains, in CA1 pyramidal cells even a short burst of 5 spikes can
reportedly produce a detectable AHP (Tiwari et al., 2018). Importantly, the pump activity is regulated by multiple signaling pathways
(de Lores Arnaiz and Ordieres, 2014) via protein kinases and protein
phosphatases (Mohan et al., 2019). In this context, it is important to
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Fig. 2. Decreased amplitude of slow AHP in aged impaired animals. Recorded sAHP in CA1 pyramidal cells from young (Y: gray), aged unimpaired (AU: white), and aged impaired
(AI: black) rats. Panels on the left (A, C) display AHPdpeak data; panels on the right (B, D) show sAHPd1 second. (A, B) Average AHP per cell (circles) and grand average  standard
error of mean of all cells displayed according to each aged subgroup. At the bottom of each column is indicated the number of cells and animals used, and the p value of the
comparisons is indicated on the top. (C, D) Relationship between the behavioral performance and the sAHP magnitude averaged across cells in aged individuals (3e9 cells per
animal). rs and p, Spearman correlation coefﬁcient and its p-value, respectively. The blue lines in C and D are drawn for visual purposes. Abbreviation: sAHP, slow afterhyperpolarization. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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note that transmembrane ion gradients can be severely disrupted
during the preparation of slices. Thus, differences in a cell’s capacity
to upregulate the KþNaþATPase to restore gradients might, in itself,
contribute to the differences in AHP observed across age groups. In a
similar fashion, the different methods used to prepare slices in the
studies of Long-Evans and Fisher 344 rats might affect ion gradients
differently, eliciting different compensatory cell responses, which
might have in turn contributed to the different outcomes reported.
Another possible factor contributing to the differences in AHP are the
basal levels of neuromodulators, like norepinephrine and dopamine,
long known to reduce the AHP (Madison and Nicoll, 1986; Malenka
and Nicoll, 1986; Tiwari et al., 2019). These basal levels of neuromodulators can be affected by the slicing procedure (Edelmann and
Lessmann, 2011).
An alternative explanation to account for the AHP results in
Fisher 344 and Long-Evans rats is that the differences relate to
different trajectories of aging in the 2 rat models. Besides changes in
AHP, multiple mechanisms participate in controlling the homeostasis and plasticity of intrinsic excitability in neural circuits (for
reviews see Debanne et al., 2019; Misonou, 2010; Reuveni and
Barkai, 2018; Titley et al., 2017). During aging the recruitment of
these mechanisms in CA1 might differ among rat strains, such that a
similar set point of excitability is achieved in different ways. Yet
another possibility is that learning requires AHP in CA1 to be within
a “permissive window,” above or below which learning is impaired.
Notably, the CA1 AHP magnitude of young adult Fisher 344 rats
(Matthews et al., 2009) is larger than in Long-Evans (Fig. 2) rats.
Thus, if the AHP magnitude in Fisher rats sits close to an upper
tolerance limit, increases in AHP will diminish performance.
Conversely, if AHP in Long-Evans rats sits close to a lower tolerance
limit, a decrease in AHP would compromise learning.
In this regard, it is worth noting that changes in neural excitability can have differential effects according to age. One case is the
pharmacological regulation of tonic GABAergic inhibition in the
hippocampus. Reducing tonic inhibition has been shown to have
beneﬁcial cognitive effects in young adults but the same treatments
are not efﬁcacious in aged animals (Koh et al., 2013; Martin et al.,
2010). Indeed, reduction of tonic inhibition in high-performing
aged Long-Evans rats impairs performance (Koh et al., 2020) and
positive allosteric modulators that increase tonic inhibition
improve performance in aged rats that are otherwise impaired (Koh
et al., 2013). Interestingly, high-performing aged Long-Evans rats
also exhibit an increased tonic inhibition localized to CA1 pyramidal
neurons (Tran et al., 2018). As another example, increasing
GABAergic inhibition in very immature visual cortex enables
experience-dependent plasticity, yet the same manipulation prevents plasticity in mature cortex (Feldman, 2000; Jiang et al., 2005).
In sum, we pose that the difference in age-related changes in slow
AHP in CA1 reported in Fisher 344 and Long-Evans rats open interesting questions concerning excitability homeostasis during aging, yet
the limited understanding of the biophysical mechanisms underlying
the slow AHP, preclude generalizing results of any particular strain.

