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Abbreviations 

Aβ: amyloid beta peptide; AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; APP: 

Amyloid precursor protein; CNS: central nervous system; EAAT: excitatory amino acid 

transporter; GFAP: glial fibrillary acidic protein; GABA: γ-aminobutyric acid; GAT: γ-

aminobutyric acid transporter; GLUT: glucose transporter; GlyT: glycine transporter; 5-HT: 5-

hydroxytryptamine, serotonin; MCT: monocarboxylic acid transporters; NMDA: N-methyl-D-

aspartate; SERT: serotonin transporter; SGLT: sodium-glucose symporter; S100B: S100 

calcium-binding protein B. 
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Abstract 

Astrocytes play a fundamental role in maintaining the health and function of the central 

nervous system. Increasing evidence indicates that astrocytes undergo both cellular and 

molecular changes at an early stage in neurological diseases, including Alzheimer’s disease. 

These changes may reflect a change from a neuroprotective to a neurotoxic phenotype. Given 

the lack of current disease modifying therapies for Alzheimer’s disease, astrocytes have 

become an interesting and viable target for therapeutic intervention. The astrocyte transport 

system covers a diverse array of proteins involved in metabolic support, neurotransmission 

and synaptic architecture. Therefore, specific targeting of individual transporter families has 

the potential to suppress neurodegeneration, a characteristic hallmark of Alzheimer’s disease. 

A small number of the four hundred transporter superfamilies’ are expressed in astrocytes, 

with evidence highlighting a fraction of these are implicated in Alzheimer’s disease. Here we 

review the current evidence for six astrocytic transporter subfamilies involved in Alzheimer’s 

disease, as reported in both animal and human studies. This review confirms that astrocytes 

are indeed a viable target, highlights the complexities of studying astrocytes and provides 

future directives to exploit the potential of astrocytes in tackling Alzheimer’s disease. 
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Introduction  

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterised by 

deposition of amyloid plaques, neurofibrillary tangle formation, synaptic loss and neuronal cell 

death (1). Whilst understanding of AD pathology has been predominantly ‘neurocentric’, 

recent advances in techniques and experimental models provide some valuable insights into 

astrocytes in AD pathogenesis (2,3). Astrocytes are present in the nervous system in 

approximately equal numbers to neurons (4), and have intimate physical connections with 

synapses and blood vessels. An appreciation of the diverse range of roles they play has 

gathered pace in the last 20 years (5,6). Far from being passive bystanders as once thought, 

strong evidence highlights astrocytes as dynamic components of CNS physiology and 

pathophysiology. For example, through cellular connections with brain endothelial cells, 

astrocytes regulate neurovascular coupling which ensures activity-dependent metabolite 

supply to neurons, and as cellular partners of neurons at synapses, astrocytes regulate 

potassium ions, hydrogen ions and take up neurotransmitters to influence synaptic signalling 

and plasticity (7–9).  Alteration in astrocyte functions could contribute to AD processes; 

namely, synaptic loss, neurodegeneration, amyloid deposition and tangle formation. Indeed, 

it is found that regional specificity, initially considered to be a neuronal phenomenon, also 

applies to astrocytes(10,11).  

While there is no or little astrocyte loss, both human post-mortem and animal studies show 

there is a distinct change in astrocyte morphology and physiology associated with pathology 

(12–14). Research to date indicates that the number of astrocytes remains consistent in post-

mortem brains as well as in animal models of AD (overexpression of Aβ) as determined by 

immunostaining with available astrocytic markers (GFAP, S100B and glutamine synthetase) 

(15–17). This change in phenotype is most often reported as an increase in astrocyte 

reactivity, as visualised by increased protein levels of the intermediate filament, glial fibrillary 

acid protein (GFAP). Increases in GFAP coincide with astrocyte hypertrophy and changes in 

morphology (18). While the number of reactive astrocytes correlates well with disease state in 
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animal models (18,19), it is important to note that human studies have revealed increased 

astrocyte reactivity is not only associated with disease, but also reflects ageing (12). In several 

transgenic mouse models of AD; astrocyte reactivity occurs before detectable amyloid plaque 

deposition (20,21) and therefore may be regarded an early marker of pathology (Figure 1). 

Currently there is debate on whether reactive astrocytes contribute to neurodegeneration, or 

are indeed neuroprotective (22). Although it is usually GFAP which is measured, astrocyte 

reactivity is associated with a wealth of molecular changes which are incompletely 

characterised (18), and characterisation of these molecular changes can provide insight into 

disease process and potential therapeutic targets. 

Astrocyte functional capacity is a consequence of a complex transcriptome (23,24), and 

astrocytes express numerous receptors, transporters and signalling molecules which allow 

them to regulate CNS homeostasis, provide neuroprotection, and contribute to 

neurodegeneration.  Amongst the proteins pivotal in the maintenance of cellular and system 

homeostasis are transporter proteins, with over four hundred superfamilies’ (25). Astrocytes 

express a variety of transporters, with subfamilies and splice variants adding to their diversity 

(26–28). With a lack of AD-modifying treatments and an urgent need for new molecular targets 

to enter the discovery pipeline, astrocytic transporters provide an avenue for further research 

and development. Here we review evidence for the modulation of astrocyte transporters in AD 

and the implications for future treatment opportunities. Transporters include a diverse group 

of protein families with numerous members and a suitably diverse nomenclature. The rich 

diversity is evident in the topology of the transporters, with highly variable regions connecting 

transmembrane domains (Figure 2). For the purposes of this review, we have used the 

IUPHAR transporter nomenclature (29). A survey of the literature1 revealed several families 

                                                
1 The authors restricted their search to PubMed using search terms: ‘astrocyte and Alzheimer’s 
disease’, ‘astrocyte transporters and Alzheimer’s disease’. Phrases combining Alzheimer’s disease 
and individual transporters, for example, ‘EAAT2 and Alzheimer’s disease’ were also included in the 
search.  
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that have been implicated in AD pathology (Table 1) and some of the major families are 

discussed below. 

1. SLC1 Amino acid transporters  

The SLC1 amino acid transporter family comprises five high affinity glutamate (SLC1A1-3 and 

6-7) and two neutral amino acid transporters (SLC1A4,5) with regional and cell type specific 

expression throughout the CNS (30). Glutamate transporters are predicted to contain eight 

transmembrane domains with two membrane re-entrant loops, and exist as homotrimers (see 

Figure 2A; 31). 

The glutamate transporters regulate glutamate homeostasis at both synaptic and 

extrasynaptic sites through active uptake of glutamate. Cellular uptake of glutamate is coupled 

with three Na+ and one H+ and counter transports one K+ (32). This process is secondary-

active transport, as glutamate uptake does not directly involve ATP catabolism but is instead 

dependent on ionic gradients generated by ATP-dependent pumps, in particular Na+/K+ 

ATPase (see section 5). It is well established that an important  function of these transporters 

is to prevent glutamate-induced excitotoxicity at the synapse (Figure 3), believed to be 

causative in neurodegeneration (33). Given this pivotal role, these proteins have been the 

focus of numerous studies of neurodegeneration (e.g. 32–34) and there is a wealth of data 

available with respect to their modulation in AD pathology. 

EAAT2 (SLC1A2; rat GLT-1) is a transmembrane protein predominantly expressed in 

astrocytes and responsible for approximately 95% of all L-glutamate uptake in the CNS 

(30,37,38). Along with the uptake of glutamate from the synaptic cleft, EAAT2 is an important 

component of the glutamate:glutamine cycle (39,40) involved in the detoxification of 

glutamatergic signalling. EAAT1 (SLC1A3; rat GLAST) is also expressed at the membrane of 

astrocytes and mediates around 5% of the total glutamate transport in the adult CNS (41). In 

relation to AD, these astrocytic transporters are most important given their contribution to total 

glutamate uptake and their predominant expression in brain regions susceptible to AD 
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pathology (42). Arguably the most important of these transporters is EAAT2; indeed, the small 

contribution of EAAT1 to total glutamate uptake has left its role in neurodegenerative diseases, 

particularly AD, largely unknown. 

