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Numerous aging studies have identified a shift in the excitatory/inhibitory (E/I) balance with heightened
hippocampal neural activity associated with age-related memory impairment across species, including
rats, monkeys, and humans. Neurobiological investigations directed at the hippocampal formation have
demonstrated that unimpaired aged rats performing on par with young adult rats in a spatial memory
task exhibit gene expression profiles, mechanisms for plasticity, and altered circuit/network function,
which are distinct from younger rats. Particularly striking is a convergence of observational evidence that
aged unimpaired rats augment recruitment of mechanisms associated with neural inhibition, a finding
that may represent an adaptive homeostatic adjustment necessary to maintain neural plasticity and
memory function in aging. In this study, we test the effect of limiting inhibition via administration of
TB21007, a negative allosteric modulator of the alpha 5 subtype of gamma-aminobutyric acid type A a5
receptor, on a radial arm maze assessment of memory function. Impaired memory performance pro-
duced by this intervention in otherwise high-performing aged rats supports an adaptive role for gamma-
aminobutyric acid in the functional maintenance of intact cognition in aging.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Cognitive decline, although common in the elderly, is not inev-
itable. Many individuals maintain high cognitive performance well
into the later decades of life, both relative to their own previous
performance and compared with individuals at younger ages
(Nyberg et al., 2012). Resilience in aging is evident even as the brain
accumulates pathologic lesions characteristic of Alzheimer's dis-
ease. In asymptomatic Alzheimer's disease, some individuals have
brain pathology at a level expected to cause clinical decline but who
nonetheless maintain high levels of cognitive function, indicating
that age- and pathology-related cognitive decline is not inevitable
(Arnold et al., 2013; Driscoll and Troncoso, 2011). In the study of
neurocognitive aging in humans, increasing interest has focused on
factors that promote cognitive resilience (Gallagher et al., 2019).
Numerous lines of evidence indicate that life-long experiences and
exposures, differing greatly across individuals, such as education,
occupational attainment, and lifestyle choices, may contribute to
more optimal cognitive outcomes in late life.
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Biological endowment may also contribute to late life outcomes.
Aged outbred Long-Evans rats show variability in age-related
cognitive performance, with some animals displaying impaired
memory function (Aged Impaired, AI) and others demonstrating
preserved function on par with young adult performance (Aged
Unimpaired, AU) (Gallagher et al., 1993). In this well-characterized
study population for individual differences in neurocognitive aging,
rats are maintained under uniform conditions throughout life,
allowing a more constrained life history for examination of the
biological basis of individual differences in age-related cognitive
decline. Studies of AU rats suggest that adaptations in brain func-
tion beyond mature adulthood contribute to resilience at older
ages. Although considerable data indicate that AU rats do not differ
significantly from young adults in numerous structural and func-
tional changes that characterize AI rats (Smith et al., 2000; Spiegel
et al., 2013; Stranahan et al., 2011), there is an increasing body of
evidence that neural mechanisms recruited by AU animals differ
from those of young adults (Branch et al., 2019; Haberman, 2019;
Menard and Quirion, 2012; Tran et al., 2018, 2019). Of particular
note, data from AU animals consistently point to adaptive recruit-
ment of inhibitory mechanisms to balance excitation and inhibition
in the medial temporal lobe, including the hippocampal formation
(McQuail et al., 2015). This potentially adaptive function in AU rats
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contrasts with a condition of neural overactivity affecting the same
medial temporal lobe circuits in AI rats, the magnitude of which is
correlated with poorer memory performance.

In the currentmodel for individual differences in neurocognitive
aging, AU rats display increased inhibitory postsynaptic currents in
recordings from dentate gyrus granule cells and a larger tonic
inhibitory current in recordings from pyramidal neurons (Tran
et al., 2018), while AI rats show diminished recruitment of synap-
tic inhibition following lateral entorhinal cortex stimulation (Tran
et al., 2019). Behavioral studies have reported that AU animals re-
cruit gene expression related to inhibitory function in the hippo-
campus in response to behavioral tasks with a memory component
(Haberman et al., 2013) and in a task designed to maximally engage
hippocampal encoding of new information (Branch et al., 2019). In
striking contrast, young rats show no such change, even trending
toward a reduction in inhibitory gene expression in these same
tasks (Branch et al., 2019). Given that hippocampal neural over-
activity is observed in the brains of AI rats as well as in functional
magnetic resonance imaging studies of human aging and amnestic
mild cognitive impairment (Bakker et al., 2015; Putcha et al., 2011;
Yassa et al., 2010, 2011), recruitment of inhibitory regulation by AU
animals may provide an adaptive and functionally significant ho-
meostatic adjustment in the face of a propensity for heightened
hippocampal neural activity in aging.