CRediT authorship contribution statement
Daniel Severin: Methodology, Investigation, Formal analysis,
Writing - original draft. Michela Gallagher: Methodology, Writing original draft. Alfredo Kirkwood: Methodology, Writing - original
draft.

Acknowledgements
This work was supported by grant PO1-AG09973 from NIH.

47

References
Andrade, R., Foehring, R.C., Tzingounis, A.V., 2012. The calcium-activated slow AHP:
cutting through the Gordian knot. Front. Cell Neurosci. 6, 47.
Barense, M.D., Fox, M.T., Baxter, M.G., 2002. Aged rats are impaired on an attentional
set-shifting task sensitive to medial frontal cortex damage in young rats. Learn
Mem. 9, 191e201.
de Lores Arnaiz, G.R., Ordieres, M.G., 2014. Brain Na(þ), K(þ)-ATPase activity in
aging and disease. Int. J. Biomed. Sci. 10, 85e102.
Debanne, D., Inglebert, Y., Russier, M., 2019. Plasticity of intrinsic neuronal excitability. Curr. Opin. Neurobiol. 54, 73e82.
Disterhoft, J.F., Coulter, D.A., Alkon, D.L., 1986. Conditioning-speciﬁc membrane
changes of rabbit hippocampal neurons measured in vitro. Proc. Natl. Acad. Sci.
U S A 83, 2733e2737.
Disterhoft, J.F., Oh, M.M., 2007. Alterations in intrinsic neuronal excitability during
normal aging. Aging Cell 6, 327e336.
Disterhoft, J.F., Wu, W.W., Ohno, M., 2004. Biophysical alterations of hippocampal
pyramidal neurons in learning, ageing and Alzheimer's disease. Ageing Res. Rev.
3, 383e406.
Edelmann, E., Lessmann, V., 2011. Dopamine modulates spike timing-dependent
plasticity and action potential properties in CA1 pyramidal neurons of acute
rat hippocampal slices. Front Synaptic Neurosci. 3, 6.
El-Hayek, Y.H., Wu, C., Ye, H., Wang, J., Carlen, P.L., Zhang, L., 2013. Hippocampal
excitability is increased in aged mice. Exp. Neurol. 247, 710e719.
Feldman, D.E., 2000. Inhibition and plasticity [news]. Nat. Neurosci. 3, 303e304.
Foster, T.C., 2007. Calcium homeostasis and modulation of synaptic plasticity in the
aged brain. Aging Cell 6, 319e325.
Gallagher, M., Nicolle, M.M., 1993. Animal models of normal aging: relationship
between cognitive decline and markers in hippocampal circuitry. Behav. Brain
Res. 57, 155e162.
Gulledge, A.T., Dasari, S., Onoue, K., Stephens, E.K., Hasse, J.M., Avesar, D., 2013.
A sodium-pump-mediated afterhyperpolarization in pyramidal neurons.
J. Neurosci. 33, 13025e13041.
Haberman, R.P., Koh, M.T., Gallagher, M., 2017. Heightened cortical excitability in
aged rodents with memory impairment. Neurobiol. Aging. 54, 144e151.
Jiang, B., Huang, Z.J., Morales, B., Kirkwood, A., 2005. Maturation of GABAergic
transmission and the timing of plasticity in visual cortex. Brain Res. Brain Res. Rev.
King, B., Rizwan, A.P., Asmara, H., Heath, N.C., Engbers, J.D., Dykstra, S.,
Bartoletti, T.M., Hameed, S., Zamponi, G.W., Turner, R.W., 2015. IKCa channels
are a critical determinant of the slow AHP in CA1 pyramidal neurons. Cell Rep
11, 175e182.