Mouse models have been a rich source of information with regards AD pathology, but provide 

conflicting data regarding the role and regulation of glutamate transporters. In terms of mouse 

AD models (which overexpress Aβ but do not recapitulate all the pathological features in 

human AD), there is a mixed picture of glutamate transporter alterations. The human amyloid 

precursor protein (APP; hAPP695 (V642I)/APP/Ld) model (43) showed no significant changes 

in EAAT2 or EAAT3 mRNA levels between genotypes; however transgenic animals displayed 

reduced Bmax and KD for [3H] D-aspartate uptake along with significantly decreased EAAT2 

and EAAT1 protein levels as analysed by immunohistochemistry (44). In the APP/PS1 model 

(45), both EAAT2 and synaptophysin protein levels do not change over the lifetime of these 

mice. To further understand a role for EAAT2 in regulating the progression of AD pathology, 

APP/PS1 mice heterozygous for EAAT2 (EAAT2het/APP/PS1) were generated. While long 

term deficits (9 months) in cognition and Aβ load where comparable to wild type mice, there 

was evidence of early deficits in memory tasks and Aβ load at 6 months for the heterozygous 

mouse (46).  In another APP transgenic mouse (APP23 mice) EAAT1 and EAAT2 protein 

levels in both the cortex and hippocampus show an age dependent decrease which preceded 

amyloid plaque deposition and gliosis (47). These studies suggest that loss of the EAAT 

protein renders the brain more vulnerable to neurological insults, including Aβ production.   

The triple transgenic (3xTg-AD) mouse (48) shows no changes in cortical EAAT2 expression 

or distribution (49). This contrasts with the report by Zumkehr et al. (2015) which highlighted 

significant decreases in hippocampal EAAT2 protein and mRNA in a disease dependent 

manner (50). The contrast in observations may highlight regional deficits in EAAT2 (cortical 

vs hippocampal) or approaches to qualitative analysis. From a therapeutic stand point, 

increasing levels of EAAT2 through chronic administration of ceftriaxone restored cognitive 

deficits without impact on the amyloid load (50).  
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Given that AD is a human disease, human tissue remains the most insightful as to monitoring 

pathological changes. The findings from mouse models are in contrast to human data (see 

below) and highlights the complexity of sporadic human AD and also questions the relevance 

of mouse models of AD (51). Radiolabelling and immunohistochemical techniques provided 

initial insight into changes in EAAT protein levels and activity in post-mortem human tissue. 

An early study looked at EAAT2 substrate uptake and reported an AD-related decrease of 

around 30% in aspartate uptake (52). This study highlighted that a functional deficit in EAAT2 

may underlie synaptotoxic elements of AD pathology. Subsequent studies have looked at 

biochemical changes in EAAT2 and reported a decrease in EAAT2 protein levels within AD 

brains (12,53–56). Studies have suggested a link between EAAT2 reduction and APP 

processing (56), Braak stage progression in AD (12), amyloid plaque deposition (55)  and  

cognitive impairment (57). However there are conflicting reports as to changes in EAAT2 

mRNA levels observed in AD brains; studies have highlighted no change (56) or a decrease 

(54,55) in EAAT2 mRNA in AD tissue compared to controls. Therefore, evidence exists for 

both pre and post transcriptional regulation of EAAT with reference to AD pathogenesis. While 

the above studies point to a reduction in EAAT2 in human AD, this is contested in other studies 

(58). As technology advances and the ability to monitor EAAT function through positron 

emission tomography becomes available (59), the regulation of EAAT2 in AD may become 

clearer.  

The development of sophisticated gene profiling techniques (Gene Chip arrays, RNA 

sequencing) has allowed large-scale quantitative gene analysis of AD human tissue and age 

matched controls. These techniques have revealed decreased EAAT2 mRNA levels in 

hippocampal tissue taken from stage III-VI patients. Furthermore, the same study highlighted 

a localisation that correlated with neurofibrillary tangles and Aβ positive plaques (55). The idea 

that changes in EAAT2 expression reflect disease progression is further supported by work 

using human hippocampal membrane preparations, detailing that the progression from mild 

cognitive impairment (MCI) to AD involves significant decreases in EAAT2 protein levels (60). 
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Analysis of prefrontal cortex samples from Harvard Brain Tissue Resource Centre showed 

that AD tissues show greatly reduced protein and mRNA expression of EAAT2 (54). 

Fewer reports have looked at EAAT1 expression in human AD post-mortem tissue and present 

contrasting findings. Protein and mRNA levels of EAAT1 in the frontal cortex are reportedly 

unchanged between AD groups and control (56). EAAT1 mRNA and protein has been shown 

to be reduced in prefrontal cortex from AD samples (54). Hippocampal regions also show 

pronounced loss of EAAT1 mRNA, particularly in later stage AD (55). Likewise, gene chip 

arrays and RT-PCR showed EAAT1 to be significantly reduced in the hippocampus and middle 

frontal gyrus (12% and 18% respectively) of AD brains. Interestingly,  EAAT1, normally 

expressed exclusively in astrocytes, has been shown to co-localize with tau in cortical 

pyramidal neurons of AD human tissues, suggesting an intriguing potential link between 

aberrant EAAT1 expression and AD pathology (61). 

Relevance to Alzheimer’s disease 

Glutamate is the major excitatory neurotransmitter in the central nervous system, and 

glutamatergic neurons are located in areas that are targeted by the AD pathological cascade 

(62,63). Disruption in glutamatergic signalling has been reported in both animal models of AD 

and people with dementia (62,64). Indeed a breakdown in glutamate homeostasis forms the 

basis of the ‘glutamatergic’ hypothesis in AD (65–67). It is also noteworthy that current 

symptomatic relief for AD is provided by memantine, a metabotropic glutamate receptor 

antagonist. Therefore the astrocyte-specific EAATs offer an intriguing therapeutic target (68–

70) for manipulating excessive glutamate levels as described in AD.  

Preclinical animal studies had highlighted the potential of the β-lactam antibiotic, ceftriaxone, 

to increase glutamate transport (71–74). However, this was not shown further in clinical trials 

investigating the efficacy of ceftriaxone for the neurodegenerative condition amyotrophic 

lateral sclerosis (ALS) (75). This has stimulated researchers to adopt new approaches in order 

to develop compounds that can activate EAAT protein expression at a translational level (76). 
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High throughput screening has revealed a number of compounds that act as EAAT2 activators 

in expression systems (71,76,77), thus acting to maintain extracellular glutamate 

concentration at physiological levels (in the low micromolar range). Most recently, a small 

molecule activator has been developed and characterised in animal models of 

neurodegeneration (78,79). In an ALS rodent model, the novel EAAT2 activator delayed motor 

function deficits and prolonged lifespan (78). How this will translate to treating humans remains 

to be seen, but any impact on disease onset would offer real hope to those at risk of developing 

AD or those in the early stages of the disease. Providing neuroprotection through modulation 

of EAAT function is therefore possible in animal models of disease; however the challenge will 

be translating these findings into a clinical application (80). Therefore, it remains to be seen 

which methods to target astrocytic glutamate transport will provide a safe and long term 

therapeutic benefit to all AD patients.  

2. SLC2A Glucose Transporters 

There are three families of glucose transporter proteins in mammals, each with multiple 

isoforms. These are the facilitative hexose transporters (GLUTs) of the SLC2 family, the 

sodium-glucose symporters (SGLTs) of the SLC5 family and the more recently characterised 

glucose transporters of the SLC50 family (SWEETs). The SLC2 family members; GLUT1 

(SLC2A1), GLUT2 (SLC2A2), GLUT3 (SLC2A3), GLUT4 (SLC2A4), GLUT6 (SLC2A6), 

GLUT8 (SLC2A8), GLUT9 (SLC2A9), GLUT10 (SLC2A10), GLUT11 (SLC2A11) and GLUT12 

(SLC2A12) have twelve transmembrane domains and transport glucose (see Figure 2B; 80). 

The SLC5 family mostly have fourteen transmembrane domains whose family members 

SGLT1 (SLC5A1), SGLT2 (SLC5A2), SGLT4 (SLC5A9), SGLT5 (SLC5A10) and SMIT1 

(SLC5A3) mediate active transport of glucose against its concentration gradient (82). 

Currently SWEET1 (SLC50A1) is the only reported SLC50 family member to be expressed in 

mammalian cells and is predicted to have seven transmembrane domains (83). Also relevant 

to the uptake of metabolic fuels for CNS metabolism are monocarboxylic acid transporters 
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(MCTs) of the SLC16 family allowing facilitative transport of lactate and pyruvate, namely 

MCT1 (SLC16A1), MCT2 (SLC16A7), MCT3 (SCL16A8) and MCT4 (SLC16A3) (84).  

The CNS, without its own significant fuel stores, is critically dependent on uptake of glucose 

from the bloodstream. The brain accounts for at least 20% of whole body glucose utilisation 

(85).  A summary of the cellular expression of the main glucose and MCTs in human and 

rodent CNS is provided by Nijland et al. (2014). The glucose transporter GLUT1 (SLC2A1) 

accounts for the majority of glucose entry into CNS tissue through brain vascular endothelial 

cells, although there is evidence that SGLTs can also contribute to this process (87). The main 

astrocytic glucose transporter is GLUT1, while neurons, by contrast, express mainly GLUT3 

which has a higher transport activity than GLUT1 (88). In addition, both astrocytes and 

neurons also express the insulin-regulated glucose transporter GLUT4 (88).  In relation to the 

MCTs, there is a cell specific pattern with astrocytes expressing MCT1 and MCT4 (89,90), 

while neurons express MCT2 which displays a higher substrate affinity than MCT1 (84). 