Here we tested the functional significance of augmented inhibi-
tion in AU rats, to examine a potential dissociation between the
neurobiological mechanisms that preserve cognitive function in the
aged brain and those operating in the young adult brain. Prior
research into preservation of cognitive performance in aging
focused on targeting the a5 subtype of gamma-aminobutyric acid
type A (GABAA) a5 receptors. GABAA a5 receptors display highest
expression localized to the hippocampal formation (Sur et al., 1998),
mediating tonic inhibition of principle hippocampal neurons via
extrasynaptic receptors (Glykys andMody, 2006) aswell as synaptic
inhibitory control (Jacob, 2019). Hypothesizing that blockade of
hippocampal inhibition might improve hippocampal-dependent
cognitive performance, efforts to enhance cognitive performance
in the past focused on selective a5 inverse agonists which function
as negative allostericmodulators (NAMs) (Atack et al., 2006; Ballard
et al., 2009; Chambers et al., 2003; Dawson et al., 2006; Etherington
et al., 2019). Somewhat surprisingly, although GABAA a5 NAMs
effectively enhanced cognitive performance in young adult rodents,
such treatment failed in development as a therapeutic for cognitive
decline in aging (Atack et al., 2006). Given evidence for neural
overactivity in neurocognitive aging, a prior study compared both
negative and positive GABAA a5 modulators in young adults and AI
rats. While young adult rats treated with a GABAA a5 receptor NAM
improved hippocampal-dependent memory performance, age-
related impairment was ameliorated by GABAA a5 receptor posi-
tive allosteric modulator treatment without benefit from GABAA a5
NAM administration (Koh et al., 2013), consistent with previous
studies suggesting augmented inhibition improves cognitive func-
tion in aging (Koh et al., 2010). If a naturally occurring increase in
inhibitory function observed in aged rats with preserved memory
plays a significant functional role in maintaining cognition in aging,
the use of a GABAA a5 receptor NAM might have a uniquely detri-
mental effect in AU rats that is not observed in young adults. To
evaluate this possibility, we challenged aged rats with intact mem-
ory using a GABAA a5 receptor NAM, using an identical protocol to
that previously tested in young animals (Koh et al., 2013).

2. Materials and methods

All procedures were approved by the Institutional Animal Care
and Use Committees in accordance with the National Institutes of
Health directive. Pathogen-free, aged, male Long-Evans rats were
obtained at 8e9 months of age from Charles River Laboratories
(Raleigh, NC) and housed in a vivarium at Johns Hopkins University
until 24e26 months of age. Aged rats were screened in a stan-
dardized water maze assessment of hippocampal-dependent
spatial cognition before behavioral studies with experimental
treatments, with young rats (6 months) included in each test run
(for details, refer to the study by Gallagher et al., 1993). The prox-
imity of the rat's position to the escape platform location on probe
tests interpolated over the course of training was used to calculate a
learning index score for each rat, providing a composite graded
measure of spatial learning capacity (Gallagher et al., 1993).
Approximately 40%e50% of the aged rats (AU) have index scores
that are distributedwithin the range of young performance, and the
remaining aged rats (AI) from the same cohort have index scores
that fall outside the entire range of young performance. Cue
training (visible escape platform; 6 trials) occurred on the last day
of training to test for sensorimotor and motivational factors inde-
pendent of spatial learning.

A hippocampal-dependent radial arm maze task was used to
assess the effect of drug treatment as described in detail in the
study by Koh et al. (2010). The protocol allowed repeated within-
subject assessment using systemic administration of drugs at
different doses. Prior research using this model has shown that
reliable individual differences in hippocampal-dependent memory
among aged rats translate across the water maze used for initial
characterization and the radial maze task (Koh et al., 2010).

Pretraining consisted of habituation, standard win-shift
training, and win-shift training with delays interposed between
information and memory test phases on the eight-arm maze. Drug
treatments began a day after the completion of pretraining. Three
arms were blocked at the beginning of each trial (information
phase). The identity and configuration of the blocked arms were
varied across trials. Food-deprived rats were allowed to retrieve
food reward (Kellogg's Froot Loops cereal) from the five unblocked
arms. The rat was then removed from the maze for 5 hours, during
which time the barriers on the blocked arms were removed
allowing access to all eight arms. Rats were then placed back onto
the center platform and allowed to retrieve the remaining food
rewards (memory test phase). An error consisted of returning to an
arm (all four paws on the arm) from which food had already been
obtained. The number of errors made in the retention phase was
used to assess memory performance. Rats were tested with a series
of drug doses in ascending/descending order; each dose, including
vehicle alone, was thus tested twice. Repeatedmeasures analyses of
variance and t-tests were used to analyze the results.

