
Molecular aspects of age-related cognitive decline: the role of 
GABA signaling

Joseph A. McQuail1,2, Charles J. Frazier2,3, and Jennifer L. Bizon1,2

1Department of Neuroscience, University of Florida, Gainesville, FL 32610, USA

2McKnight Brain Institute, University of Florida, Gainesville, FL 32610, USA

3Department of Pharmacodynamics, University of Florida, Gainesville, FL 32610, USA

Abstract

Alterations in inhibitory interneurons contribute to cognitive deficits associated with several 

psychiatric and neurological diseases. Phasic and tonic inhibition imparted by γ-amino-butyric 

acid (GABA) receptors regulates neural activity and helps to establish the appropriate network 

dynamics in cortical circuits that support normal cognition. This review highlights basic science 

demonstrating that inhibitory signaling is altered in aging, and discusses the impact of age-related 

shifts in inhibition on different forms of memory function, including hippocampus-dependent 

spatial reference memory and prefrontal cortex (PFU)-dependent working memory. The clinical 

appropriateness and tractability of select therapeutic candidates for cognitive aging that target 

receptors mediating inhibition are also discussed.

Keywords

GABAA α5; GABAB receptor; hippocampus; memory; tonic inhibition; prefrontal cortex

Memory decline in normal aging

Successes in modern medicine have resulted in marked improvements in somatic and 

peripheral health, and an unprecedented extension of the human lifespan. Such advances, 

however, are currently outpacing our ability to maintain optimal brain function and 

cognition later in life. This problem is accentuated by the striking rise in incidence of the 

age-associated neurological disorder, Alzheimer’s disease (AD), characterized by a 

precipitous decline in cognitive functioning (for example, loss of memory). It is important to 

recognize, however, that aging is accompanied by several non-pathological brain changes 

that, even in the absence of AD, can significantly and deleteriously influence cognitive 

capacities. Although the contemporaneous decline of cognition in normal aging is less 

severe than in AD, this type of cognitive decline will affect the vast majority of seniors and 

can be sufficiently severe as to negatively impact on quality of life and endanger personal 

independence and well-being [1]. With the current emphasis on developing disease-

modifying strategies for treatment of AD, other therapeutic approaches that may broadly 
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improve cognitive function across aged populations are often neglected in research and 

drug-discovery efforts. Such interventions could provide significant individual, medical, and 

economic benefits, both by treating non-AD-related cognitive dysfunction and by potentially 

extending the window of good cognitive functioning in individuals with prodromal AD.

While aging is clearly a brain-wide process, changes within the hippocampus and PFC are at 

the forefront of cognitive aging research because these regions are vital for dissociable 

forms of memory that are vulnerable to decline at advanced ages. The hippocampus is a 

region in the medial temporal lobe that is crucial for long-term memory formation and 

maintenance. Hippocampal memory can be characterized as ‘declarative’, referring to the 

ability to remember factual information that can literally be declared (e.g., ‘Who is the 

president of the United States?’), ‘episodic’ (e.g., remembering the details of a past 

birthday), or ‘spatial’ (e.g., remembering the location of one’s house or workplace). In 

contrast to hippocampus-dependent memory, neuronal networks in PFC subserve a form of 

short-term memory known as ‘working memory’ which involves maintaining information in 

mind for a relatively brief duration. This temporary representational knowledge is essential 

for our ability to seamlessly plan and execute behavior. Notably, given its importance in 

guiding our current actions, a foundational characteristic of PFC function is the ability to 

readily and rapidly update information being held in working memory stores in response to 

environmental demands. This balance between information maintenance and updating has 

led to the conceptualization of the PFC as a ‘mental sketchpad’.

Laboratory rodents are experimentally tractable and translationally appropriate as animal 

models to investigate the neurobiology underlying age-related memory decline. Aged rats 

exhibit many of the characteristic cognitive deficits prominent in human aging, including 

impaired memory functions that are supported by the hippocampus and PFC [2–6]. 

Behavioral analyses that provide an index of memory function can be paired with 

anatomical, molecular, electrophysiological, and pharmacological endpoints, allowing 

mechanisms of brain aging to be directly evaluated against cognitive abilities [7–14]. The 

Morris water maze is the ‘gold standard’ assessment for evaluating hippocampal memory in 

rodents. In this spatial navigation task (Figure 1A), rats are placed in a pool of water and 

must rely on visual cues situated around the maze to learn and remember the location of an 

escape platform hidden beneath the surface of the water [15]. Damage to the hippocampal 

formation severely impairs performance on this task, as is evidenced by longer and less-

direct swim paths to reach the escape platform [16–18]. Aged rats also are reliably impaired 

on the water maze task (Figure 1B), with performance mimicking that of rats with 

hippocampal damage [19–21]. More recently, humans have been tested on virtual navigation 

assessments that have been reverse-engineered from rodent water maze task designs. Older 

individuals reliably perform worse than younger adults on these virtual spatial reference 