Neuronal function is absolutely dependent on supply of metabolic fuel, and to this end 

neuronal activation is efficiently coupled to energy utilisation and increased blood flow (85). 

Astrocytes represent an essential cellular link required for this neurovascular coupling and are 

therefore considered vital for the effective supply of blood and oxygen to meet the metabolic 

needs of neurons. Following glucose uptake, astrocytes can synthesise and store glycogen 

(91). Breakdown of glycogen in astrocytes is not able to protect the CNS from hypoxia, but 

can provide short term support to neurons when blood glucose availability does not meet 

demand (91). There are several models and some controversy about the metabolic substrate 

supplied by astrocytes. Magistretti and colleagues have proposed the glucose-lactate shuttle, 

whereby glucose taken up by astrocytes via GLUT1 is metabolised to lactate by glycolysis. 

Lactate then exits astrocytes via MCT1 and MCT4 and is taken up by neurons through MCT2, 

where it can be oxidised in the TCA pathway (Figure 3; 92,93). Other investigators suggest 

that glucose which is transported into the CNS through capillary endothelial cells avoids 

astrocytes entirely, and is in fact taken up directly into neurons via GLUT3 (94).  Other models 
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show glucose uptake via astrocytes at the capillary surface and released directly at synapses 

to be taken up by neurons (95).  

While debate surrounds astrocytic metabolic supply and demand, it is clear that brain glucose 

metabolism is decreased in preclinical patients (96), animal models of dementia (97)  and 

people with a diagnosis of AD (98). The molecular mechanisms behind this are poorly 

understood, although human AD studies highlight that astrocyte/endothelial GLUT1 (as well 

as neuronal GLUT3) levels are reduced in post-mortem AD brains (99,100). Loss of astrocyte 

glucose transporters (GLUT1) is also found in the arcAβ (expressing both the Swedish and 

Arctic APP mutations) transgenic animal model, with no detectable changes in neuronal 

glucose transporters (97).  

Relevance to Alzheimer’s disease 

Perturbed glucose metabolism is a contributing factor to the pathogenesis of AD (97,101,102). 

This disruption is reported to be one of the earliest features of AD, in that a reduction in brain 

glucose metabolism can be detected (103) and is used as a diagnostic tool (104). However a 

much more dynamic picture of glucose metabolism is emerging (105,106), with reference to 

timeline and impact of ageing.  

Recent work suggests that contribution of astrocytic glucose transporters is less significant 

than the importance of the vascular endothelial transporters (107). Further work also suggests 

that glial glucose transporters might not provide an appropriate target for preventing AD: as in 

drosophila AD models overexpression of GLUT1 in glia had no effect against Aβ induced 

neurotoxicity (108). However, this lack of effect could have been due to the genetic 

approaches used in this specific study and provides a cautionary tale in terms of interpreting 

genetic studies. In contrast, studies have highlighted a role for GLUT1 in memory formation 

and that GLUT1 induction is not mirrored by the neuronal GLUT3 protein (109). This indicates 

a level of selectivity for the astrocytic GLUT1 protein which seems to be task dependent. This 

remains to be therapeutically exploited. Therapeutic interventions seeking to enhance 
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astrocytic lactate transport may provide a more fruitful endeavour. MCT1 knockout mice show 

deficits in long term memory (109) and there is clear evidence that MCT1 and MCT4 are critical 

for memory formation in the hippocampus (110). The cancer field has developed some non-

specific MCT inhibitors (111) which are currently in clinical trials (AZD3965; 

http://www.clinicaltrials.gov/show/NCT01791595). There remains the potential for these 

inhibitors developed further in a neuroscience context. 

Metformin, the antidiabetic drug, has received a lot of attention with regards to its potential act 

as a novel therapeutic strategy in managing AD (112–114). This links into the emerging 

hypothesis that AD should be classed as a third type of diabetes (115,116). However, reports 

are conflicting as to its effectiveness as a therapeutic intervention and the risk of developing 

AD (117,118). This may underlie the fact that the extent of metformin’s molecular 

pharmacology is still under investigation (31,119,120). In relation to transporter activity, 

reports have highlighted that GLUT4 translocation could potentially underlie its regulation of 

glucose metabolism (121). Modulation of the GLUT4 transporter to elevate glucose levels to 

maintain physiological levels may provide a potential route for pharmacological intervention. 

However, given the dynamic regulation of this transporter via endogenous means (e.g. 

increasing energy demands; see (122)) using intrinsic mechanisms rather than exogenous 

applications may prove to be a better therapeutic strategy to target GLUT4 in the fight against 

AD (123). Longer term studies are needed to reveal the role of metformin administration in 

human subjects and the elevated risk, if any, of developing AD. Here there is a particular 

interest in the APOE-ε4 genotype given its known associated risk with AD (124).   

Astrocytes have a greater glycolytic capacity than their neuronal counterparts (125,126); 

indeed, this may contribute to the resilience against Aβ accumulation in contrast to the 

catastrophic neuronal loss (127). It is interesting that most transgenic rodent models fail to 

reproduce neuronal loss on the same scale as the human disease. This may indicate a 

species-specific expression of key metabolic enzymes, such as PDK1. This could lead to drug 

discovery programmes targeting these enzymes. However, this may be a short term protective 
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mechanism prior to symptom onset. The long-term potential of aerobic glycolysis to match the 

continual decline in glucose availability remains to be determined, however transporter activity 

can feed into this enhancement of astrocytic metabolism. For example, BDNF, which has 

received a lot of interest as an Alzheimer’s therapeutic target (128), has been shown to 

modulate the expression levels of GLUT3 with astrocyte transporter levels not determined 

(129). Furthermore, lactate can stimulate BDNF production in both human astrocytes and 

SHSY5Y cells in a time-dependent manner (130). Such studies highlight the importance of a 

therapeutic timeline in which to stimulate astrocytes to respond to the growing deficits in 

neuronal energy supply. 

There are some indirect interventions which may lead to improved glucose metabolism in AD. 

For example, a recent study has reported the use of a cannabinoid receptor type 2 agonist to 

enhance CNS glucose uptake (131). Interventions targeting β-adrenoceptors, which induce 

glucose uptake and storage and breakdown of glycogen in astrocytes, also have promise to 

improve the supply of glucose and lactate to neurons and modify disease progression 

(132,133). 

Multiple mechanisms, some restricted to astrocytes, can therefore influence brain metabolism. 

The challenge is to generate specific compounds that target these proteins; which may be 

through direct interaction with the astrocyte transporters or indirectly through modulation of 

cellular processes that impact of energy metabolism. What is clear is that astrocytes are key 

to the regulation of brain glucose metabolism and should be considered as part of a solution 

in redressing the energy deficit in neurodegeneration. 

3. SLC6 Neurotransmitter Transporters 

The neurotransmitter family (SL6) incorporates GABA, glycine, monoamine and neutral amino 

acid transporters. Neurotransmitter transport is Na+ and Cl- dependent, with the stoichiometry 

of ionic coupling being subfamily specific (134). The predicted topology of twelve 

transmembrane domains (see Figure 2B; 108) has been confirmed from crystal structure 
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studies using a prokaryote homologue, the leucine transporter (LeuT; (136)). These 

transporters are expressed throughout the CNS and are critical in maintaining physiological 

levels of neurotransmitters making them an interesting target for therapeutic intervention. 

GABA and glycine are vital inhibitory neurotransmitters influencing information processing, 

network synchrony and neuronal plasticity. An imbalance in excitatory and inhibitory neuronal 

activity has been implicated in AD, with a focus on modulating excitation to reduce 

neurodegeneration associated with excess excitatory tone  (33). The ability of astrocytic GABA 

and glycine transporters to suppress excitation has previously been demonstrated (137,138). 

To date there has been limited research into these transporters and their involvement in AD.  

Astrocytes show a predominant expression of the GAT3 (SLC6A11) protein, with GAT2 

(SLC6A13) and BGT-1 (SLC6A12) also expressed but not exclusively in astrocytes (139). 

Disruption of GABAergic systems has been implicated in the pathogenesis of AD (140). Loss 

of GABAergic terminals has been reported in human AD brain (141), network imbalance in the 

hAPPJ20 transgenic model of AD has been linked to reduced GABAergic activity (142) and 

transplantation of GABAergic interneurons restores AD related cognitive decline in mice (143).  

