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Key point box

 Astrogliosis in Alzheimer’s disease can lead to the changes in the expression 

levels of proteins which are important for the glutamate-glutamine cycle. 

 Aβ oligomers can decrease the expression levels of GLT-1 and GS proteins in the 

brain leading to an increase in seizure susceptibility. 

 Neuroinflammation in Alzheimer’s disease can cause a loss of function in 

astrocytes, resulting in an increase in seizure susceptibility.

Summary 

Alzheimer’s disease (AD) can increase the risk of epilepsy by up to 10-fold compared to 

healthy age-matched controls. However, the pathological mechanisms which underlie this 

increased risk are poorly understood. Since disruption in brain glutamate homeostasis has 

been implicated in both AD and epilepsy, this might play a mechanistic role in the 

pathogenesis of epilepsy in AD. Prior to the formation of amyloid-β (Aβ) plaques, the brain 

can undergo pathological changes as a result of increased production of Amyloid Precursor 

Protein (APP) and Aβ oligomers. Impairments in the glutamate uptake ability of astrocytes 

due to astrogliosis is hypothesised to be an early event occurring before Aβ plaque formation. 

Astrogliosis may increase the susceptibility to epileptogenesis of the brain via accumulation 

of extracellular glutamate and resulting excitotoxicity. Here we hypothesise that Aβ 

oligomers and proinflammatory cytokines can cause astrogliosis and accumulation of 

extracellular glutamate, which then contribute to the pathogenesis of epilepsy in AD. In this 

review article, we consider the evidence supporting a potential role of dysfunction of the 

glutamate-glutamine cycle and the astrocyte in the pathogenesis of epilepsy in AD. 

Keywords: Epileptogenesis, seizures, Alzheimer’s disease, glutamate, astrogliosis, 

neuroinflammation, amyloid-β 
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Introduction

The bidirectional relationship between Alzheimer’s disease and epilepsy

The prevalence of Alzheimer’s disease continues to rise globally as the proportion of 

the older population in many countries continues to grow. Currently, 50 million people in the 

world are living with dementia, which is placing a global financial burden of approximately 1 

trillion US dollars annually1. It is predicted that by the year 2050, there will be 150 million 

people living with dementia and the financial burden will double by 20301. Alzheimer’s 

disease (AD) is the most prevalent type of dementia, contributing ~60-70% of cases1. 

In addition to deteriorating cognitive function, many AD patients also experience 

spontaneous seizures and epilepsy. It has been reported that AD patients have up to 10-fold 

higher risk of developing epilepsy compared to healthy age-matched controls2-5, although it 

should be noted that, in some of these reports, a diagnosis of AD was made from clinical 

observations, and so the enrolled patients would presumably also include cases of non-AD 

dementia. In addition, the relationship between AD/dementia and epilepsy is bidirectional: 

many patients with epilepsy also experience cognitive disturbances similar to dementia 

patients6, 7, and epilepsy patients (also including a heterogeneous collection of epilepsy 

subtypes) have a 2-fold greater risk of suffering dementia8 compared with controls. Despite 

such evidence supporting elevated risk of epilepsy in AD patients, the mechanisms involved 

in the pathogenesis of epilepsy in this population have not been elucidated. Moreover, there is 

still no cure for AD or epilepsy and the current treatments are symptomatic with no disease-

modifying effect. Understanding the mechanisms of epileptogenesis in AD would potentially 

aid the development of targeted preventive or disease-modifying therapies. 

Toward this end, animal models of AD can be powerful tools to investigate the links 

between AD and epilepsy. Although rodent models do not display the full AD pathology 

spectrum, they allow us to isolate and investigate the impact of individual pathologies 

associated with AD on brain physiology, which is largely not practical in humans. It has been 

reported in multiple studies that mouse models of AD that overexpress mutant human 

amyloid precursor protein (APP) have a higher mortality rate than the non-transgenic 

littermate9, 10 and this may be caused by unprovoked seizures11, 12. Indeed, spontaneous 

seizures13-15 and seizure-like events, such as interictal spikes16, has been observed in several 

mouse models of AD. It was also reported that mouse models of AD with mutant APP 

overexpression exhibit neuronal hyperactivity, especially in the area near the amyloid β (Aβ) 

plaque17. Recently, different studies have confirmed that rodent models of AD have higher 

susceptibility to kainic acid18, pentylenetetrazole19 and kindling-induced seizures20 compared 
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to the wild-type (WT) littermates. These findings support the use of rodent models of AD to 

investigate the pathogenesis of epilepsy in AD. 

The Glutamate-Glutamine Cycle

Glutamate is the most abundant excitatory neurotransmitter in the central nervous 

system (CNS) and is responsible for nearly all excitatory synaptic activities in the brain. The 

movement and metabolism of glutamate is tightly controlled by the glutamate-glutamine 

cycle. This cycle involves uptake of extracellular glutamate into nearby astrocytes (driven by 

Glutamate Transporter 1 (GLT-1)), astrocytic conversion of glutamate to glutamine (via the 

Glutamine Synthetase (GS) enzyme), transfer of glutamine to the extracellular milieu via the 

SNAT3 transporter, and then into the pre-synaptic neuron via the SNAT1 transporter21, and 

finally conversion of glutamine into glutamate by GLS, an enzyme highly enriched in the 

mitochondria of the pre-synaptic neurons22. The rapid uptake and conversion of glutamate by 

astrocytes prevents prolonged post-synaptic glutamatergic receptor activation, which if left 

unchecked, could trigger excitotoxicity and seizures, thus extracellular glutamate must be 

removed promptly after release22-24. Changes in the function or expression of any of these key 

glutamate-glutamine proteins would be anticipated to cause a shift in the equilibrium of 

extracellular glutamate25 (Figure 1A). In this review, we propose that the Glutamate-

Glutamine cycle plays a role in the pathogenesis of epilepsy in Alzheimer’s disease. While 

other mechanisms may be very relevant26, 27, the following section will discuss the evidence 

from the literature on the role of alterations to the Glutamate-Glutamine cycle in the 

pathogenesis of AD and epilepsy.

The Glutamate-Glutamine Cycle: a link between Alzheimer’s disease and epilepsy?