memory tasks, underscoring the translational potential of molecular mechanisms identified 

with the aid of rodent water maze performance [22–24]. It is notable that, despite the fact 

that many aged rats show pronounced impairment in spatial reference memory as assessed 

by the water maze, the numbers of principal cells of the hippocampus are remarkably 

preserved with age [25–27]. This observation has directed mechanistic investigation of age-

related memory decline away from neurodegenerative processes and toward molecular and 

structural factors that can influence neuronal communication and plasticity.
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Although less widely used, similar approaches can be employed to gain insight into the 

molecular underpinnings of PFC-dependent memory [3]. The rodent PFC is less 

anatomically elaborate than in primates; however, rats are capable of many complex 

behaviors and there is evidence for anatomical and functional homology between rodent and 

primate PFC (reviewed in [28–31]). Such findings provide a strong rationale for using aged 

rodents to investigate the neural mechanisms of working memory decline. Importantly, 

under normal circumstances the PFC and hippocampus work together to broadly support 

memory function spanning across both short and long durations. Support for regional 

investigation of molecular mechanisms that contribute to age-related memory decline is 

derived from substantial empirical data across species which highlight that the roles of 

hippocampus and PFC in memory can be behaviorally dissociated, as can memory 

impairments that emerge in aged populations. In particular, delayed-response tasks are often 

used to assess PFC-dependent working memory abilities in humans, nonhuman primates, 

and rodents (recently reviewed in [3,32,33]). These tasks evaluate memory for a position or 

object over a short duration, with the accuracy of the memory typically being tested in a 

choice setting. In contrast to spatial reference memory (which involves retaining information 

about a single location across days), the to-be-remembered information in a delayed-

response task varies from trial to trial, requiring the subject to continually update the 

representation being held in mind or remembered. Figure 1C shows a delayed-response task 

in which rats are required to remember the position of a response lever over delay intervals 

that range from 0 to 24 s. Damage to the medial PFC (mPFC), the rodent homolog of 

primate dorsolateral PFC, significantly impairs performance on this task in a delay-

dependent manner [34]. By contrast, lesions of the hippocampus do not disrupt performance 

and, if anything, facilitate working memory using the task shown in Figure 1C [34]. These 

data strongly suggest that any decline in delayed-response performance detected in aged rats 

is likely to be mediated by the PFC and not by the hippocampus. Indeed, while young and 

aged rats show comparable performance on the delayed-response task at short delays, aged 

rats are disproportionately impaired as the delays over which the subject must remember the 

lever location become longer [35] (Figure 1D). These data are highly consistent with 

findings from aged nonhuman primates and humans, which denote both robust age-related 

behavioral deficits using delayed-response tasks [36–39], and a decline in the 

electrophysiological signatures of working memory maintenance in the aged prefrontal 

cortex [40].

In agreement with the unique contributions of PFC and hippocampus to memory functions 

highlighted above, the neural substrates that are believed to enable long-term memory in 

hippocampus (Box 1) and working memory in PFC (Box 2) are also somewhat distinct. 

Notably, however, both require sustained excitation of pyramidal neurons as well as 

coordinated signaling from inhibitory interneurons that synthesize γ-aminobutyric acid 

(GABA). Under normal circumstances, interneurons regulate the excitation of individual 

pyramidal cells, and synchrony in neural networks, to establish the complex network 

dynamics that enable cognition [41,42]. Disruption of inhibitory signaling within cortical 

circuits is a central feature of cognitive disabilities across several psychiatric and 

neurodegenerative diseases [43,44]. Moreover, such cognitive deficits can be reproduced in 

experimental animal models in which normal GABAergic signaling has been disrupted 
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[45,46]. This review will focus on age-related changes in inhibitory signaling that 

accompany aging, with an emphasis on changes that are likely to affect function through 

extrasynaptic or presynaptic high-affinity GABAergic receptors. These data will be 

reviewed in the context of both hippocampus- and PFC-dependent memory, and as the 

potential basis for therapeutic interventions for optimizing cognitive functioning at advanced 

ages.

Overview of inhibitory signaling systems

GABA is the primary inhibitory neurotransmitter in the mammalian central nervous system. 

It is synthesized in presynaptic terminals from L-glutamic acid via a reaction that depends 

on glutamic acid decarboxylase (GAD; Figure 2). It is loaded into synaptic vesicles by the 

vesicular GABA transporter (VGAT), and released in an activity-dependent manner when 

action potentials depolarize the terminal, causing calcium influx and subsequent exocytosis. 

High concentrations of GABA are transiently produced in the synaptic cleft following action 

potential-mediated exocytosis, and some synaptically released GABA is believed to escape 

(or ‘spillover’) from the synaptic cleft into the extracellular space [47,48]. The exact 

concentration of this extrasynaptic or ambient GABA depends on a complex 

interrelationship between this process of spillover and uptake, the latter of which is mediated 

by both neuronal and non-neuronal active transport mechanisms. Of these, GAT-1 is a 

primary neuronal GABA transporter, while GAT-3 is commonly associated with non-

neuronal cells [49,50].