The strongest evidence for a role of astrocytes has come from research by Wu et al., (2014), 

looking at both transgenic models of disease and human tissue. Using the 5xFAD model of 

disease (144) they reported both neuronal and astrocytic GABA modulation, high GABA 

content in astrocytes and upregulation of the α5 subunit of the GABAA receptor. Astrocyte 

enriched GAT3/4 (SLC6A11; human GAT3/mouse GAT4) was implicated in releasing excess 

GABA leading to elevated tonic inhibition of signalling in the dentate gyrus (Figure 3). GABA 

transporters can operate in either direction, either taking up or releasing GABA, in both 

physiological and pathological conditions (145).  

Wu et al., (2014) highlighted that modulation of GAT3/4 could be a novel AD therapy, although 

current pharmacological tools would need to be developed for this purpose. Furthermore, they 

suggest that increased astrocytic GABA content may provide a biomarker for AD; increases 
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in GABA occurred in line with development of Aβ deposition. Highlighting the need to replicate 

AD animal model studies in humans, Wu et al., (2014) also observed increased GABA content 

in human AD samples, giving further weight to the role of astrocytic GABA in AD. There are 

interesting links to the loss of GABAergic signalling with ageing and APoE4 expression 

(143,146), two known risk factors for AD. Whether this is an astrocyte-dependent process 

merits further investigation. It remains to be determined if GABAergic dysfunction is found in 

all forms of AD, which will impact on the drug development targeting the astrocytic GABA 

transporters.  

In comparison, glycine transport has so far received little attention in the field of AD. Astrocytes 

express the GlyT-1 (SLC6A9) transporter; although expression is not restricted to astrocytes. 

Furthermore there is conflicting evidence as regards the expression of GlyT-2 (SLC6A5) with 

early studies suggesting a neuronal specific isoform and later studies proposing a neuronal 

and astrocyte localisation (28,137,147); differences in cellular preparations may underlie these 

discrepancies. Importantly glycine is a co-agonist of the NMDA receptor which has been linked 

to AD pathology (148). A study by Timmer et al., (2014) indicated a decrease in the levels of 

glycine in an animal model of AD which they proposed may influence the glutamatergic system 

via NMDA receptors (149). Therefore, mechanisms to increase synaptic glycine levels could 

be exploited to restore NMDA signalling which is lost in AD. To this end, a GlyT-1 inhibitor 

(ASP2535) improved cognition in the scopolamine-induced model of AD, signalling the 

potential for targeting glycine transport (150). However, the failure of this model to replicate 

the progressive nature of the AD limits our interpretation (151). 

The serotonin transporter (SERT, SLC6A4), which facilitates transport of 5-hydroxytryptamine 

(5-HT, serotonin), has largely been perceived as neuronal specific (152). However studies 

have shown the expression of functional SERT in astrocytes (27,153,154). These studies have 

been carried out in a range of in vitro preparations, so the significance of SERT astrocytic 

expression in vivo remains unresolved. Increasing evidence highlights a role for 5-HT in AD 

pathogenesis; human studies indicate a loss of 5-HT (155) and changes in 5-HT receptor 
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levels (5-HT1A, 5-HT2A, 5-HT4 and 5-HT6) in AD brains (156–160).  A number of 5-HT6 

antagonists are currently in clinical trials as so-called cognitive enhancers (161,162). Their 

ability to improve cognition is linked to modulation of the cholinergic and glutamatergic 

signalling rather than alterations in 5-HT levels (163,164). Furthermore there is recent 

evidence that may suggest a role for SERT in AD pathology (165,166). Human data presents 

an interesting debate surrounding polymorphisms within the SLC6A4 gene, with studies 

reporting an association with the etiopathogenesis of AD (167–169) and others the contrary 

(170–172).  

Relevance to Alzheimer’s disease 

Disrupted neurotransmitter signalling has long been associated with AD pathology (65,173). 

While much of the research focuses on the cholinergic and glutamatergic pathways, recently 

scientists have proposed changes in a host of other neurotransmitters (174,175).  

Based on preclinical work, AD therapy would look to inhibit astrocytic GATs which would 

reduce tonic GABAergic inhibition and improve cognition. To date, GAT1 inhibitors have been 

developed for the treatment of epilepsy (e.g. tiagabine; (176)). In addition, a GAT2 inhibitor, 

EF1502, has been used in preclinical studies and showed additional anticonvulsant effects 

when administered with tiagabine (177,178). While we await clinical development of astrocyte 

specific GATs inhibitors, examining astrocyte GABAergic transport may provide both insight 

into potential biomarker validation (astrocyte GABA content) and the efficacy of targeting 

astrocytic GABA transporters in combatting AD pathology. 

While the contribution of astrocyte-mediated uptake of serotonin is not completely established, 

it is possible that they are targets for AD therapeutics. Given that both antagonists and 

agonists of 5-HT6 receptors are reported to improve cognition, it is unclear if activation or 

inhibition of astrocytic SERT activity would benefit AD patients. To this end, the ability to 

pharmacologically target astrocyte rather than  neuronal  SERT will be a challenge, based on 

previous reports (179). Overall, modulation of 5-HT transport has the potential to modulate 
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non-cognitive deficits in AD, such as depression; however, the use of selective 5-HT reuptake 

inhibitors in AD shows limited efficacy (180). Where alterations in 5-HT transport may provide 

benefits in frontotemporal dementia, where the serotoninergic system is disrupted, although 

studies to date have showed that effects are limited to the non-cognitive domains (181). 

Increasing NMDA mediated synaptic transmission via GlyT1 modulation may only serve to 

modulate disease progression at certain points in the pathogenesis of AD (i.e. prior to 

excitotoxic events; Figure 3). While this would not prevent the disease from developing, it may 

provide a disease-modifying treatment which would be a significant advance on the current 

symptomatic treatments available. However, it would not provide a long-term strategy to 

manage the disease as it progresses. This may highlight the need for a progressive strategy 

to tackle AD and finding the therapeutic window for different neurotransmitter targeted 

treatments and how to exploit them will be key to developing future therapeutic strategies. 

4. SLC3/SLC7 Heteromeric Amino Acid Transporters 

The cystine/Glu antiporter system xc– consists of two membrane spanning proteins: the light 

chain, XCT (SLC7A11) with twelve or fourteen transmembrane spanning domains that 

associates with the heavy chain protein 4F2hc (SLC3A2), also known as FRP (fusion 

regulatory protein) and CD98hc. 4F2hc has a single transmembrane domain (see Figure 2C; 

152). Together these proteins mediate the heteroexchange of cystine and glutamate with a 

stoichiometry of cystine:glutamate of 1:1 at the plasma membrane. The complex can operate 

in either direction, but is generally considered to import cystine and export glutamate from the 

cell (183,184).  

In the CNS, system xc- is predominantly expressed on glial cells, particularly astrocytes (185). 

Astrocytes are rich in glutathione compared to neurons, and release glutathione which can 

then be taken up by neurons (186).  This mechanism is considered to be one of the most 

important ways that astrocytes confer neuroprotective effects, through reducing neuronal 

susceptibility to oxidative stress, and it is system xc- which controls glutathione levels: 
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imported cystine is reduced intracellularly to cysteine, which is used in the synthesis of 

glutathione (GSH) (187). System xc- also mediates glutamate release from astrocytes (Figure 

3). The non-vesicular (calcium-independent) glutamate release from astrocytes via system xc- 

is sufficient to activate neuronal glutamate receptors in the CNS and therefore system xc- 

directly contributes to neuronal excitability and synaptic plasticity (184,188,189).  

Relevance to Alzheimer’s disease 

In relation to system xc- as a therapeutic target, most published work to date has focused on 

developing methods to inhibit system xc- as it has been identified as a key system in several 

cancers. For AD, upregulation of system xc- activity should be disease-modifying by 

increasing glutathione; however, conversely, increased system xc- activity may contribute to 

increased extracellular glutamate levels, potentially leading to excitotoxic neuronal death (see 

Section 1). To date, however, there are no studies characterising changes in CT, 4F2hc levels 

or xc- activity in AD or animal models of AD disease. Nonetheless, neuroprotective properties 

of ceftriaxone in an animal model of motor neuron disease have been attributed to its ability 

to induce XCT (190) but, paradoxically, deletion of XCT reduces symptoms in a transgenic 

mouse model of motor neuron disease (191). Therefore, it remains to be demonstrated if 

system xc- is a worthwhile target in the search for novel AD therapeutics.   

5. Na+.K+-ATPases 

The ubiquitous plasma membrane protein sodium-potassium ATPase (Na+.K+-ATPase), 

commonly known as the Na+ pump is classified as an enzyme (EC 3.6.3.9).  Na+.K+-ATPase 

is a primary active transporter transporting Na+ out of cells and K+ into cells against their 

concentration gradients with a stoichiometry of three Na+ exported for two K+ imported. Na+.K+-

ATPase is a heterodimer of α and β subunits. α subunits have ten transmembrane domains 

(see Figure 2D) and possess all the essential domains for ATP hydrolysis and ion transport 

with four family members identified in man: α1 (ATPA1), α2 (ATPA2), α3 (ATPA3), α4 

(ATPA4). Beta subunits are glycoproteins with a single transmembrane domain, of which there 
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are four family members in man: β1 (ATPB1), β2 (ATPB2), β3 (ATPB3), β4 (ATPB4) (192). 