It is known that dysregulation of glutamate in the brain can contribute to the 

pathogenesis of both AD28, 29 and of epilepsy24. However, the mechanism that links AD 

pathologies, such as Aβ, APP and tau, to the dysregulation of glutamate and epileptic seizure 

susceptibility in patients is not elucidated. Since AD is not associated with just one pathology 

but rather a combination of many, such as Aβ, tau phosphorylation and neuroinflammation30, 

it is important to investigate the physiological target that these pathologies may have in 

common. We propose here that AD pathologies can increase the risk of seizure by disrupting 

the functional role of astrocytes in the Glutamate-Glutamine cycle, which leads abnormal 

glutamate homeostasis. 
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The main physiological function of the astrocyte is to support and protect neurons by 

providing nutrients and regulating neurotransmitter levels. Astrocytes are heavily involved in 

maintaining glutamate homeostasis in the CNS via the tripartite synapse structure, which 

consists of a pre-synapse, a post-synapse and an astrocytic process31 (Figure 1A). Changes in 

the expression levels of astrocyte-specific protein such as GLT-1 and GS may therefore lead 

dysregulated glutamate homeostasis. Astrogliosis is a process triggered by CNS damage 

and/or disease involving activation and proliferation of astrocytes. In such conditions, the 

cells undergo striking morphological, metabolic and functional transformations as part of the 

hosts endogenous defence mechanism to minimise damage and restore homeostasis. 

Astrogliosis and glutamate homeostasis dysfunction have been associated with the 

pathogenesis of AD29, 32 and of epilepsy33, 34. Astrogliosis may occur in response to AD 

pathologies such as Aβ29, which can then disrupt normal astrocytic glutamate uptake35. Since 

astrocytes are the most important regulator of extracellular glutamate36, disruption in 

glutamate uptake via astrogliosis may result in neurotransmitter accumulation in the synaptic 

cleft. Below, we discuss mechanisms that AD pathologies – in particular Aβ species – 

interact with astrocytes and the Glutamate-Glutamine cycle, and how this may lead to 

increased seizure susceptibility (Figure 1B).

Interaction between amyloid-β and the glutamate-glutamine cycle increases risk of seizure

Aβ is one of the major hallmarks of AD and it has been reported that this pathology is 

associated with astrogliosis37-39. Rodent models of AD which overexpress Aβ demonstrate an 

astrogliosis phenotype, and this typically precedes formation of Aβ plaques40. This might 

mean that Aβ can affect the glutamate-glutamine cycle before plaque formation, with 

evidence from animal studies also suggesting that cognitive and neuronal network 

impairments are observed prior to formation of Aβ plaques41-43. In addition, astrocytes (and 

microglia) are involved in the clearance and degradation of Aβ44. In AD, this clearance is 

decreased due to the overproduction of Aβ and/or impairments in the phagocytic capability of 

glial cells45, 46. This accelerates the accumulation of Aβ protein in the brain, which can further 

enhance reactive astrogliosis. This section will discuss the interaction between Aβ and 

astrocytes and how associated mechanisms can affect the glutamate-glutamine cycle. Below, 

we will further elaborate on alternate mechanisms relating to reactive astrocyte release of 

proinflammatory cytokines which also modulate excitability.
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Changes in GLT-1 and GS expression levels are associated with higher seizure susceptibility

There is evidence from human studies47-50 and rodent models51, 52 suggesting that 

GLT-1 gene and protein expression is reduced by AD pathologies. In human temporal lobe 

epilepsy (TLE), one study reported a significant increase in GLT-1 protein and mRNA in 

hippocampus samples collected from TLE patients 55. This increase in expression might be 

caused by a compensatory mechanism that results in the upregulation of GLT-1 expression to 

counteract elevated glutamate levels associated with seizures 55. However, others studies 

failed to identify differences GLT-1 protein expression in neocortex and temporal cortex of 

patients, compared to the healthy controls 53, 54. Despite these findings, data from human 

study is currently lacking and the effect of epilepsy on GLT-1 expression in humans remains 

to be clarified.

On the other hand, there is extensive evidence from rodent models to support the 

hypothesis that loss of GLT-1 could mediate increase in seizure susceptibility in AD. This 

pathway involves the presence of oligomeric Aβ, which can reduce expression of GLT-1 in 

rat astrocyte cultures via the transcriptional regulator nuclear factor of activated t-cells 

(NFAT)56. In addition, evidence from ex vivo studies provided insights into the functional 

interactions between AD pathologies and GLT-1 function. One study demonstrated that Aβ 

oligomers decrease astrocytic glutamate uptake via the promotion of GLT-1 internalisation 

from the surface of the astrocyte57. Also, Aβ oligomers could significantly inhibit glutamate 

uptake in rat astrocytic cultures via an increase in oxidative stress and ubiquitination of GLT-

157, 58. The consequences of reduced GLT-1 appears to be detrimental: cross-breeding 

APP/PS1 mice (a prominent AD mouse model) with heterozygous GLT-1 mice resulted in 

significantly accelerated cognitive decline, compared to APP/PS1 with wildtype GLT-1 

levels59. Furthermore, enhancing brain GLT-1 expression with β-lactam antibiotic such as 

ceftriaxone improved cognitive function in mouse models of AD52, 60. Together, these reports 

suggest that AD pathologies, such as Aβ and mutant human APP overexpression, may 

decrease expression of GLT-1 in the brain and this loss of GLT-1 expression correlates with 

cognitive decline. Furthermore, astrocytic dysfunction and consequential changes in 

glutamate homeostasis may take place in the presymptomatic stages of AD, without relying 

on the presence of Aβ plaques37.

Since astrocytic GLT-1 is important for synaptic glutamate uptake, sustained and 

progressive loss of GLT-1 expression due to AD pathology could increase the risk of seizure. 

There is well established evidence from rodent models to support the association between the 

loss of GLT-1 expression and epileptic seizures. A landmark study by Tanaka and colleagues 
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demonstrated that GLT-1 deficient mice display a lethal spontaneous seizure phenotype61, 

and a subsequent study also confirmed that GLT-1 knock-out mice develop spontaneous 

seizures after 2 weeks with only 50% of the knock-out mice surviving for 8 weeks62. 