Receptors for GABA (GABARs) are broadly divided based on whether they are ionotropic 

(GABAARs) or metabotropic (GABABRs), but activation of either subtype is predominantly 

inhibitory in mature neurons of the adult nervous system. Ionotropic GABAARs are 

permeant to chloride ions, and thus activation of GABAARs typically produces inhibition 

either by producing a hyperpolarizing current or through a process known as shunting 

inhibition. Hyperpolarization predominates in cells that have active transport mechanisms to 

expel chloride, while shunting inhibition plays a more prominent role in cells in which 

chloride is passively distributed. By contrast, inhibition through metabotropic GABABRs is 

produced through several possible Gi/o-dependent signaling cascades, typically leading to 

either opening of potassium-selective ion channels (Figure 2) or inhibition of calcium-

selective channels.

The broad inhibitory actions of both GABAARs and GABABRs can further be divided into 

several more-specific categories typically referred to as phasic inhibition, tonic inhibition, 

and presynaptic inhibition. Phasic inhibition refers to inhibition produced by transient 

activation of GABARs in the synaptic cleft after activity-dependent exocytosis of GABA. 

This type of inhibition is mediated primarily by ionotropic GABAARs that contain the γ2 

subunit [51,52], although GABABRs can also carry a somewhat slower component of the 

fast synaptic response. Tonic inhibition refers to inhibition mediated by activation of 

extrasynaptic GABARs that are expressed outside of the synaptic cleft. Across brain 

regions, this type of inhibition is often mediated by ionotropic GABAARs that contain the δ 

subunit [53,54]. In addition, the α5 subunit is robustly expressed in hippocampus [55–57], 

and extrasynaptic GABAARs containing the α5 subunit have been shown to mediate tonic 
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inhibition in both hippocampus proper and the dentate gyrus [58,59]. Beyond GABAARs, 

extrasynaptic GABABRs also support tonic inhibitory currents in some brain regions, 

including PFC [48]. Finally, presynaptic inhibition refers to inhibition of activity-dependent 

exocytosis of neurotransmitters following activation of GABARs expressed on the 

presynaptic terminal. GABAergic autoreceptors are expressed on axon terminals that release 

GABA, while GABAergic heteroreceptors are expressed on other types of axon terminals 

[60,61].

Accumulating data highlight tonic inhibition as a particularly important regulator of 

neuronal activity and network dynamics in cortical circuits. Indeed, extrasynaptic GABARs 

are already attractive therapeutic targets for treatment of a broad range of neuropsychiatric 

disorders including depression, schizophrenia, and Parkinson’s disease [62–66]. Recent 

evidence further indicates that GABARs that mediate tonic inhibition are altered in aged 

hippocampus and PFC, suggesting that normalizing inhibitory signaling at these 

extrasynaptic receptors may also be of utility in cognitive dysfunction that accompanies the 

normal aging process.

GABAergic signaling alterations in aged hippocampus and impact on 

spatial memory

Molecular and cellular alterations in hippocampal GABA signaling

Inhibitory interneurons of the hippocampus undergo marked molecular and phenotypic 

alterations across the lifespan. In particular, beginning in middle-age, many interneurons 

cease to express GAD [67]. This reduction would be expected to confer less GABA 

synthesis and a consequent increase in hippocampal excitability. Consistent with this 

interpretation, and with data from neuropsychiatric conditions in which aberrant excitation is 

believed to contribute to memory impairment [68–70], the magnitude of decline in GAD-

expressing neurons in the hilar region of dentate gyrus strongly predicts the severity of 

spatial memory deficits among aged rats [71]. Electrophysiological studies provide further 

evidence for anomalous GABAergic signaling in the aged hippocampus. Specifically, whole 

cell patch-clamp electrophysiology has been used to isolate and evaluate GABA-mediated 

currents in individual cells in young and aged hippocampal slices. Studies employing such 

methods demonstrate a reduced frequency of spontaneous inhibitory postsynaptic potentials 

(IPSPs) in granule cells of the aged dentate gyrus [72]. Moreover, both the amplitude and 

frequency of GABAAR-mediated currents, as well as the amplitude and duration of the slow 

GABABR-mediated IPSP, are attenuated in aged CA1 pyramidal neurons [73,74].