There are also γ-subunits of the FXYD protein family which alter Na+.K+-ATPase activity 

through modulating affinity for Na+ and K+(193).  

Most focus on the Na+ pump in the nervous system has been on its role in maintaining Na+ 

and K+ gradients in neurons, with estimates that 60-70% of energy utilisation in the CNS is 

thought to provide ATP to power Na+.K+-ATPase. While neurons express the α3 isoform, 

astrocytes predominantly express the α2 and α1 isoforms together with β2 (194–196). The α2 

isoform has a higher Kd than the α1 isoform, suggesting that it is most important in astrocytes 

at times of high Na+ load, for example following neuronal activity (Figure 3). In those 

circumstances, there is a need for astrocytes to take up large quantities of glutamate via 

EAATs (see section 1) with a concomitant uptake of Na+. Supporting a close association 

between EAAT and Na+.K+-ATPase function, there is a physical interaction between the 

Na+.K+-ATPase α2 subunit and the major astrocyte SLC1A/EAATs: GLT-1 and GLAST (197) 

and stimulation of glutamate uptake results in an up-regulation of Na+.K+-ATPase activity 

(198). Disruption of astrocyte Na+.K+-ATPase activity, as found in human ATP1A2 gene 

mutations, leads to both epileptic seizures and familial hemiplegic migraine: these two 

examples of neuronal hyperexcitability syndromes are likely a consequence of reduced ability 

of astrocytes to take up K+ (199).  Further supporting a role of astrocyte Na+.K+-ATPase in 

supporting neuronal function, heterozygous mice with reduced Na+.K+-ATPase α2 subunit 

(astrocytes) or α3 subunit (neurons) display impaired spatial learning (200). In addition, protein 

levels of the α2 subunit have been shown to increase following inhibitory avoidance learning 

(109). 

In post-mortem AD brain tissue, there is a marked decrease in Na+.K+-ATPase α subunits as 

determined by binding of the Na+.K+-ATPase inhibitor, ouabain (201).  Ouabain is a pan 

Na+.K+-ATPase inhibitor displaying differing affinities for the three alpha isoforms and 

therefore does not discriminate between neuronal and glial α isoforms (202). Other studies 

have shown decreased Na+.K+-ATPase activity and α subunits with a concomitant decrease 
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in α3 mRNA, but an increase in α1 mRNA, attributed to up-regulation of α1 mRNA rather than 

mRNA degradation in reactive astrocytes (203,204). Likewise, α3 subunit protein levels and 

Na+.K+-ATPase activity are reduced in a double transgenic (APP and PS-1) mouse model of 

AD (205). With reference to the glial isoforms, exogenous application of Aβ25-35 resulted in a 

decrease in α1 subunit protein levels (206). Most recently, the α3 neuronal specific Na+.K+-

ATPase isoform is a target for Aβ assemblies, presenting a potential novel therapeutic strategy 

(207).  

Relevance to Alzheimer’s disease  

Whether corresponding therapeutic opportunities exist to stimulate astrocyte Na+.K+-ATPase 

and confer neuroprotection is an open question. Alterations in Na+ and K+ concentrations have 

been reported in AD tissue (208), with some reports highlighting a two-fold increase in 

intracellular Na+ and a 15% increase in intracellular K+ (206). These concomitant increases in 

intracellular levels of both Na+ and K+ highlights that while changes in Na+.K+-ATPase activity 

may occur, they cannot contribute solely to the global changes reported in AD. It is clear, 

however, that individual elements of AD pathology including amyloid beta peptide and 

oxidative stress can modulate learning and memory through modulation of Na+.K+-ATPase 

activity (209–211). This has led to an increasing number of Na+.K+-ATPase modulators being 

proposed as AD therapeutics (211). Many of these are preclinical observations tested in 

expression systems that remain to be robustly tested, of note however is the observation that 

currently approved AD therapeutics rivastigmine and memantine have been reported to 

increase Na+.K+-ATPase activity (212,213). At a molecular level, phosphorylation of the 

neuronal isoform is dynamically regulated by PKC and calcineurin (214,215). It is likely that a 

similar phosphorylation switch occurs in astrocytes, however given differences in Ca2+ 

sensitivity between the isozymes (α1β1 shows insensitivity to Ca2+; (216,217)) Na+ may play 

a more prominent role here. This reinforces the suggestion that regulation of Na+ homeostasis 

is of greater importance than Ca2+ in astrocytes (218,219).  
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6. ATP-binding cassette transporter family 

ATP binding cassette (ABC) transporters are membrane proteins which facilitate ATP 

dependent movement of a diverse array of substrates. Individual subunits are typically 

comprised of two six transmembrane-spanning domains with two nucleotide binding domains 

(see Figure 2E). This architecture permits two modes of transport; namely import and export. 

Five subfamilies (ABCA, ABCB, ABCC, ABCD and ABCG) allow for the transport of a diverse 

range of substrates, including many therapeutic drugs. Furthermore, various isoforms within 

the subfamilies enhance both the cellular and substrate specificity.  

ABCA transporters (ABCA1-13) have been shown to regulate lipid transport and gene 

expression data highlights that human astrocytes express ABCA1-3 at the mRNA level (220). 

There is however contrasting evidence at the protein level (221,222). More recently, reports 

have detected expression of ABCA5 in astrocytes although to a lesser extent than neuronal 

expression (223). This is of interest given the observation that the ABCA5 transporter has 

been linked to APP processing in vitro. This modulation of APP processing resulted in a 

reduction of the Aβ1-40 and Aβ1-42 variants (223). While the role of the astrocytic ABCA5 in Aβ 

generation remains to be determined, it is clear that transporter function can be regulated by 

key elements of AD pathology. Further evidence is needed as to the nature of the astrocyte 

ABCA transporters with reference to their expression, at both the mRNA and protein level and 

to their functional activity. For example, ABCA7 has been strongly implicated in APP 

processing, Aβ generation and the onset of dementia (224,225). However, the individual 

cellular role(s) of ABCA7 remains unresolved, and this is key given its widespread distribution 

(220,225). This shortfall in our understanding currently limits a critical appraisal of the role 

these astrocytic transporters may play in revealing a novel strategy to better manage AD 

pathology. 

P-glycoprotein 1 (PGP,MDR1, ABCB1) is highly expressed in the blood brain barrier, with 

protein detected in both the endothelial component and astrocytes (226). Therefore these 
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transporters have a key role in the elimination of Aβ from the brain, which is believed to be 

dysfunctional in late onset AD (227). Interestingly, when overexpressed in cancer cells, P-

glycoprotein 1 confers multidrug resistance through its export of cytotoxic messengers (228). 

In vitro evidence suggests that Aβ can act as a substrate for the transporters, and blockade 

of P-glycoprotein transport elevates extracellular levels of Aβ in a time dependent manner 

(229,230). Animal models of AD (3xTg and Tg2576) have revealed a link between both P-

glycoprotein 1 expression and activity in relation to disease progression (231,232). This 

evidence suggests that accumulation of the toxic form of Aβ can lead to downregulation of the 

P-glycoprotein 1 transporter. This correlates with human studies that reported elevated levels 

of Aβ and decreases in P-glycoprotein 1 levels (233,234). The relative contributions to Aβ 

clearance from capillaries and astrocytes remains to be fully understood. 

Multidrug resistance proteins (Mrps1-9) are members of the ABCC subfamily of the ABC 

transporters. Mrps are export pumps that use ATP to facilitate the efflux of organic cations 

(235). Regarding astrocyte expression, Mrp1 protein has been reported in rodent and human 

astrocytes (226,236); Mrp2 at the mRNA and protein level is lacking in astrocytes (237); Mrp3-

5 have been reported at both the mRNA level and protein levels in various astrocyte 

preparations (237,238). Evidence in the literature supports a role of Mrp1 in AD; however, this 

is not conclusive. For example, oxidative modifications of Mrp1 have been shown in AD brain, 

with lipid peroxidation a contributing factor (239). It remains to be see if this is a consequence 

of the disease process or a contributing factor.  