Koh, M.T., Rosenzweig-Lipson, S., Gallagher, M., 2013. Selective GABA(A) alpha5
positive allosteric modulators improve cognitive function in aged rats with
memory impairment. Neuropharmacology 64, 145e152.
Koh, M.T., Branch, A., Haberman, R., Gallagher, M., 2020. Signiﬁcance of inhibitory
recruitment in aging with preserved cognition: limiting gamma-aminobutyric acid
type A alpha5 function produces memory impairment. Neurobiol. Aging 91, 1e4.
Kumar, A., Foster, T., 2007. Environmental enrichment decreases the afterhyperpolarization in senescent rats. Brain Res. 1130, 103e107.
Landﬁeld, P.W., Pitler, T.A., 1984. Prolonged Ca2þ-dependent afterhyperpolarizations
in hippocampal neurons of aged rats. Science 226, 1089e1092.
Leal, S.L., Yassa, M.A., 2015. Neurocognitive aging and the hippocampus across
species. Trends Neurosci. 38, 800e812.
Liang, X., Hsu, L.M., Lu, H., Ash, J.A., Rapp, P.R., Yang, Y., 2020. Functional connectivity
of hippocampal CA3 predicts neurocognitive aging via CA1-frontal circuit.
Cereb. Cortex.
Madison, D.V., Nicoll, R.A., 1986. Actions of noradrenaline recorded intracellularly in
rat hippocampal CA1 pyramidal neurones, in vitro. J. Physiol. 372, 221e244.
Maeda, S., Djukic, B., Taneja, P., Yu, G.Q., Lo, I., Davis, A., Craft, R., Guo, W., Wang, X.,
Kim, D., Ponnusamy, R., Gill, T.M., Masliah, E., Mucke, L., 2016. Expression of
A152T human tau causes age-dependent neuronal dysfunction and loss in
transgenic mice. EMBO Rep. 17, 530e551.
Malenka, R.C., Nicoll, R.A., 1986. Dopamine decreases the calcium-activated afterhyperpolarization in hippocampal CA1 pyramidal cells. Brain Res. 379, 210e215.
Martin, L.J., Zurek, A.A., MacDonald, J.F., Roder, J.C., Jackson, M.F., Orser, B.A.,
2010. Alpha5GABAA receptor activity sets the threshold for long-term
potentiation and constrains hippocampus-dependent memory. J. Neurosci.
30, 5269e5282.
Matthews, E.A., Linardakis, J.M., Disterhoft, J.F., 2009. The fast and slow afterhyperpolarizations are differentially modulated in hippocampal neurons by
aging and learning. J. Neurosci. 29, 4750e4755.
Misonou, H., 2010. Homeostatic regulation of neuronal excitability by K(þ) channels
in normal and diseased brains. Neuroscientist 16, 51e64.
Mohan, S., Tiwari, M.N., Biala, Y., Yaari, Y., 2019. Regulation of neuronal Na(þ)/K(þ)ATPase by speciﬁc protein kinases and protein phosphatases. J. Neurosci. 39,
5440e5451.
Moyer Jr., J.R., Power, J.M., Thompson, L.T., Disterhoft, J.F., 2000. Increased excitability of aged rabbit CA1 neurons after trace eyeblink conditioning. J. Neurosci.
20, 5476e5482.
Neuman, K.M., Molina-Campos, E., Musial, T.F., Price, A.L., Oh, K.J., Wolke, M.L.,
Buss, E.W., Scheff, S.W., Mufson, E.J., Nicholson, D.A., 2015. Evidence for
Alzheimer's disease-linked synapse loss and compensation in mouse and
human hippocampal CA1 pyramidal neurons. Brain Struct. Funct. 220,
3143e3165.