Although parallel in vitro electrophysiological studies have not been conducted in CA3 

pyramidal neurons, substantial evidence affirms that aging is accompanied by attenuated 

GABAergic signaling and aberrant excitability in this hippocampal subregion. Specifically, 

expression of gabra5, that encodes the α5 GABAAR subunit [75], is reduced in CA3 of aged 

rats in comparison to young adults. As described above, GABAARs containing the α5 

subunit are localized extrasynaptically, and these receptors can contribute to tonic inhibition 

in the hippocampus. In addition to GABAARs, expression of the GABABR1 subunit is also 

reduced throughout the hippocampus of memory-impaired aged rats. Notably, however, 
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lower expression of GABABR1 is only accompanied by a reduction in GABABR coupling 

to its effector G protein in CA3, suggesting that age-related GABABR signaling dysfunction 

may be particularly pronounced in this hippocampal subregion [11,13]. Functional 

consequences for these age-related alterations in GABARs findings are illustrated by in vivo 

electrophysiological studies in which CA3 pyramidal neuron activity was monitored in 

behaving young and aged rats. Specifically, these studies revealed an age-related increase in 

the average and maximal firing rates of CA3 pyramidal neurons which was coupled to 

reduced specificity and plasticity associated with the encoding of spatial information 

[76,77].

GABAergic neuropharmacology and memory function

The findings described above indicate that GABA signaling is attenuated in the aged 

hippocampus, and provide a compelling rationale for targeting aberrant excitation as a 

treatment to improve memory function. Building on this rationale, the commonly prescribed 

anti-epileptic levetiracetam has been recently shown to enhance the retention of newly 

learned information over a 24 h time-period in aged rats [78]. While levetiracetam is known 

to reduce hippocampal excitation, it should be noted that the specific mechanism of action 

for such effects remains unclear and may not involve direct actions at GABARs. Indeed, it 

has been suggested that this drug may regulate cellular excitation by inhibition of 

neurotransmitter release via modulation of calcium channels [79,80]. Notably, however, 

other pharmacological approaches that more specifically target extrasynaptic GABARs also 

benefit memory function in rodent models of age-related memory decline. In particular, 

administration of positive allosteric modulators of α5-containing GABAARs improves 

performance of aged rats in several tests of hippocampus-dependent memory [81]. As the 

expression of α5-containing GABAARs is largely restricted to the hippocampal formation, 

these findings provide initial evidence that normalizing hippocampal hyper-excitability via 

enhancement of tonic inhibition may be beneficial for memory function in aging.

GABAergic signaling alterations in aged prefrontal cortex: impact on 

working memory

Molecular and cellular alterations in PFC GABA signaling

In agreement with findings from hippocampus, there is a reduction in the number of GAD-

expressing cells in aged PFC. Notably, however, such reductions are not unique to 

interneurons in PFC because a subtle reduction in the number of excitatory pyramidal 

neurons has also been reported in this brain region [82–84]. Moreover, the density of both 

symmetric (i.e., inhibitory) and asymmetric (i.e., excitatory) synapses decreases with age in 

the primate PFC [85]. Consistent with the structural data, magnetic resonance spectroscopy 

of the human brain reveals that both PFC GABA and glutamate concentrations decline in an 

age-dependent manner, beginning in middle-age [86]. While this body of work strongly 

supports an age-related reduction in overall PFC neurotransmission, these data do not reveal 

whether aging shifts PFC neural circuits towards greater or less excitability.

More recent findings, however, are beginning to reveal age-related cellular and molecular 

changes in PFC, that, unlike in hippocampus, support increased inhibition with advancing 
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age. For example, one study evaluating GABA-signaling protein expression in 

microdissected rat mPFC showed an increase in expression of GAD, the enzyme important 

for GABA synthesis, and a decrease in expression of the GABA transporter, GAT-1 [14], in 

aged PFC relative to young adult (Figure 3). These biochemical data suggest that there is 

increased production but decreased clearance of extracellular GABA in the aged PFC, 

findings which together suggest that aged pyramidal neurons in this brain region may be 

subject to increased inhibition.

Support for this interpretation comes from whole cell patch-clamp electrophysiology studies 

that have directly assessed GABA activity at PFC synapses. Using this approach, one study 

found an age-related increase in miniature, but not spontaneous, inhibitory postsynaptic 

currents (IPSCs) in pyramidal neurons from aged rats that exhibited behavioral impairments 

[87]. Moreover, in primates, the frequency of spontaneous, but not miniature, ISPCs 

reportedly increases with age [88]. While both studies provide support for an age-related 

increase in inhibitory transmission within the PFC, the mechanism for this enhancement is 

less clear. Recent work has begun to address this issue, building on data from young animals 

showing that GABABRs can mediate tonic inhibition of PFC pyramidal neurons [48]. 

Specifically, studies compared tonic activation of presynaptic GABAB autoreceptors 

expressed on inhibitory inputs to pyramidal cells in young and aged rats [89]. The GABABR 

agonist baclofen significantly reduced evoked IPSC amplitude in both young and aged PFC 

neurons, but the magnitude of this baclofen-mediated inhibition was attenuated in aged 

neurons. These findings suggest that there is an age-related reduction in functional GABAB 

autoreceptors localized to inhibitory inputs onto pyramidal neurons, and this possibly 

contributes to dysregulated autoregulation of GABA release (Figure 3). Subsequent 

experiments revealed further age-related differences in GABAB autoreceptors. Specifically, 

in young neurons, application of a GABABR antagonist shifted evoked IPSC amplitudes 

above baseline levels, indicating the presence of tonic GABAB autoreceptor activity. This 

GABABR antagonist-mediated shift was significantly attenuated in aged neurons, indicating 

that there is an age-related loss of tonic inhibition at these GABAB autoreceptors. Broadly, 

this body of work shows that aging is associated with a reduction in GABABR 

autoregulation of GABA release, which would be expected to increase basal inhibition of 

pyramidal neurons. This conclusion has been directly supported by findings from other 

experiments in which selective antagonists of GABAA and GABAB receptors reveal an 

increase in tonic activation of these extrasynaptic receptors on PFC pyramidal neurons [89] 

(Figure 3).