Additionally, inhibiting GLT-1 function with dihydrokainic acid increases extracellular 

glutamate and epileptiform activity in rats63. Further, selectively knocking out astrocytic 

GLT-1 in mice significantly reduced glutamate uptake from the extracellular space, and this 

was accompanied by lower survival rate of knock-out mice due to seizures64. On the contrary, 

selectively knocking out neuronal GLT-1 does not produce any abnormal neuronal discharge 

or seizure64. This evidence supports the theory that astrocytic, rather than neuronal, GLT-1 

plays an essential role in the prevention of synaptic overexcitation and seizures. On the other 

hand, transgenic mice with enhanced astrocytic GLT-1 expression display lower acute 

mortality and less frequent seizures caused by pilocarpine induced-status epilepticus (SE) 

compared to WT mice65. One time-course study investigated the effect of kainic acid 

induced-SE on the expression of GLT-1 in mice. This study found that there was a transient 

increase in the GLT-1 expression 1 day after SE, followed by a significant decrease in the 

expression 4 to 7 days after SE66. Despite that, GLT-1 expression returned to the baseline 

level in the majority of hippocampal regions 30 days after SE66. These results suggest that 

expression of GLT-1 is modified as a consequence of SE, perhaps as compensation for the 

immediate increase in glutamate release caused by SE. From the current evidence, it appears 

that loss of GLT-1 expression can be associated with AD pathologies, such as Aβ and mutant 

APP overexpression, and this may increase the seizure susceptibility due to dysregulation of 

glutamate homeostasis. 

In addition to changes in GLT-1 levels, evidence also suggests that GS, the enzyme 

responsible for metabolising glutamate to glutamine, is involved in the pathology of both AD 

and epilepsy. In human AD patients, the density of Aβ plaques is anti-correlated with GS 

protein levels in the brain67, and there is also significant loss of enzymatic activity of GS 

compared to age-matched controls68. Changes in GS protein have also been associated with 

epilepsy (reviewed in 69). In human mesial TLE patients, decreases in GS protein expression 

in hippocampus have been found compared to healthy controls, and this was accompanied by 

significantly lower GS enzymatic activity70 71. Furthermore, genetic mutations that lead to GS 

enzyme deficiency are associated with seizures in new-born humans72. 

Evidence from rodent models also support the involvement of GS in AD and epilepsy: 

in the 3xTg mouse model of AD, expression levels of GS were significantly decreased in the 

medial prefrontal cortex during the early and intermediate stages of pathology73 and in the 
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hippocampus during later stages74. Furthermore, astrocytes in close proximity to Aβ plaques 

have lower GS expression levels than astrocytes distal from the plaque74. Since GS plays an 

important role in the conversion of glutamate to glutamine in the astrocyte, the reduction in 

GS protein or decreased enzymatic activity would be expected to result in loss of astrocytic 

neuroprotective properties against glutamate-induced excitotoxicity75. With regards to 

epilepsy, one important study demonstrated that selectively knocking out GS from the cortex 

led to spontaneous seizures in mice76. This study also found that GS deficient mice had 30% 

decrease in survival rate and a significant increase in astrogliosis in the brain. Interestingly, 

knocking out the GS enzyme also resulted in a significant reduction in expression of cerebral 

GLT-176, suggesting a compensatory mechanism that involves the alternation of GLT-1 

expression to match the change in GS expression level in order to maintain normal glutamate 

homeostasis. 

The current evidence suggests that loss of GS expression may increase seizure 

susceptibility, but that seizures per se may not reduce GS expression. For example, there is 

evidence showing a transient increase in GS expression following kainic acid77 and kindling-

induced seizures78. On the other hand, pilocarpine-induced SE in rats results in a gradual 

decrease in GS levels79. Although these results are not consistent, they do indicate that 

changes in the level of GS enzyme in the brain can be associated with epilepsy. Currently, 

there is not sufficient evidence to determine whether inhibiting or enhancing GS levels in the 

brain may be beneficial for the treatment of epilepsy. 

In summary, the current evidence suggests that the expression and function of both 

GLT-1 and GS can be altered by AD pathologies, and the loss of these proteins would be 

expected to alter glutamate homeostasis and consequently increase seizure susceptibility. 

Influence of proinflammatory cytokines on seizure susceptibility in AD

Since proinflammatory cytokines have been implicated in the pathogenesis of both 

AD80 and epilepsy81, and these are associated with gliosis, it is also important to consider 

how cytokines themselves contribute to the increase in seizure susceptibility in AD. In 

addition to affecting the expression of proteins that are involved in the glutamate/glutamine 

cycle, soluble Aβ can also act as a damage-associated molecular pattern (DAMP)82. As such, 

increasing soluble Aβ can exacerbate release of proinflammatory cytokines such as 

interleukin 1 beta (IL-1) from glial cells, which in turn may contribute to the increase in 

seizure susceptibility82, 83. 
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Proinflammatory cytokines released by reactive astrocytes as a consequence of 

astrogliosis can act through both autocrine and paracrine manners to enhance the expression 

of other proinflammatory cytokines39. For example, IL-1 and TNF- can induce astrocytic 

release of IL-684, 85. In addition to perpetuating and accentuating the neuroinflammatory 

cycle, cytokines released by these cells can trigger mechanisms that also disrupt glutamate 

homeostasis and consequently increase in seizure susceptibility. We propose two primary 

mechanisms that might be relevant to this: alterations in gliotransmission, and facilitation of 

excitatory neurotransmission.

Gliotransmission describes the release of neurotransmitter such as glutamate from 

glial cells for the purpose of cell to cell communication. There is evidence to suggest that 

proinflammatory cytokines, including IL-6, can trigger the release of gliotransmitters such as 

glutamate from reactive astrocytes86-88. This release of glutamate is Ca2+-dependent89 and it 

has been shown that IL-690 can increase the influx of Ca2+ into astrocytes, thus increasing the 

release of glutamate into the synaptic cleft. The amount of glutamate released from the 

reactive astrocyte is sufficient to activate high affinity glutamate receptors such as the N-

methyl-D-aspartate (NMDA) receptor91 and therefore this increase in glutamatergic 

activation can contribute to brain excitability. Whether this distinct mechanism contributes to 

epilepsy in AD warrants exploration.