Relevance to Alzheimer’s disease 

There is a wealth of evidence that links lipid metabolism and AD (240,241) and this highlights 

the potential to target ABCA transporters given their role in cholesterol metabolism (222). This 

is pertinent for AD, given the genetic links to APOE-ε4 which is predominantly synthesised 

within astrocytes (242). While activation of the ABCA transporters can be achieved via 

agonists of the retinoid X receptor system (e.g. bexarotene), numerous other cellular proteins 
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are targeted by this system and therefore this limits the selectivity of agonists (243). This led 

to the discovery of an ABCA1 agonist that increased transporter activity, with a subsequent 

rise in cholesterol efflux (244). The use of a small molecule ABCA1 agonist (CS-6253) has 

produced some interesting results both in vitro and in vivo. In vivo studies highlight that 

injection of the CS-6253 peptide can restore cognitive deficits in APOE transgenic mice (245), 

and the peptide can modulate both central and peripheral lipid metabolism (246). This gives a 

clear indication that ABCA1 transporters can reverse cognitive decline, through modulation of 

ApoE4. While work remains to be done to look at the specific signalling cascades involved, 

the preliminary results are promising. It would be of interest to see whether the activation of 

astrocytic ABCA1 contributed to these effects. This could be achieved using astrocyte-directed 

genetic strategies to selectively knock out ABCA1 in astrocytes. 

Mrps alongside P-glycoprotein-1 are of interest from an AD perspective given their expression 

in the cellular constituents of the blood brain barrier (BBB; (247)). Thus, they may provide a 

route by which to enhance toxic Aβ clearance from the brain or indeed to facilitate transfer of 

a therapeutic agent into the brain. Aβ clearance is a subject of growing interest, albeit 

secondary to Aβ formation (248,249). Enhancing transporter mediator clearance of Aβ with a 

view to redressing the Aβ balance in the brain would be a therapeutic strategy worth pursuing. 

In support of this in vivo evidence highlights the upregulation of the P-glycoprotein transporters 

via pharmacological activation of the nuclear receptor pregnane X receptor (232). The diverse 

range of substrates for these transporters should facilitate drug discovery programmes to 

generate preclinical compounds of interest to the AD research community. Conversely, this 

may prevent the development of selective tools and another approach may be needed. One 

such strategy could explore transporter protein modification to alter the kinetics of Aβ efflux 

via the P-glycoprotein transporter. This type of strategy will be aided by the use of positron 

emission tomography (PET) studies, which can reveal P-glycoprotein transport kinetics in vivo 

(250,251). 
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Future perspectives 

Our knowledge of the roles astrocytes play in both physiology and pathology has increased 

greatly in the last decade and they are now seen as pivotal parts of the complex cellular 

network that maintain CNS function. As such, they are becoming of interest in 

neurodegenerative research (252). Neurological disorders such as AD are difficult to combat, 

although recent clinical trials with the anti-amyloid antibodies, Solanezumab (Eli Lilly) and 

Aducanamab (Biogen), may provide some hope (253,254). Given the lack of success for novel 

therapies targeting neuronal entities, it is perhaps surprising that to date few astrocyte targets 

have been identified. Advances in technology have increased our understanding of astrocytes 

and their interactions (255), which is still limited by poor astrocyte-specific markers which lack 

the robust nature of neuronal markers (5). The publication of the astrocytic transcriptome (24) 

revealed potential new cellular biomarkers that provide tools for generating specific 

therapeutic approaches to target astrocytes for the purpose of reducing neurodegeneration in 

AD.  

One challenge that still remains is understanding the heterogeneity of the astrocyte population 

(256) and being able to replicate this in experimental models. This may in part be overcome 

by the development of induced pluripotent stem cell (iPSC) technology. Again here, neuronal 

research has led the way and there is now an extensive research literature using this 

technology to further our understanding of neuronal cell death in AD (257–260). The ability to 

develop patient-derived cell lines gives researchers the opportunity to study disease pathology 

directly. In recent years investigators have developed methods to derive and maintain 

astrocytes from patient iPSCs (261–263). The question as to whether these cells truly 

represent functioning astrocytes in aged human brains remains to be answered (264). 

However initial studies have provided interesting insights into neurodegenerative diseases. 

Studies in AD-derived astrocytes are undoubtedly underway and we await the findings with 

interest.  
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Using these tools will unravel the complex role of astrocyte transporters at both a cellular and 

network level. The interplay between individual astrocyte transporters is evident (e.g. Na+.K+-

ATPase and SLC1A2/SLC1A3) and dysregulation of one set of transporters will impact on the 

functionality of other associated transporters (Figure 3). The challenge will be to dissect the 

timeline of this dysregulation to pinpoint molecular targets and their role in AD pathology. Many 

astrocyte proteins are intimately involved in the pathology of a disease which leads to neuronal 

cell death. Understanding if this dysregulation in transporter function occurs pre-

symptomatically, and the preliminary research indicates that this is the case, will be key to 

determining a therapeutic strategy. This has been helped by a growing awareness of 

astrocytes and their biology in the last decade. The purpose of this review was to highlight 

changes in select astrocytic transporter families and in doing so highlight a host of potential 

targets for AD. These targets can be classified accordingly to biological research themes 

which cover key areas not only for AD research but neuroscience research in general (Figure 

4). For these targets to become a realisation in terms of clinical products will require further 

research efforts in translatable neuroscience with direct clinical applications, allowing us to 

cross the ‘valley of death’ in drug discovery to provide much needed therapies for tackling AD.   

Encouragingly some drugs target some transporters highlighted in this review (e.g. EF1502; 

Section 3), but with a lack of selectivity for astrocytic isoforms it will hopefully be the next 

generation of compounds that target astrocyte specific transporters. Preclinical strategies here 

could use chemogenetic delivery systems as described for selective targeting of astrocyte 

adenosine receptors (265). This allows for the modulation of target activity through delivery of 

a synthetic ligand and has distinct advantages over the invasive optogenetic approaches 

(266). While this chemogenetic approach works well for G-protein coupled receptors 

(GPCRs), it is unclear if this approach could yield positive results for transporter proteins which 

are not exclusively coupled in a similar fashion. Research into tailor-made delivery systems is 

on-going and with pharmaceutic companies waking up to the idea of using the so called 

‘support cells’ to provide patient benefit (e.g. Astrocyte Pharmaceuticals), it will hopefully not 
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be long before astrocyte-targeting drugs are being considered as viable therapeutic strategies 

to combat complex neurological conditions, including AD. 

Figures/Table:  

Figure 1. A timeline of astrocyte involvement in AD pathology. A schematic 

representation of how astrocytes are believed to be involved in the pathogenesis of AD. (A) 

GFAP expression is routinely reported to increase in animal models of AD, with available 

human data indicating this may relate to physiological ageing other than AD specifically. 

However, the phenotypic change presented is consistent and highlights that this switch occurs 

before both amyloid deposition and neurodegeneration. This therefore highlights the 

importance of astrocytes in the early stages of disease and with it the potential to target them 

for patient benefit. (B) Schematic representation of the phenotypic changes reported in 

astrocytes from models of AD. (Left) A cartoon of a pre-symptomatic astrocyte showing 

elaborated processes and regulated volume. (Right) A cartoon of an astrocyte from an AD 

brain. Astrocyte atrophy is noted in several animal models of AD and can be defined by a 

variety of parameters including surface area. 

 

Table 1. An overview of the astrocyte transporters with proposed relevance to AD 

pathology. A review of the literature revealed several astrocytic transporters that have been 

implicated in AD pathology. Here we present an overview of the main protagonists, their 

reported involvement and models used to present lines of evidence, as discussed in the text. 

Where multiple substrates exist the predominant one is mention here. (TgAD= transgenic 

animal model). *it is unclear as to the contribution of astrocyte SERT to brain physiology; 

therefore, these observations may reflect neuronal SERT. #it is unclear the role of astrocyte 

ABCA7, expression levels are observed within all cells of the brain with microglia showing 

higher levels in comparison to neurones and astrocytes. 
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Figure 2. Topology of the astrocytic transporters. A schematic representation of the 

topology of astrocyte transporters. The transporters illustrated here highlight the diversity 

amongst the transporter families. (A) SLC1 transporter is shown regarding Section 1; (B) 

SLC2, 6 and 16 are used to illustrate Sections 2 and 3; (C) A SLC7/SLC3 heterodimeric 

complex is shown to illustrate Section 4; (D) EC 3.6.3.9 is shown to highlight the interplay 

between α, β and γ subunits to make a functional transporter. This is highlighted in Section 5; 

(E) MDR1 is shown as an illustration of the ATP-binding cassette transporter family. This 

family is discussed in Section 6. 