Overall, the convergent findings from the biochemical and electrophysiological experiments 

support an increase in tonic inhibition of aged PFC pyramidal neurons. Potentially in 

response to increased GABA availability, both the GABABR1 and GABABR2 subunits, 

which together form the functional GABABR complex [90,91], are significantly reduced in 

the aged PFC, as is maximal baclofen-stimulated GTP exchange, a measure of GABABR:G-

protein coupling [11,14]. Notably, downregulation of GABABRs in aging might be expected 

to compensate for age-related elevations in extracellular GABA, thereby preserving an 

optimal level of excitation required for working memory (Box 2) [92]. Consistent with this 

interpretation, the expression of both subunits constituting postsynaptic GABABRs (R1b and 
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R2) strongly predicts working memory abilities, such that lower GABABR expression is 

associated with greater accuracy on a delayed-response task (Figure 4A) [14].

GABAergic neuropharmacology and memory function

The molecular and electrophysiological analyses described above demonstrate that tonic 

inhibition is increased in the aged PFC, and that lower expression of the subunits that 

comprise postsynaptic GABABRs is strongly associated with better working memory 

abilities among aged rats. Together these findings provide a solid rationale for blocking 

excess GABA signaling at extrasynaptic GABABRs to improve working memory function 

in aging. As an initial validation of this approach, direct administration of a GABABR 

antagonist into the mPFC of aged rats significantly improves working memory function on a 

delayed-response task, such that aged rats reach a level of performance on a par with young 

controls [14] (Figure 4B). These findings were replicated in aged rats using a systemic route 

of administration, extending the preclinical validation of GABABRs as a target for age-

related decline in working memory. It is notable that, unlike many pharmacotherapies that 

can improve cognition, the benefit of GABABR antagonists was restricted to aged rats. 

Indeed, systemic administration of a GABABR antagonist in this study impaired working 

memory abilities in young rats [14]. These data, considered together with the 

electrophysiological studies described above, suggest that the differential behavioral effects 

of GABABR antagonists in young and aged rats may be mediated by the relative actions of 

the antagonist in blocking tonic GABA at presynaptic versus postsynaptic sites. Because 

antagonists exert no direct biological actions, any behavioral output conferred by a 

GABABR antagonist will result from displacement of endogenous GABA at these receptors. 

Specifically, experiments described above suggest that the primary GABAergic tone in 

young rats is present on presynaptic GABABRs. The antagonist acting at these receptors 

would be expected to block the autoregulation of GABA release, and result in increased 

extracellular GABA and increased pyramidal neuron inhibition. By contrast, this presynaptic 

GABAergic tone is lost in aging, suggesting that a GABABR antagonist administered in the 

aged PFC preferentially blocks activation of postsynaptic GABABRs and thus reduces 

pyramidal neuron inhibition (Figure 3).

Targeting inhibitory signaling in humans as a treatment for age-related cognitive decline

Given its history as a treatment for epilepsy, and the preclinical data demonstrating spatial 

memory improvement in aged rodents, levetiracetam represents a tractable clinical candidate 

for treating age-related decline of hippocampus-dependent memory. Human neuroimaging 

studies support a relationship between increased hippocampal excitability and memory 

dysfunction in aging [93,94]. In particular, patients diagnosed with mild cognitive 

impairment (MCI), who have clinically detectable memory loss and an increased propensity 

to develop AD, show significantly increased hippocampal activity compared to normal 

controls [95–98]. A recent study investigating the effects of levetiracetam in MCI patients 

reported normalization of DG/CA3 activity and improved recall in a memory task [99]. 

These data provide an initial proof-of-concept that reducing hippocampal activity may be 

useful in treating some forms of age-related memory decline.
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There have also been initial studies investigating GABABRs as a target for alleviating 

memory decline, with a focus on MCI and AD [100]. One GABABR antagonist reached 

clinical trials for cognition, and this compound was initially tested in MCI patients 

[101,102]. Patients were treated for 2 months and efficacy was evaluated periodically over 

the course of the study. Individuals given the GABABR antagonist showed significant 

improvement in working memory, psychomotor speed, and attention compared to placebo 

controls. An expanded Phase II trial was then conducted in patients meeting the diagnostic 

criteria for AD, but failed to meet its clinical endpoint. Importantly, the AD patient 

population may not be the most appropriate for GABABR antagonists because these drugs 

are likely to have their greatest effects in individuals lacking pronounced neurodegeneration 

[103,104]. Nevertheless, the data from MCI patients are consistent with recent observations 

in aged rats, and further underscore the potential efficacy of GABABR antagonists as a 

treatment for PFC-mediated cognitive decline in normal aging.