Proinflammatory cytokines are also recognised to facilitate excitatory 

neurotransmission. Here, the role of IL-1 has been highlighted since it is a potent 

proinflammatory cytokine that is associated with the pathogenesis of epilepsy via long-term 

and rapid mechanisms92. The long-term effects of IL-1 involve genomic events, which lead 

to structural and functional changes in glial and neuronal networks92. For example, the 

expression of genes that are reported to be associated with epilepsy, such as HCN1, can be 

significantly increased92. These changes cause neurons to be prone to excitatory synaptic 

transmission by neurotransmitters such as glutamate, theoretically leading to susceptibility to 

seizures93. Alternatively, the rapid mechanism involves kinases and changes in ion channel 

function81. In this mechanism, IL-1 released by the reactive astrocyte activates neuronal 

kinase systems such as Src tyrosine kinase via the interleukin-1 receptor type 1, which then 

cause ion channels such as NMDA receptor to be phosphorylated94. This phosphorylation can 

directly increase Ca2+ influx and decrease seizure threshold via the glutamatergic pathway95, 

leading to neuronal hyperexcitability. Therefore, the increase in the level of proinflammatory 

cytokines in AD may contribute to increased seizure susceptibility. 
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Future Research Directions 

In conclusion, there is converging evidence supporting the role of astrocytes and the 

glutamatergic pathway in the pathogenesis of epilepsy in AD. In AD, increased production of 

Aβ can result in astrogliosis, alterations in glutamate homeostasis and elevated 

proinflammatory cytokines, which may increase susceptibility to epilepsy. Furthermore, 

astrogliosis can be one of the earliest events in AD pathology triggered by Aβ oligomers, and 

does not rely on the presence of mature plaques. Because astrocytes play many crucial roles 

in the maintenance of healthy brain function, it would be beneficial if astrocytic dysfunction 

in AD can be corrected, for instance by enhancing GLT-1 expression level 

pharmacologically, to restore glutamate uptake efficiency. Interactions and relationship 

between soluble Aβ and proinflammatory cytokines should also be the focus of future 

research, especially since the human data on this topic is lacking. Such experimental 

investigations are warranted, based on existing evidence. 

Currently, there is no reliable early biomarker for epilepsy in AD, it is important to 

identify specific, sensitive and stable candidates96. The current literature suggests that 

astrogliosis in AD can take place prior to Aβ plaque formation40 and therefore investigating 

how this pathway is affected by the early AD pathology might enhance our chance of 

identifying a biomarker for the presymptomatic or the mild cognitive impairment stage of 

AD. This may allow AD to be diagnosed earlier, which will be critical for the prevention of 

seizures in AD patients. Early diagnosis of AD would also allow important data on the 

mechanisms that link AD to epilepsy to be generated.

Future research should also aim to detect regional in vivo level of extracellular 

glutamate, rather than the total level of glutamate. In the CNS, the level of intracellular 

glutamate is higher than the extracellular glutamate97 and therefore changes in the level of 

extracellular glutamate can be overshadowed by the intracellular glutamate level when using 

such techniques as magnetic resonance spectroscopy, or tissue homogenisation. Therefore, 

measuring astrocytic glutamate uptake from the synaptic cleft would provide more insights 

into a potential compensatory mechanism that can counter the disruption in the brain 

glutamate homeostasis caused by the AD pathology. Furthermore, there is little evidence on 

the effect of AD pathologies on the expression of GLS, SNAT1 and SNAT3 – other key 

enzymes involved in the glutamate-glutamine cycle, particularly in human subjects. Thus, 

more investigation is needed to understand the effect of AD pathologies on the glutamate-

glutamine cycle as a whole. These insights on the involvement of astrocyte and glutamate-

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

glutamine cycle may reveal novel drug targets for reducing seizure susceptibility in AD or 

slowing the progression of AD pathologies.  

We also must consider the strengths and limitations of our current ‘animal models of 

AD’. To date, these are generated almost exclusively by manipulating the genome of mice 

using transgenic technologies. Gene mutations identified in patients can be simply inserted 

into mouse DNA, oftentimes with that gene overexpressed, allowing us to examine the 

impact of, say, mutant APP on epilepsy susceptibility. These methods have proven invaluable 

in creating a greater understanding of the pathological development of plaques, and of 

facilitating development of treatments targeting plaques. But they are first and foremost 

models of Aβ, not of AD, since the pathology of AD involves other aspects, notably 

neurofibrillary tangles composed of hyperphosphorylated tau, as well as substantial neuronal 

loss – features missing from our current models. The other primary criticism is that these are 

based on models of familial AD, which only accounts for a small proportion of all AD 

(sporadic forms are estimated to be >95% of all AD patients)30. However, the field is moving 

in the right direction. Perhaps driven by failures of multiple clinical trials which were 

initiated following success in animal models98, there is a growing appreciation of the need to 

develop new models of disease, incorporating risk factors, such as APOε4 and environmental 

cues99, as well as moving from a reliance on rodent models100, and moving away from 

mutations in APP and PSEN genes. In the current context, much of the evidence supporting a 

role for the glutamate/glutamine cycle as a mechanism driving seizure susceptibility in AD is 

generated from these animal models. While this is currently compelling, future studies must 

also take advantage of the new wave of animal modelling to explore this hypothesis further.
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Figure 1: A simplified schematic of the tripartite synapse illustrating the Glutamate-

Glutamine cycle (A) under normal circumstances and (B) in the presence of AD pathology-

associated molecules such as Aβ oligomers and proinflammatory cytokines. (A) In 

homeostatic conditions, glutamate is taken up into astrocytes via GLT-1, converted to 

glutamine by GS, and transported back to the presynaptic terminal via SNAT proteins. 