48

D. Severin et al. / Neurobiology of Aging 96 (2020) 43e48

Nicholson, D.A., Yoshida, R., Berry, R.W., Gallagher, M., Geinisman, Y., 2004.
Reduction in size of perforated postsynaptic densities in hippocampal axospinous synapses and age-related spatial learning impairments. J. Neurosci. 24,
7648e7653.
Oh, M.M., Disterhoft, J.F., 2020. Learning and aging affect neuronal excitability and
learning. Neurobiol. Learn Mem. 167, 107133.
Pedarzani, P., Stocker, M., 2008. Molecular and cellular basis of small- and
intermediate-conductance, calcium-activated potassium channel function in
the brain. Cell Mol Life Sci. 65, 3196e3217.
Picton, L.D., Zhang, H., Sillar, K.T., 2017. Sodium pump regulation of locomotor
control circuits. J. Neurophysiol. 118, 1070e1081.
Reuveni, I., Barkai, E., 2018. Tune it in: mechanisms and computational signiﬁcance
of neuron-autonomous plasticity. J. Neurophysiol. 120, 1781e1795.
Robitsek, J., Ratner, M.H., Stewart, T., Eichenbaum, H., Farb, D.H., 2015. Combined
administration of levetiracetam and valproic acid attenuates age-related hyperactivity of CA3 place cells, reduces place ﬁeld area, and increases spatial
information content in aged rat hippocampus. Hippocampus 25, 1541e1555.
Simkin, D., Hattori, S., Ybarra, N., Musial, T.F., Buss, E.W., Richter, H., Oh, M.M.,
Nicholson, D.A., Disterhoft, J.F., 2015. Aging-related hyperexcitability in CA3
pyramidal neurons is mediated by enhanced A-type Kþ channel function and
expression. J. Neurosci. 35, 13206e13218.
Thibault, O., Gant, J.C., Landﬁeld, P.W., 2007. Expansion of the calcium hypothesis of
brain aging and Alzheimer’s disease: minding the store. Aging Cell 6, 307e317.
Thome, A., Gray, D.T., Erickson, C.A., Lipa, P., Barnes, C.A., 2016. Memory impairment
in aged primates is associated with region-speciﬁc network dysfunction. Mol.
Psychiatry 21, 1257e1262.
Titley, H.K., Brunel, N., Hansel, C., 2017. Toward a neurocentric view of learning.
Neuron 95, 19e32.
Tiwari, M.N., Mohan, S., Biala, Y., Yaari, Y., 2018. Differential contributions of Ca(2þ)activated K(þ) channels and Na(þ)/K(þ)-ATPases to the generation of the slow
afterhyperpolarization in CA1 pyramidal cells. Hippocampus 28, 338e357.

Tiwari, M.N., Mohan, S., Biala, Y., Yaari, Y., 2019. Protein kinase A-mediated suppression of the slow afterhyperpolarizing KCa3.1 current in temporal lobe epilepsy. J. Neurosci. 39, 9914e9926.
Tomas Pereira, I., Gallagher, M., Rapp, P.R., 2015. Head west or left, east or right:
interactions between memory systems in neurocognitive aging. Neurobiol.
Aging 36, 3067e3078.
Tombaugh, G.C., Rowe, W.B., Rose, G.M., 2005. The slow afterhyperpolarization in
hippocampal CA1 neurons covaries with spatial learning ability in aged Fisher
344 rats. J. Neurosci. 25, 2609e2616.
Tran, T., Bridi, M., Koh, M.T., Gallagher, M., Kirkwood, A., 2019. Reduced cognitive
performance in aged rats correlates with increased excitation/inhibition ratio in
the dentate gyrus in response to lateral entorhinal input. Neurobiol. Aging 82,
120e127.
Tran, T., Gallagher, M., Kirkwood, A., 2018. Enhanced postsynaptic inhibitory
strength in hippocampal principal cells in high-performing aged rats. Neurobiol.
Aging 70, 92e101.
Wilson, I.A., Gallagher, M., Eichenbaum, H., Tanila, H., 2006. Neurocognitive aging: prior
memories hinder new hippocampal encoding. Trends Neurosci. 29, 662e670.
Wilson, I.A., Ikonen, S., Gallagher, M., Eichenbaum, H., Tanila, H., 2005a. Age-associated alterations of hippocampal place cells are subregion speciﬁc. J. Neurosci.
25, 6877e6886.
Wilson, I.A., Ikonen, S., Gurevicius, K., McMahan, R.W., Gallagher, M.,
Eichenbaum, H., Tanila, H., 2005b. Place cells of aged rats in two visually
identical compartments. Neurobiol. Aging 26, 1099e1106.
Yassa, M.A., Lacy, J.W., Stark, S.M., Albert, M.S., Gallagher, M., Stark, C.E., 2011.
Pattern separation deﬁcits associated with increased hippocampal CA3 and
dentate gyrus activity in nondemented older adults. Hippocampus 21, 968e979.
Zhao, S., Ting, J.T., Atallah, H.E., Qiu, L., Tan, J., Gloss, B., Augustine, G.J., Deisseroth, K.,
Luo, M., Graybiel, A.M., Feng, G., 2011. Cell type-speciﬁc channelrhodopsin-2
transgenic mice for optogenetic dissection of neural circuitry function. Nat.
Methods 8, 745e752.