 

Figure 3. Astrocyte transporters coupled to AD signalling cascades. 1) EAAT2 transports 

glutamate from the synapse into the cytosol using ionic currents generated from primary active 

transporters which breakdown ATP. Therapeutically increasing the activity of this transporter 

may reduce glutamate-induced excitotoxicity evident in Alzheimer’s disease (AD). 2) 

Increasing GLUT1 levels or transporter activity could increase astrocyte glycolysis, improving 

the supply of lactate to neurons. Lactate can be taken up by neurons through MCT1 

transporters. 3) GAT3 inhibition could limit GABA release from reactive astrocytes, preventing 

long term deficits in neuronal activity. Targeting reactive astrocytes this way could increase 

neuronal activity in AD. GlyT-1 transporter inhibition may potentiate NMDA signalling by 

increasing the bioavailability of glycine at the synapse. Glycine is a co-agonist of the NMDA 

receptor and could act to modulate glutamatergic neurotransmission. 4) Glutathione (GSH) is 

the predominant antioxidant in astrocytes and is depleted in AD brains. Increasing cystine 

transport, via modulation of System xc-, could boost GSH antioxidant capacity. 5) Targeting 

Na+/K+ ATPase could have mixed effects. Inhibition could decrease sodium efflux from 

astrocytes but dampen neuronal activity. Conversely, activation would stimulate neuronal 

activity through increasing synaptic Na+ concentration but delay repolarisation via increased 

K+ influx. Furthermore, due to the interaction between Na+/K+ ATPase and EAAT2, targeting 

this pump may impact glutamate uptake dynamics (numbers refer to the relevant sections 

within the text). 
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Figure 4. Schematic of therapeutic opportunities for targeting astrocytes in AD. As 

outlined within the review various aspects of astrocyte physiology/pathology contribute to 

neurological disorders. Three specific areas are highlighted as indicated above with the 

molecular targets also listed. More detail about the specific transporters can be found in the 

relevant sections of the review. 

 

Acknowledgments. The authors acknowledge support that has contributed to studies within 

their labs on astrocytes. A fellowship award from Alzheimer’s Research UK (MLD, ART-

PSRF2011-1), Royal Society Research Grant (MLD, RG120400), Alzheimer’s Society 

Research Grants (CP, MR), Motor Neuron Disease Association Research Grant (MR) and a 

BBSRC CASE award with Pfizer (MR, CU). 

References 

1.  De Strooper B, Karran E. The Cellular Phase of Alzheimer’s Disease. 2016;  

2.  Casper KB, Jones K, McCarthy KD. Characterization of astrocyte-specific conditional 
knockouts. Genesis. 2007;45(5):292–9.  

3.  Verkhratsky A, Olabarria M, Noristani HN, Yeh C-Y, Rodriguez JJ. Astrocytes in 
Alzheimer’s disease. Neurotherapeutics. 2010 Oct;7(4):399–412.  

4.  Lent R, Azevedo FAC, Andrade-Moraes CH, Pinto AVO. How many neurons do you 
have? Some dogmas of quantitative neuroscience under revision. European Journal of 
Neuroscience. 2012. p. 1–9.  

5.  Sofroniew M V., Vinters H V. Astrocytes: Biology and pathology. Acta 
Neuropathologica. 2010. p. 7–35.  

6.  Volterra A, Meldolesi J. Astrocytes, from brain glue to communication elements: the 
revolution continues. Nat Rev Neurosci. 2005;6(8):626–40.  

7.  Haydon PG, Carmignoto G. Astrocyte control of synaptic transmission and 
neurovascular coupling. Physiol Rev. 2006;86(3):1009–31.  

8.  Volterra A, Liaudet N, Savtchouk I. Astrocyte Ca(2+) signalling: an unexpected 
complexity. Nat Rev Neurosci. 2014;15(5):327–35.  

9.  Nakagawa S, Deli MA, Kawaguchi H, Shimizudani T, Shimono T, Kittel A, et al. A new 
blood-brain barrier model using primary rat brain endothelial cells, pericytes and 
astrocytes. Neurochem Int. 2009;54(3–4):253–63.  



30 
 

10.  Wilkin GP, Marriott DR, Cholewinski AJ. Astrocyte heterogeneity. Trends Neurosci. 
1990 Feb;13(2):43–6.  

11.  Hu X, Yuan Y, Wang D, Su Z. Heterogeneous astrocytes: Active players in CNS. Brain 
Res Bull. 2016 Mar 26;125:1–18.  

12.  Simpson JE, Ince PG, Lace G, Forster G, Shaw PJ, Matthews F, et al. Astrocyte 
phenotype in relation to Alzheimer-type pathology in the ageing brain. Neurobiol 
Aging. 2010;31(4):578–90.  

13.  Fuller S, Münch G, Steele M. Activated astrocytes: a therapeutic target in Alzheimer’s 
disease? Expert Rev Neurother. 2009 Nov;9(11):1585–94.  

14.  Orre M, Kamphuis W, Osborn LM, Jansen AHP, Kooijman L, Bossers K, et al. Isolation 
of glia from Alzheimer’s mice reveals inflammation and dysfunction. Neurobiol Aging. 
2014 Dec;35(12):2746–60.  

15.  Olabarria M, Noristani HN, Verkhratsky A, Rodríguez JJ. Concomitant astroglial 
atrophy and astrogliosis in a triple transgenic animal model of Alzheimer’s disease. 
Glia. 2010 May;58(7):831–8.  

16.  Olabarria M, Noristani HN, Verkhratsky A, Rodríguez 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. BioMed Central; 2011 Jan 30;6(1):55.  

17.  Tanaka H, Araki M, Masuzawa T. Reaction of astrocytes in the gerbil hippocampus 
following transient ischemia: Immunohistochemical observations with antibodies 
against glial fibrillary acidic protein, glutamine synthetase, and S-100 protein. Exp 
Neurol. 1992;116(3):264–74.  

18.  Middeldorp J, Hol EM. GFAP in health and disease. Progress in Neurobiology. 2011. p. 
421–43.  

19.  Verkhratsky A, Zorec R, Rodríguez JJ, Parpura V. Astroglia dynamics in ageing and 
Alzheimer’s disease. Curr Opin Pharmacol. 2016 Feb;26:74–9.  

20.  Heneka MT, Sastre M, Dumitrescu-Ozimek L, Dewachter I, Walter J, Klockgether T, et 
al. Focal glial activation coincides with increased BACE1 activation and precedes 
amyloid plaque deposition in APP[V717I] transgenic mice. J Neuroinflammation. 
BioMed Central; 2005 Oct 7;2(1):22.  

21.  Rodriguez-Vieitez E, Ni R, Guly??s B, T??th M, H??ggkvist J, Halldin C, et al. 
Astrocytosis precedes amyloid plaque deposition in Alzheimer APPswe transgenic 
mouse brain: a correlative positron emission tomography and in vitro imaging study. 
Eur J Nucl Med Mol Imaging. 2015;42(7):1119–32.  

22.  Verkhratsky A, Parpura V, Pekna M, Pekny M, Sofroniew M. Glia in the pathogenesis 
of neurodegenerative diseases. Biochem Soc Trans. 2014;42(5):1291–301.  

23.  Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson KS, et al. A 



31 
 

transcriptome database for astrocytes, neurons, and oligodendrocytes: a new 
resource for understanding brain development and function. J Neurosci. 2008 Jan 
2;28(1):264–78.  

24.  Simpson JE, Ince PG, Shaw PJ, Heath PR, Raman R, Garwood CJ, et al. Microarray 
analysis of the astrocyte transcriptome in the aging brain: Relationship to Alzheimer’s 
pathology and APOE genotype. Neurobiol Aging. Elsevier Inc.; 2011;32(10):1795–807.  

25.  Busch W, Saier MH. The transporter classification (TC) system, 2002. Crit Rev Biochem 
Mol Biol. 2002;37(5):287–337.  

26.  Lee A, Pow D V. Astrocytes: Glutamate transport and alternate splicing of 
transporters. International Journal of Biochemistry and Cell Biology. 2010. p. 1901–6.  

27.  Hirst WD, Price GW, Rattray M, Wilkin GP. Serotonin transporters in adult rat brain 
astrocytes revealed by [3H]5-HT uptake into glial plasmalemmal vesicles. Neurochem 
Int. 1998 Jul;33(1):11–22.  

28.  Aroeira RI, Sebasti??o AM, Valente CA. GlyT1 and GlyT2 in brain astrocytes: 
Expression, distribution and function. Brain Struct Funct. 2014;219(3):817–30.  

29.  Alexander SP, Kelly E, Marrion N, Peters JA, Benson HE, Faccenda E, et al. The Concise 
Guide to PHARMACOLOGY 2015/16: Transporters. Br J Pharmacol. 2015 
Dec;172(24):6110–202.  

30.  Danbolt NC. Glutamate uptake. Prog Neurobiol. 2001;65(1):1–105.  

31.  Yernool D, Boudker O, Jin Y, Gouaux E. Structure of a glutamate transporter 
homologue from Pyrococcus horikoshii. Nature. 2004;431(7010):811–8.  