Glutamine is then converted back to glutamate, ready to be released upon neuronal 

stimulation. (B) In AD, astrocytes undergo structural and functional transformation through a 

process called astrogliosis. These transformations lead to reduced expression of 

Glutamate Glutamine cycle associated proteins such as GLT-1 and GS, thus decreasing the 

rate of extracellular glutamate uptake and glutamine synthesis. In addition, astrogliosis results 

in the release of proinflammatory cytokines such as IL-β, and gliotransmitters such as 

glutamate, into the synaptic cleft. Together, this alters the fidelity of the glutamate-glutamine 

cycle, resulting in accumulation of extracellular glutamate in the synaptic cleft, and 

potentially leading to synaptic hyperexcitability and increases in seizure susceptibility

Reference

1. World Alzheimer Report 2018 [database on the Internet]. 2018 [cited 12 October 

2018]. Available from: https://www.alz.co.uk/research/worldalzheimerreport2016sheet.pdf.

2. Hauser WA, Morris ML, Heston LL, Anderson VE. Seizures and myoclonus in 

patients with Alzheimer's disease Neurology. 1986 Sep;36:1226-1230.

3. Palop JJ, Mucke L. Network abnormalities and interneuron dysfunction in Alzheimer 

disease Nat Rev Neurosci. 2016 Dec;17:777-792.

4. Amatniek JC, Hauser WA, DelCastillo-Castaneda C, Jacobs DM, Marder K, Bell K, 

et al. Incidence and predictors of seizures in patients with Alzheimer's disease Epilepsia. 

2006 May;47:867-872.

5. Lyou HJ, Seo KD, Lee JE, Pak HY, Lee JH. Association of Alzheimer's Disease with 

the Risk of Developing Epilepsy: a 10-Year Nationwide Cohort Study Dement Neurocogn 

Disord. 2018 Dec;17:156-162.

6. Sen A, Capelli V, Husain M. Cognition and dementia in older patients with epilepsy 

Brain. 2018 Jun 1;141:1592-1608.

7. Bell B, Lin JJ, Seidenberg M, Hermann B. The neurobiology of cognitive disorders in 

temporal lobe epilepsy Nat Rev Neurol. 2011 Mar;7:154-164.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://www.alz.co.uk/research/worldalzheimerreport2016sheet.pdf


This article is protected by copyright. All rights reserved

8. Stefanidou M, Beiser AS, Himali JJ, Peng TJ, Devinsky O, Seshadri S, et al. Bi-

directional association between epilepsy and dementia: The Framingham Heart Study 

Neurology. 2020 Dec 15;95:e3241-e3247.

9. Hsiao KK, Borchelt DR, Olson K, Johannsdottir R, Kitt C, Yunis W, et al. Age-

related CNS disorder and early death in transgenic FVB/N mice overexpressing Alzheimer 

amyloid precursor proteins Neuron. 1995 Nov;15:1203-1218.

10. Leissring MA, Farris W, Chang AY, Walsh DM, Wu X, Sun X, et al. Enhanced 

proteolysis of beta-amyloid in APP transgenic mice prevents plaque formation, secondary 

pathology, and premature death Neuron. 2003 Dec 18;40:1087-1093.

11. Palop JJ, Chin J, Mucke L. A network dysfunction perspective on neurodegenerative 

diseases Nature. 2006 Oct 19;443:768-773.

12. Born HA. Seizures in Alzheimer's disease Neuroscience. 2015 Feb 12;286:251-263.

13. Ziyatdinova S, Rönnbäck A, Gurevicius K, Miszczuk D, Graff C, Winblad B, et al. 

Increased epileptiform EEG activity and decreased seizure threshold in arctic APP transgenic 

mouse model of alzheimer’s disease Current Alzheimer Research. 2016;13:817-830. Article

14. Minkeviciene R, Rheims S, Dobszay MB, Zilberter M, Hartikainen J, Fulop L, et al. 

Amyloid beta-induced neuronal hyperexcitability triggers progressive epilepsy J Neurosci. 

2009 Mar 18;29:3453-3462.

15. Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT, Bien-Ly N, et al. Aberrant 

excitatory neuronal activity and compensatory remodeling of inhibitory hippocampal circuits 

in mouse models of Alzheimer's disease Neuron. 2007 Sep 6;55:697-711.

16. Kam K, Duffy AM, Moretto J, LaFrancois JJ, Scharfman HE. Interictal spikes during 

sleep are an early defect in the Tg2576 mouse model of beta-amyloid neuropathology Sci 

Rep. 2016 Jan 28;6:20119.

17. Busche MA, Eichhoff G, Adelsberger H, Abramowski D, Wiederhold KH, Haass C, 

et al. Clusters of hyperactive neurons near amyloid plaques in a mouse model of Alzheimer's 

disease Science. 2008 Sep 19;321:1686-1689.

18. Gschwind T, Lafourcade C, Gfeller T, Zaichuk M, Rambousek L, Knuesel I, et al. 

Contribution of early Alzheimer's disease-related pathophysiology to the development of 

acquired epilepsy European Journal of Neuroscience. 2018;47:1534-1562. Article

19. Bezzina C, Verret L, Juan C, Remaud J, Halley H, Rampon C, et al. Early onset of 

hypersynchronous network activity and expression of a marker of chronic seizures in the 

Tg2576 mouse model of Alzheimer's disease PLoS ONE. 2015;10. Article

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

20. Chan J, Jones NC, Bush AI, O'Brien TJ, Kwan P. A mouse model of Alzheimer's 

disease displays increased susceptibility to kindling and seizure-associated death Epilepsia. 

2015 Jun;56:e73-77.

21. Broer S, Brookes N. Transfer of glutamine between astrocytes and neurons J 

Neurochem. 2001 May;77:705-719.

22. McKenna MC. The glutamate-glutamine cycle is not stoichiometric: fates of 

glutamate in brain J Neurosci Res. 2007 Nov 15;85:3347-3358.

23. Bacci A, Sancini G, Verderio C, Armano S, Pravettoni E, Fesce R, et al. Block of 

glutamate-glutamine cycle between astrocytes and neurons inhibits epileptiform activity in 

hippocampus J Neurophysiol. 2002 Nov;88:2302-2310.

24. Barker-Haliski M, White HS. Glutamatergic Mechanisms Associated with Seizures 

and Epilepsy Cold Spring Harb Perspect Med. 2015 Jun 22;5:a022863.