Concluding remarks and future perspectives

The divergent changes in GABAergic signaling that occur in aged hippocampus and PFC 

offer unique challenges from the perspective of treating memory decline. Based on the 

mechanistic data described above, therapeutics that target inhibitory changes in one brain 

region might be expected to exacerbate age-related dysregulation of GABAergic signaling in 

another. Indeed, there is a precedent suggesting that different therapeutic strategies may be 

required for improving memory functions supported by the hippocampus and PFC, 

specifically with respect to therapeutics that target cAMP/protein kinase A (PKA) signaling. 

Whereas cAMP activators hold promise for the alleviation of hippocampus-dependent 

memory impairment [105,106], overactivation of cAMP/PKA signaling in the PFC likely 

contributes to the manifestation of agerelated working memory decline [107–109]. As such, 

guanfacine, a negative regulator of cAMP/PKA signaling via α2-adrenergic receptors, has 

emerged as a promising clinical candidate for the improvement of PFC-dependent working 

memory in older individuals [40,110,111]. Notably, however, the cognitive benefit of 

guanfacine does not extend to hippocampus-dependent memory [112]. With respect to the 

region-specific shifts in tonic inhibition described herein, there are some clear directions for 

future investigation that could clarify strategies for normalizing inhibitory signaling and 

improving memory function in aging. First, GABA receptor subtypes that are differentially 

expressed in hippocampus and PFC could be targeted to specifically correct inhibitory 

signaling disruptions in one brain region while minimizing the influence on the other. For 

example, given the selective expression of the α5 GABAAR subunit in hippocampus, 

systemic administration of positive α5 allosteric modulators is likely to specifically 

influence GABAergic signaling within this brain region. Additional information regarding 

concurrent changes to excitatory signaling might reveal other receptor candidates to target 

for normalizing age-related signaling dysfunction. Indeed, while this review has focused on 

inhibitory signaling alterations, such changes are tightly linked to excitatory 

neurotransmission, and it is essential to determine whether there are endogenous, adaptive 

changes to excitatory signaling pathways in aging that attempt to counteract or rebalance the 

normal excitatory–inhibitory dynamic. Such compensatory mechanisms may represent 

important therapeutic targets for treating memory dysfunction.

McQuail et al. Page 9

Trends Mol Med. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It should be noted that, although GABABRs are widely distributed in brain, a body of work 

in rodent models indicates that GABABR antagonists do not impair performance on 

hippocampus-dependent memory assessments and that these drugs can actually enhance 

performance under some conditions [113,114]. The mechanisms for such enhancement are 

not well understood, but it is plausible that these compounds attenuate aberrant excitation 

via modulation of GABABR-mediated autoregulation of GABA release. Notably, the 

hippocampus and PFC are interconnected, and neurobiological alterations in one region are 

likely to impact upon the other. For example, working memory aids in the initial encoding of 

episodic or reference memory. At the same time, retrieval of information from long-term 

memory into working memory stores is important for appropriate guidance of ongoing 

behavior. An important topic for future investigation concerns better understanding how 

modulation of inhibition in hippocampus or PFC impacts on the functional connectivity 

between these regions and within the larger brain circuits that support cognition. Such data 

may provide insights regarding the clinical approaches that are likely to have the greatest 

impact in treating cognitive impairment in aging [115,116].

Beyond strategies that uniquely regulate inhibitory/ excitatory dynamics in either the PFC or 

hippocampus, additional investigation directed toward uncovering the causative mechanisms 

responsible for age-related inhibitory signaling dysfunction may reveal new targets for 

treating age-related memory decline. For example, emerging evidence suggests that 

GABAergic interneurons may be particularly vulnerable to the effects of psychogenic stress 

[117,118]. Because dysregulation of the hypothalamus–pituitary–adrenal (HPA) axis and 

protracted exposure to glucocorticoids is a well-documented feature of normal aging [8,119–

121], normalization of glucocorticoid signaling represents one avenue to explore for the 

prevention of inhibitory signaling dysfunction across both PFC and hippocampus.
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Highlights

• Prefrontal cortex and hippocampus support memory functions that decline with 

age.

• GABA-mediated inhibition plays a crucial role in neural circuits that support 

memory.

• Aging results in altered GABAergic signaling in prefrontal cortex and 

hippocampus.