TB21007, a GABAA a5 receptor NAM (Tocris Bioscience, Ellisville,
MO; Chambers et al., 2003), was dissolved in dimethyl sulfoxide (5%
of final volume) and then with polyethylene glycol 300 (20%) and
distilled water (75%). The drug and vehicle were injected intra-
peritoneally at 1 mL/kg approximately 30 minutes before each
training session.

3. Results

Rats were tested for cognitive status before the drug treatment
using a standardized water maze protocol developed in this study
population to assess hippocampal-dependent function. Only AU
rats were selected for the present drug experiment (n ¼ 8) and had
learning index scores ranging from 182 to 222, which are in the
normative range for this study population and on par with that in
young rats (Gallagher et al., 1993).

Fig. 1 shows the performance of aged rats with intact memory
treated with increasing doses of TB21007, a selective GABAA a5
receptor NAM (Chambers et al., 2003), as indexed by the number of
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Fig. 1. Aged rats with a background of unimpaired memory function (n ¼ 8) were treated with varying doses of TB21007, a GABAA a5 receptor NAM, in a radial arm maze task. (A)
The rats showed no differences in performance in response to the drug during the information phase. (B) The drug, however, dose-dependently disrupted memory performance of
the rats after delay during the test phase. Doses at 0.3 and 1 mg/kg significantly increased memory errors relative to vehicle (0 mg/kg). *p < 0.05. Abbreviation: GABAA, gamma-
aminobutyric acid type A; NAM, negative allosteric modulator.
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errors made during the information phase (Fig. 1A) and memory
test phase (Fig. 1B) in the radial arm maze task. TB21007 did not
have any significant effect on performance during the information
phase at any dose, F(3, 21) ¼ 0.81, p ¼ 0.501. Differences in memory
performance were however evident under drug treatment as a
function of dose during the memory test phase, F(3, 21) ¼ 4.58, p ¼
0.013. The doses at 0.3 and 1 mg/kg produced significantly more
memory errors relative to vehicle, t(7) ¼ 2.96, p ¼ 0.021 and t(7) ¼
3.97, p ¼ 0.005, respectively. These results show that GABAA a5
receptor NAM treatment interfered with memory performance in
aged rats with a background of unimpaired memory function.

4. Discussion

The study of aged individuals who retain high levels of cognitive
performance has the potential to reveal important insights into the
underlying neurobiology to prevent age-related cognitive decline,
involving processes which may not be necessary or beneficial in the
brains of young adults. Indeed, drugs developed to improve
cognitive function in young adults via negative allosteric modula-
tion of GABAA a5 receptors failed in development as a therapeutic
for cognitive decline in aging (Atack, 2010). Preclinical data from
young adult animals showed treatment with a GABAA a5 receptor
NAM improved hippocampal-dependent memory performance
(Atack et al., 2006; Chambers et al., 2003; Dawson et al., 2006;
Etherington et al., 2019) but did not improve performance in neu-
rocognitive aging with memory impairment (Koh et al., 2013),
indicating that in the aging brain, limiting GABAA a5 function is not
an effective strategy for improving cognition.

Multiple studies have shown that AU animals retain structural
and functional signatures similar to young ones but do so alongside
an upregulation of inhibitory mechanisms not seen in young or AI
animals. This intriguing finding strongly suggests that upregulation
of inhibition is a functional contributor to their cognitive success.
Here, we treated AU animals with a negative allosteric modulator of
the GABAA a5 receptor to directly test the functional significance of
inhibitory upregulation in these animals. This compound has high
efficacy against GABAA a5 receptors (Chambers et al., 2003) and has
been demonstrated to reduce amplitude and decay rate of inhibi-
tory postsynaptic currents of hippocampal and cortical neurons
(Chen et al., 2017). Use of this compound in young animals was
previously shown to decrease errors in a hippocampal-dependent
radial arm task in a dose-dependent fashion (Koh et al., 2013),
building on previous data that had shown spatial memory
improvement in rats with use of this compound (Chambers et al.,
2003) and similar effects with other GABAA a5 negative
modulators (Atack et al., 2006; Dawson et al., 2006; Etherington
et al., 2019). Here we show that application of an identical dose
response with an identical protocol produced an opposite effect in
AU animals. While the TB21007-dependent reduction in memory
performance could be due to nonhippocampal effects, there was no
indication of such responses in any study in young adult subjects
(Chambers et al., 2003; Koh et al., 2013). Coupled with gene
expression data within this model, these results strongly suggest
that inhibitory mechanisms play a profoundly different role in the
operation of the hippocampal system in the young and aged brain
and present furthermechanistic insight into the therapeutic role for
this class of drugs in selectively targeting age-related cognitive
performance.
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