25. Bak LK, Schousboe A, Waagepetersen HS. The glutamate/GABA-glutamine cycle: 

aspects of transport, neurotransmitter homeostasis and ammonia transfer J Neurochem. 2006 

Aug;98:641-653.

26. Vossel KA, Tartaglia MC, Nygaard HB, Zeman AZ, Miller BL. Epileptic activity in 

Alzheimer's disease: causes and clinical relevance Lancet Neurol. 2017 Apr;16:311-322.

27. Lin R, Jones NC, Kwan P. Unravelling the Role of Glycogen Synthase Kinase-3 in 

Alzheimer's Disease-Related Epileptic Seizures Int J Mol Sci. 2020 May 23;21.

28. Hynd MR, Scott HL, Dodd PR. Selective loss of NMDA receptor NR1 subunit 

isoforms in Alzheimer's disease J Neurochem. 2004 Apr;89:240-247.

29. Chun H, Lee CJ. Reactive astrocytes in Alzheimer's disease: A double-edged sword 

Neurosci Res. 2018 Jan;126:44-52.

30. Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL. 

Alzheimer's disease Nat Rev Dis Primers. 2015 Oct 15;1:15056.

31. Halassa MM, Fellin T, Haydon PG. The tripartite synapse: roles for gliotransmission 

in health and disease Trends Mol Med. 2007 Feb;13:54-63.

32. Merluzzi AP, Carlsson CM, Johnson SC, Schindler SE, Asthana S, Blennow K, et al. 

Neurodegeneration, synaptic dysfunction, and gliosis are phenotypic of Alzheimer dementia 

Neurology. 2018 Jul 31;91:e436-e443.

33. Robel S, Sontheimer H. Glia as drivers of abnormal neuronal activity Nat Neurosci. 

2016 Jan;19:28-33.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

34. Ortinski PI, Dong J, Mungenast A, Yue C, Takano H, Watson DJ, et al. Selective 

induction of astrocytic gliosis generates deficits in neuronal inhibition Nat Neurosci. 2010 

May;13:584-591.

35. Sofroniew MV, Vinters HV. Astrocytes: biology and pathology Acta Neuropathol. 

2010 Jan;119:7-35.

36. Danbolt NC. Glutamate uptake Prog Neurobiol. 2001 Sep;65:1-105.

37. Verkhratsky A, Olabarria M, Noristani HN, Yeh CY, Rodriguez JJ. Astrocytes in 

Alzheimer's disease Neurotherapeutics. 2010 Oct;7:399-412.

38. Batarseh YS, Duong QV, Mousa YM, Al Rihani SB, Elfakhri K, Kaddoumi A. 

Amyloid-beta and Astrocytes Interplay in Amyloid-beta Related Disorders Int J Mol Sci. 

2016 Mar 4;17:338.

39. Osborn LM, Kamphuis W, Wadman WJ, Hol EM. Astrogliosis: An integral player in 

the pathogenesis of Alzheimer's disease Prog Neurobiol. 2016 Sep;144:121-141.

40. Duyckaerts C, Potier MC, Delatour B. Alzheimer disease models and human 

neuropathology: similarities and differences Acta Neuropathol. 2008 Jan;115:5-38.

41. Li S, Hong S, Shepardson NE, Walsh DM, Shankar GM, Selkoe D. Soluble oligomers 

of amyloid Beta protein facilitate hippocampal long-term depression by disrupting neuronal 

glutamate uptake Neuron. 2009 Jun 25;62:788-801.

42. DaRocha-Souto B, Scotton TC, Coma M, Serrano-Pozo A, Hashimoto T, Sereno L, et 

al. Brain oligomeric beta-amyloid but not total amyloid plaque burden correlates with 

neuronal loss and astrocyte inflammatory response in amyloid precursor protein/tau 

transgenic mice J Neuropathol Exp Neurol. 2011 May;70:360-376.

43. Hsia AY, Masliah E, McConlogue L, Yu GQ, Tatsuno G, Hu K, et al. Plaque-

independent disruption of neural circuits in Alzheimer's disease mouse models Proc Natl 

Acad Sci U S A. 1999 Mar 16;96:3228-3233.

44. Wyss-Coray T, Loike JD, Brionne TC, Lu E, Anankov R, Yan F, et al. Adult mouse 

astrocytes degrade amyloid-beta in vitro and in situ Nat Med. 2003 Apr;9:453-457.

45. Iram T, Trudler D, Kain D, Kanner S, Galron R, Vassar R, et al. Astrocytes from old 

Alzheimer's disease mice are impaired in Abeta uptake and in neuroprotection Neurobiol Dis. 

2016 Dec;96:84-94.

46. DeWitt DA, Perry G, Cohen M, Doller C, Silver J. Astrocytes regulate microglial 

phagocytosis of senile plaque cores of Alzheimer's disease Exp Neurol. 1998 Feb;149:329-

340.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

47. Hoshi A, Tsunoda A, Yamamoto T, Tada M, Kakita A, Ugawa Y. Altered expression 

of glutamate transporter-1 and water channel protein aquaporin-4 in human temporal cortex 

with Alzheimer's disease Neuropathol Appl Neurobiol. 2018 Oct;44:628-638.

48. Kobayashi E, Nakano M, Kubota K, Himuro N, Mizoguchi S, Chikenji T, et al. 

Activated forms of astrocytes with higher GLT-1 expression are associated with cognitive 

normal subjects with Alzheimer pathology in human brain Sci Rep. 2018 Jan 26;8:1712.

49. Li S, Mallory M, Alford M, Tanaka S, Masliah E. Glutamate transporter alterations in 

Alzheimer disease are possibly associated with abnormal APP expression J Neuropathol Exp 

Neurol. 1997 Aug;56:901-911.

50. Jacob CP, Koutsilieri E, Bartl J, Neuen-Jacob E, Arzberger T, Zander N, et al. 

Alterations in expression of glutamatergic transporters and receptors in sporadic Alzheimer's 

disease J Alzheimers Dis. 2007 Mar;11:97-116.

51. Schallier A, Smolders I, Van Dam D, Loyens E, De Deyn PP, Michotte A, et al. 

Region- and age-specific changes in glutamate transport in the AbetaPP23 mouse model for 

Alzheimer's disease J Alzheimers Dis. 2011;24:287-300.