• Treatments that normalize GABA signaling may improve memory in aging.
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Box 1

The role of interneurons in hippocampal circuits that support spatial 
reference memory

The hippocampus is anatomically subdivided into discrete subregions based on cellular 

and synaptic composition. Information flow is unidirectional: the dentate gyrus (DG) is 

the major input region of the hippocampus, and its constituent granule cells synapse upon 

CA3 pyramidal neurons that in turn project to CA1 pyramidal neurons (Figure I). Thus, 

DG–CA3–CA1 constitutes the classic trisynaptic pathway within which durable 

modifications to synaptic connections enable learning and memory. Importantly, the 

mechanisms of long-term synaptic modifications that support memory require highly-

precise temporal and spatial dynamics that are established in part via GABAergic 

interneurons distributed throughout hippocampal subfields. Notably, the hilus contains 

interneurons that modulate both recurrent excitation between dentate granule cells, and 

glutamatergic mossy fiber projections from the DG to CA3 pyramidal cells. Recent work 

using optogenetic approaches demonstrates that reducing activity of hilar interneurons 

impairs spatial reference memory in rodents [122]. At the cellular level, optogenetic 

inhibition of hilar interneurons increases activity of DG granule cells. These data directly 

support a role for interneurons in memory and further indicate that alterations in 

interneuron function in the hippocampus of aged rodents could contribute to memory 

decline [71,123–125]. Future work using similar approaches to regulate other distinct 

subclasses of interneurons will be important for elucidating their role in different aspects 

of memory. With respect to this issue, it is notable that interneurons may not follow the 

unidirectional pathways described above and, instead, may help to integrate the 

hippocampus by making connections among all three subdivisions [126].

Figure I. Schematic depicts the unidirectional flow of information (green arrows) among 

synaptic connections between the dentate gyrus (DG; red), CA3 (blue), and CA1 (green). 

The hilus (Hi; orange) contains interneurons that innervate not only granule cells in the 

DG but also pyramidal neurons in the CA3.
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Box 2

The role of interneurons in PFC circuits that support working memory

Unlike long-term memory, which requires persistent synaptic modification over days, 

weeks, and years, working memory requires neural activity that is only transiently stable 

(on the order of seconds), and that enables the information being held to be readily 

updated or modified. The cellular organization of the PFC is not unidirectional; instead, it 

is theorized to be comprised of many interconnected microcircuits that respond to 

specific, preferred stimuli (Figure I). Within this recurrent network, transient activation 

by a preferred stimulus will excite all other interconnected neurons and sustain activity 

that persists in the absence of continued sensory stimulation. This persistent firing is 

presumed to form the basis of mental representation that is working memory [127,128]. 

Lateral inhibition provided by interneurons (IN) enhances the relative strength of 

microcircuits that encode salient information by inhibiting neighboring microcircuits 

encoding irrelevant, competing representations [129]. Indeed, alterations to PFC 

interneurons are widely believed to cause disordered working memory in schizophrenic 

patients [44]. Prefrontal interneurons comprise diverse subtypes that differ based on 

spiking frequency, synaptic interactions, and molecular markers [129–131]. An important 

area of future work will need not only to clearly delineate what subtypes of interneurons 

are most affected by age or disease but also to determine the specific contributions of 

these individual interneuron subclasses to microcircuit function and, ultimately, to 

memory.

Figure I. Schematic depiction of two theoretical PFC microcircuits (denoted in green or 

blue) composed of reciprocally interconnected pyramidal neurons (triangles) that respond 

to a common stimulus; their sustained activation is presumed to enable the maintenance 

of a stable mental representation. Collaterals from each microcircuit also innervate an 

interneuron (IN, red circle) that laterally inhibits adjacent columns encoding competing 

representations.
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Figure 1. 
Using rodents to assess age-related decline of hippocampus- and prefrontal cortex (PFU)-

dependent memory. (Above) The schematic shows the hippocampus (green) and prefrontal 

cortex (purple) in rodent brain, which serve distinct types of memory (spatial reference 

memory and working memory, respectively). (Below) (A) The functionality of the rat 

hippocampus can be evaluated in spatial learning tasks such as the Morris water maze. The 

schematic shows the water maze task apparatus in which rats use spatial cues (represented 

by colored shapes) to learn and remember the location of a stationary escape platform (red 

circle) hidden beneath the surface in a large tank of water. A’ shows representative swim 

paths from the first (day 1) and last (day 8) training days. After training, rats with intact 

hippocampal function take a more direct path to the platform. (B) Representative 
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performance of young adult and aged rats across 8 days of training (three trials per day). 