52. Fan S, Xian X, Li L, Yao X, Hu Y, Zhang M, et al. Ceftriaxone Improves Cognitive 

Function and Upregulates GLT-1-Related Glutamate-Glutamine Cycle in APP/PS1 Mice J 

Alzheimers Dis. 2018;66:1731-1743.

53. Tessler S, Danbolt NC, Faull RL, Storm-Mathisen J, Emson PC. Expression of the 

glutamate transporters in human temporal lobe epilepsy Neuroscience. 1999;88:1083-1091.

54. Bjornsen LP, Eid T, Holmseth S, Danbolt NC, Spencer DD, de Lanerolle NC. 

Changes in glial glutamate transporters in human epileptogenic hippocampus: inadequate 

explanation for high extracellular glutamate during seizures Neurobiol Dis. 2007 Feb;25:319-

330.

55. Proper EA, Hoogland G, Kappen SM, Jansen GH, Rensen MG, Schrama LH, et al. 

Distribution of glutamate transporters in the hippocampus of patients with pharmaco-resistant 

temporal lobe epilepsy Brain. 2002 Jan;125:32-43.

56. Abdul HM, Sama MA, Furman JL, Mathis DM, Beckett TL, Weidner AM, et al. 

Cognitive decline in Alzheimer's disease is associated with selective changes in 

calcineurin/NFAT signaling J Neurosci. 2009 Oct 14;29:12957-12969.

57. Scimemi A, Meabon JS, Woltjer RL, Sullivan JM, Diamond JS, Cook DG. Amyloid-

beta1-42 slows clearance of synaptically released glutamate by mislocalizing astrocytic GLT-

1 J Neurosci. 2013 Mar 20;33:5312-5318.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

58. Tong H, Zhang X, Meng X, Xu P, Zou X, Qu S. Amyloid-beta peptide decreases 

expression and function of glutamate transporters in nervous system cells Int J Biochem Cell 

Biol. 2017 Apr;85:75-84.

59. Mookherjee P, Green PS, Watson GS, Marques MA, Tanaka K, Meeker KD, et al. 

GLT-1 loss accelerates cognitive deficit onset in an Alzheimer's disease animal model J 

Alzheimers Dis. 2011;26:447-455.

60. Zumkehr J, Rodriguez-Ortiz CJ, Cheng D, Kieu Z, Wai T, Hawkins C, et al. 

Ceftriaxone ameliorates tau pathology and cognitive decline via restoration of glial glutamate 

transporter in a mouse model of Alzheimer's disease Neurobiol Aging. 2015 Jul;36:2260-

2271.

61. Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M, Takahashi K, et al. 

Epilepsy and exacerbation of brain injury in mice lacking the glutamate transporter GLT-1 

Science. 1997 Jun 13;276:1699-1702.

62. Zhou Y, Waanders LF, Holmseth S, Guo C, Berger UV, Li Y, et al. Proteome analysis 

and conditional deletion of the EAAT2 glutamate transporter provide evidence against a role 

of EAAT2 in pancreatic insulin secretion in mice J Biol Chem. 2014 Jan 17;289:1329-1344.

63. Butcher SP, Jacobson I, Hamberger A. On the epileptogenic effects of kainic acid and 

dihydrokainic acid in the dentate gyrus of the rat Neuropharmacology. 1988 Apr;27:375-381.

64. Petr GT, Sun Y, Frederick NM, Zhou Y, Dhamne SC, Hameed MQ, et al. Conditional 

deletion of the glutamate transporter GLT-1 reveals that astrocytic GLT-1 protects against 

fatal epilepsy while neuronal GLT-1 contributes significantly to glutamate uptake into 

synaptosomes J Neurosci. 2015 Apr 1;35:5187-5201.

65. Kong Q, Takahashi K, Schulte D, Stouffer N, Lin Y, Lin CL. Increased glial 

glutamate transporter EAAT2 expression reduces epileptogenic processes following 

pilocarpine-induced status epilepticus Neurobiol Dis. 2012 Aug;47:145-154.

66. Hubbard JA, Szu JI, Yonan JM, Binder DK. Regulation of astrocyte glutamate 

transporter-1 (GLT1) and aquaporin-4 (AQP4) expression in a model of epilepsy Exp Neurol. 

2016 Sep;283:85-96.

67. Le Prince G, Delaere P, Fages C, Lefrancois T, Touret M, Salanon M, et al. 

Glutamine synthetase (GS) expression is reduced in senile dementia of the Alzheimer type 

Neurochem Res. 1995 Jul;20:859-862.

68. Smith CD, Carney JM, Starke-Reed PE, Oliver CN, Stadtman ER, Floyd RA, et al. 

Excess brain protein oxidation and enzyme dysfunction in normal aging and in Alzheimer 

disease Proc Natl Acad Sci U S A. 1991 Dec 1;88:10540-10543.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

69. Eid T, Tu N, Lee TS, Lai JC. Regulation of astrocyte glutamine synthetase in epilepsy 

Neurochem Int. 2013 Dec;63:670-681.

70. Eid T, Thomas MJ, Spencer DD, Runden-Pran E, Lai JC, Malthankar GV, et al. Loss 

of glutamine synthetase in the human epileptogenic hippocampus: possible mechanism for 

raised extracellular glutamate in mesial temporal lobe epilepsy Lancet. 2004 Jan 3;363:28-37.

71. van der Hel WS, Notenboom RG, Bos IW, van Rijen PC, van Veelen CW, de Graan 

PN. Reduced glutamine synthetase in hippocampal areas with neuron loss in temporal lobe 

epilepsy Neurology. 2005 Jan 25;64:326-333.

72. Haberle J, Gorg B, Rutsch F, Schmidt E, Toutain A, Benoist JF, et al. Congenital 

glutamine deficiency with glutamine synthetase mutations N Engl J Med. 2005 Nov 

3;353:1926-1933.

73. Kulijewicz-Nawrot M, Sykova E, Chvatal A, Verkhratsky A, Rodriguez JJ. 

Astrocytes and glutamate homoeostasis in Alzheimer's disease: a decrease in glutamine 

synthetase, but not in glutamate transporter-1, in the prefrontal cortex ASN Neuro. 2013 Oct 

7;5:273-282.

74. Olabarria M, Noristani HN, Verkhratsky A, Rodriguez JJ. Age-dependent decrease in 

glutamine synthetase expression in the hippocampal astroglia of the triple transgenic 

Alzheimer's disease mouse model: mechanism for deficient glutamatergic transmission? Mol 

Neurodegener. 2011 Jul 30;6:55.

75. Zou J, Wang YX, Dou FF, Lu HZ, Ma ZW, Lu PH, et al. Glutamine synthetase down-

regulation reduces astrocyte protection against glutamate excitotoxicity to neurons 

Neurochem Int. 2010 Mar;56:577-584.

76. Zhou Y, Dhaher R, Parent M, Hu QX, Hassel B, Yee SP, et al. Selective deletion of 

glutamine synthetase in the mouse cerebral cortex induces glial dysfunction and vascular 

impairment that precede epilepsy and neurodegeneration Neurochem Int. 2019 Feb;123:22-

33.

77. Hammer J, Alvestad S, Osen KK, Skare O, Sonnewald U, Ottersen OP. Expression of 

glutamine synthetase and glutamate dehydrogenase in the latent phase and chronic phase in 

the kainate model of temporal lobe epilepsy Glia. 2008 Jun;56:856-868.

78. Sun HL, Zhang SH, Zhong K, Xu ZH, Feng B, Yu J, et al. A Transient Upregulation 

of Glutamine Synthetase in the Dentate Gyrus Is Involved in Epileptogenesis Induced by 

Amygdala Kindling in the Rat PLoS One. 2013;8:e66885.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

79. van der Hel WS, Hessel EV, Bos IW, Mulder SD, Verlinde SA, van Eijsden P, et al. 

Persistent reduction of hippocampal glutamine synthetase expression after status epilepticus 

in immature rats Eur J Neurosci. 2014 Dec;40:3711-3719.

80. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL, et al. 

Neuroinflammation in Alzheimer's disease Lancet Neurol. 2015 Apr;14:388-405.

81. Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation in epilepsy Nat 

Rev Neurol. 2011 Jan;7:31-40.

82. Clark IA, Vissel B. Amyloid beta: one of three danger-associated molecules that are 

secondary inducers of the proinflammatory cytokines that mediate Alzheimer's disease Br J 

Pharmacol. 2015 Aug;172:3714-3727.

83. Srikrishna G, Freeze HH. Endogenous damage-associated molecular pattern 

molecules at the crossroads of inflammation and cancer Neoplasia. 2009 Jul;11:615-628.

84. Van Wagoner NJ, Benveniste EN. Interleukin-6 expression and regulation in 

astrocytes J Neuroimmunol. 1999 Dec;100:124-139.

85. Perkins ND. Integrating cell-signalling pathways with NF-kappaB and IKK function 

Nat Rev Mol Cell Biol. 2007 Jan;8:49-62.

86. Harada K, Kamiya T, Tsuboi T. Gliotransmitter Release from Astrocytes: Functional, 

Developmental, and Pathological Implications in the Brain Front Neurosci. 2015;9:499.

87. Kang N, Xu J, Xu Q, Nedergaard M, Kang J. Astrocytic glutamate release-induced 

transient depolarization and epileptiform discharges in hippocampal CA1 pyramidal neurons 

J Neurophysiol. 2005 Dec;94:4121-4130.

88. Perez EL, Lauritzen F, Wang Y, Lee TS, Kang D, Zaveri HP, et al. Evidence for 

astrocytes as a potential source of the glutamate excess in temporal lobe epilepsy Neurobiol 

Dis. 2012 Sep;47:331-337.

89. Volterra A, Meldolesi J. Astrocytes, from brain glue to communication elements: the 

revolution continues Nat Rev Neurosci. 2005 Aug;6:626-640.

90. Qiu Z, Parsons KL, Gruol DL. Interleukin-6 selectively enhances the intracellular 

calcium response to NMDA in developing CNS neurons J Neurosci. 1995 Oct;15:6688-6699.

91. Sahlender DA, Savtchouk I, Volterra A. What do we know about gliotransmitter 

release from astrocytes? Philos Trans R Soc Lond B Biol Sci. 2014 Oct 19;369:20130592.

92. Vezzani A, Baram TZ. New roles for interleukin-1 Beta in the mechanisms of 

epilepsy Epilepsy Curr. 2007 Mar-Apr;7:45-50.

93. Brewster A, Bender RA, Chen Y, Dube C, Eghbal-Ahmadi M, Baram TZ. 

Developmental febrile seizures modulate hippocampal gene expression of hyperpolarization-

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

activated channels in an isoform- and cell-specific manner J Neurosci. 2002 Jun 1;22:4591-

4599.

94. Viviani B, Gardoni F, Marinovich M. Cytokines and neuronal ion channels in health 

and disease Int Rev Neurobiol. 2007;82:247-263.

95. Vitaliti G, Pavone P, Marino S, Saporito MAN, Corsello G, Falsaperla R. Molecular 

Mechanism Involved in the Pathogenesis of Early-Onset Epileptic Encephalopathy Front Mol 

Neurosci. 2019;12:118.

96. Dalle-Donne I, Rossi R, Colombo R, Giustarini D, Milzani A. Biomarkers of 

oxidative damage in human disease Clin Chem. 2006 Apr;52:601-623.

97. Danbolt NC, Furness DN, Zhou Y. Neuronal vs glial glutamate uptake: Resolving the 

conundrum Neurochem Int. 2016 Sep;98:29-45.

98. Franco R, Cedazo-Minguez A. Successful therapies for Alzheimer's disease: why so 

many in animal models and none in humans? Front Pharmacol. 2014;5:146.

99. Zhang L, Chen C, Mak MS, Lu J, Wu Z, Chen Q, et al. Advance of sporadic 

Alzheimer's disease animal models Med Res Rev. 2020 Jan;40:431-458.

100. Zeiss CJ. Utility of spontaneous animal models of Alzheimer's disease in preclinical 

efficacy studies Cell Tissue Res. 2020 May;380:273-286.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



epi_16918_f1.tiff

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t