While both young and aged rats find the platform more efficiently over time, aged rats are 

less accurate in their search, indicating attenuated hippocampus-dependent learning and 

memory function. Notably, deficits are not uniform among the aged rodent population 

(represented on vertical scatterplot). A subset of aged rats perform on a par with young rats, 

demonstrating a relative preservation of memory function. (C) The functionality of the rat 

prefrontal cortex can be evaluated using delayed-response tasks. This task assesses working 

memory, a flexible form of memory that maintains information for a brief duration 

(seconds) to help guide current and future action. The schematic shows a food-motivated, 

delayed-response task that contains three phases per trial. In the sample phase, rats are 

presented with one of two sample levers (left or right). Once the rat chooses the sample 

lever, a delay phase is initiated which ranges from 0 to 24 s. Following the delay interval, 

both levers are extended and the rat must remember and choose the lever presented in the 

sample phase to receive a food reward. The lever position in the sample phase is varied 

randomly across trials such that the rat must rely on trial-unique information to make the 

correct choice. Rats can perform many such trials in a single session (>100), and the mean 

accuracy of performance at different delay intervals provides an index of working memory 

function. (D) Both young and aged rats perform comparably and with a high degree of 

accuracy when the delay between the sample and choice phases is brief. At longer delay 

intervals aged rats are disproportionately and significantly impaired. There are individual 

differences in performance among aged rats, with some aged rats maintaining working 

memory function on a par with young rats and some demonstrating marked impairment. 

Data reproduced from [14,20,35].
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Figure 2. 
Extrasynaptic GABAARs and GABABRs mediate tonic inhibition. The schematic shows a 

GABAergic synapse and diagrams key aspects of GABAergic signaling. GABA is 

synthesized from glutamate (Glu) in the presynaptic terminal by the enzyme glutamic acid 

decarboxylase (GAD), and is removed from the extracellular space following synaptic 

release via membrane-bound transporters, including the GABA transporter GAT-1, that are 

localized to neurons and astrocytes, and GAT-3, primarily localized to astrocytes. During 

activity-dependent release, GABA acts at chloride-permeant synaptic receptors (ionotropic 
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GABAARs, shown in orange) positioned at postsynaptic sites that closely appose GABA 

terminals. In addition, GABA can spill over from the synaptic zone to activate high-affinity 

extrasynaptic GABAergic receptors, including some subtypes of GABAARs (purple 

receptors) as well as metabotropic GABABRs (green/blue/red receptors). Notably, 

GABABRs are heterodimers, containing an obligate R2 subunit and a variable R1a or R1b 

subunit (see inset at top left). GABABRs that contain R1a are preferentially targeted to 

presynaptic terminals where they serve as autoreceptors and regulate GABA release by 

blocking action potential-dependent exocytosis of GABA-containing vesicles. GABABRs 

that contain R1b are preferentially targeted to dendrites where they contribute to tonic 

inhibition through opening of potassium channels. The bottom panel shows representative 

traces from whole cell patchclamp recordings from a cortical neuron. The trace under 

baseline conditions shows phasic inhibitory postsynaptic currents (red stars) produced by 

spontaneous vesicular release of GABA and subsequent activation of synaptic GABAARs. 

Application of a GABAAR antagonist eliminates these phasic currents and also produces a 

change in the holding current (ΔIHold) of the postsynaptic cell. The change in holding 

current is produced by the blockade of extrasynaptic GABAARs tonically activated by low 

levels of ambient GABA.
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Figure 3. 
Age-related dysregulation of tonic GABA signaling at prefrontal cortex (PFC) synapses. 

The schematic shows representative presynaptic terminals from young adult and aged rat 

PFC that illustrate age-related changes in GABAergic signaling protein expression. 

Presynaptically, expression of glutamic acid decarboxylase (GAD) is upregulated in the 

aged PFC, and there is a concurrent reduction in expression of GABA transporter GAT-1 

and GABABR1a [11,14]. These changes suggest an imbalance in the capacity to produce 

GABA relative to the ability to clear synaptic GABA or inhibit its further release. This 

biochemical evidence is corroborated by electrophysiological findings that suggest that the 

loss of autoreceptors manifests as a reduction in presynaptic GABA tone that normally 

limits further GABA release [89]. Consequently, there is an increase in extracellular GABA 

that increases the tonic activation of postsynaptic GABA receptors [89]. Together, these 

alterations would be expected to confer an agerelated increase in basal inhibition of PFC 

pyramidal neurons.
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Figure 4. 
Targeting GABABR signaling to improve working memory. (A) Likely in response to 

excess GABABR-mediated inhibition, expression of the subunits that together form 

postsynaptic GABABRs (GABABR1b and GABABR2) is reduced in the aged medial 

prefrontal cortex (mPFC) [11,14]. The downregulation of postsynaptic GABABRs receptor 

might serve to compensate for the excess inhibition described above as well as help to 

preserve the persistent activity of pyramidal neurons that is required for working memory 

maintenance. In support of this hypothesis, the bottom-right panel shows that, among aged 

rats, lower GABABR1b and GABABR2 expression strongly predicts better working 

memory. (B) If the downregulation of GABABRs is a crucial mechanism for preserved 

working memory in aging, then blockade of GABABR signaling should restore working 

memory in impaired aged subjects. The line graph shows performance of a cohort of aged 

rats (red circles) that are impaired relative to young adult rats (blue circles) on the delayed-

response task. Using a within-subjects design, in which the same aged subjects shown in red 

were administered a GABABR antagonist CGP55845 (CGP) directly into the PFC (green 

circles), aged rat performance is restored to that of young adults. Data reproduced from [14].
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