32.  Bouvier M, Szatkowski M, Amato A, Attwell D. The glial cell glutamate uptake carrier 
countertransports pH-changing anions. Nature. 1992;360(6403):471–4.  

33.  Hynd MR, Scott HL, Dodd PR. Glutamate-mediated excitotoxicity and 
neurodegeneration in Alzheimer’s disease. Neurochem Int. 2004 Oct;45(5):583–95.  

34.  Boycott HEE, Dallas M, Boyle JPP, Pearson HAA, Peers C. Hypoxia suppresses 
astrocyte glutamate transport independently of amyloid formation. Biochem Biophys 
Res Commun. 2007/10/12. 2007;364(1):100–4.  

35.  Dallas M, Boycott HEE, Atkinson L, Miller A, Boyle JPP, Pearson HAA, et al. Hypoxia 
suppresses glutamate transport in astrocytes. J Neurosci. 2007/04/13. 
2007;27(15):3946–55.  

36.  Genda EN, Jackson JG, Sheldon AL, Locke SF, Greco TM, O’Donnell JC, et al. Co-
compartmentalization of the astroglial glutamate transporter, GLT-1, with glycolytic 
enzymes and mitochondria. J Neurosci. 2011;31(50):18275–88.  

37.  Jiang J, Amara SG. New views of glutamate transporter structure and function: 
advances and challenges. Neuropharmacology. 2010/08/17. 2011;60(1):172–81.  

38.  Vandenberg RJ, Ryan RM. Mechanisms of glutamate transport. Physiol Rev. 



32 
 

2013/10/19. 2013;93(4):1621–57.  

39.  Beart PM, O’Shea RD. Transporters for L-glutamate: an update on their molecular 
pharmacology and pathological involvement. Br J Pharmacol. 2007;150(1):5–17.  

40.  Dolińska M, Zabłocka B, Sonnewald U, Albrecht J. Glutamine uptake and expression of 
mRNA’s of glutamine transporting proteins in mouse cerebellar and cerebral cortical 
astrocytes and neurons. Neurochem Int. 2004 Jan;44(2):75–81.  

41.  Bjornsen LP, Hadera MG, Zhou Y, Danbolt NC, Sonnewald U. The GLT-1 (EAAT2; 
slc1a2) glutamate transporter is essential for glutamate homeostasis in the neocortex 
of the mouse. J Neurochem. 2013/11/15. 2014;128(5):641–9.  

42.  Maragakis NJ, Dietrich J, Wong V, Xue H, Mayer-Proschel M, Rao MS, et al. Glutamate 
Transporter Expression and Function in Human Glial Progenitors. Glia. 
2004;45(2):133–43.  

43.  Moechars D, Dewachter I, Lorent K, Reverse D, Baekelandt V, Naidu A, et al. Early 
phenotypic changes in transgenic mice that overexpress different mutants of amyloid 
precursor protein in brain. J Biol Chem. 1999/02/26. 1999;274(10):6483–92.  

44.  Masliah E, Alford M, Mallory M, Rockenstein E, Moechars D, Van Leuven F. Abnormal 
glutamate transport function in mutant amyloid precursor protein transgenic mice. 
Exp Neurol. 2000/06/02. 2000;163(2):381–7.  

45.  Jankowsky JL, Fadale DJ, Anderson J, Xu GM, Gonzales V, Jenkins NA, et al. Mutant 
presenilins specifically elevate the levels of the 42 residue beta-amyloid peptide in 
vivo: evidence for augmentation of a 42-specific gamma secretase. Hum Mol Genet. 
2004 Jan 15;13(2):159–70.  

46.  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. 2011/06/17. 2011;26(3):447–55.  

47.  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 AβPP23 mouse model for 
Alzheimer’s disease. J Alzheimers Dis. 2011/02/08. 2011;24(2):287–300.  

48.  Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, et al. Triple-
Transgenic Model of Alzheimer’s Disease with Plaques and Tangles: Intracellular Aβ 
and Synaptic Dysfunction. Neuron. 2003;39(3):409–21.  

49.  Kulijewicz-Nawrot M, Syková E, Chvátal A, Verkhratsky A, Rodríguez 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. 9037 Ron 
Den Lane, Windermere, FL 34786, U.S.A.: American Society for Neurochemistry; 
2013;5(4):e00123.  

50.  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 



33 
 

Jul;36(7):2260–71.  

51.  Morrissette DA, Parachikova A, Green KN, LaFerla FM. Relevance of transgenic mouse 
models to human Alzheimer disease. J Biol Chem. 2009 Mar 6;284(10):6033–7.  

52.  Masliah E, Alford M, DeTeresa R, Mallory M, Hansen L. Deficient glutamate transport 
is associated with neurodegeneration in Alzheimer’s disease. Ann Neurol. 
1996/11/01. 1996 Nov;40(5):759–66.  

53.  Woltjer RL, Duerson K, Fullmer JM, Mookherjee P, Ryan AM, Montine TJ, et al. 
Aberrant detergent-insoluble excitatory amino acid transporter 2 accumulates in 
Alzheimer disease. J Neuropathol Exp Neurol. 2010 Jul;69(7):667–76.  

54.  Chen KH, Reese EA, Kim H-W, Rapoport SI, Rao JS. Disturbed Neurotransmitter 
Transporter Expression in Alzheimer Disease Brain. J Alzheimers Dis. 2011;26(4):755–
66.  

55.  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. 2007/03/16. 2007 Mar;11(1):97–116.  

56.  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. 1997/08/01. 1997 Aug;56(8):901–11.  

57.  Duerson K, Woltjer RL, Mookherjee P, Leverenz JB, Montine TJ, Bird TD, et al. 
Detergent-insoluble EAAC1/EAAT3 aberrantly accumulates in hippocampal neurons of 
Alzheimer’s disease patients. Brain Pathol. 2008/07/16. 2009;19(2):267–78.  

58.  Beckstrøm H, Julsrud L, Haugeto O, Dewar D, Graham DI, Lehre KP, et al. 
Interindividual differences in the levels of the glutamate transporters GLAST and GLT, 
but no clear correlation with Alzheimer’s disease. J Neurosci Res. 1999 Jan 
15;55(2):218–29.  

59.  Tang C, Tang G, Gao S, Hu K, Yao B, Nie D. PET imaging of glutamate transporter 
EAAC1 using N-(2-18F-fluoropropionyl)-L-glutamate. J Nucl Med. 2015;56(supplement 
3):551–551.  

60.  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(41):12957–69.  

61.  Pow D V, Cook DG. Neuronal Expression of Splice Variants of “Glial” Glutamate 
Transporters in Brains Afflicted by Alzheimer’s Disease: Unmasking an Intrinsic 
Neuronal Property. Neurochem Res. 2009;34(10):1748–57.  

62.  Francis PT. Glutamatergic systems in Alzheimer’s disease. Int J Geriatr Psychiatry. 
2003 Sep;18(Suppl 1):S15-21.  

63.  Bussière T, Giannakopoulos P, Bouras C, Perl DP, Morrison JH, Hof PR. Progressive 
degeneration of nonphosphorylated neurofilament protein-enriched pyramidal 



34 
 

neurons predicts cognitive impairment in Alzheimer’s disease: stereologic analysis of 
prefrontal cortex area 9. J Comp Neurol. 2003 Aug 25;463(3):281–302.  

64.  Butterfield DA, Pocernich CB. The glutamatergic system and Alzheimer’s disease: 
therapeutic implications. CNS Drugs. 2003;17(9):641–52.  

65.  Lewerenz J, Maher P. Chronic Glutamate Toxicity in Neurodegenerative Diseases-
What is the Evidence? Front Neurosci. 2015;9:469.  

66.  Palmer AM, Gershon S. Is the neuronal basis of Alzheimer’s disease cholinergic or 
glutamatergic ? Faseb. 1990;4:2745–52.  

67.  Maragos WF, Greenamyre JT, Penney JB, Young AB. Glutamate dysfunction in 
Alzheimer’s disease: an hypothesis. Trends in Neurosciences. 1987. p. 65–8.  

68.  Kim K, Lee S-GG, Kegelman TP, Su Z-ZZ, Das SK, Dash R, et al. Role of Excitatory Amino 
Acid Transporter-2 (EAAT2) and glutamate in neurodegeneration: Opportunities for 
developing novel therapeutics. J Cell Physiol. 2011 Oct;226(10):2484–93.  

69.  Dunlop J. Glutamate-based therapeutic approaches: Targeting the glutamate 
transport system. Current Opinion in Pharmacology. 2006. p. 103–7.  

70.  Jensen AA, Fahlke C, Bjørn-Yoshimoto WE, Bunch L, Bj??rn-Yoshimoto WE, Bunch L. 
Excitatory amino acid transporters: recent insights into molecular mechanisms, novel 
modes of modulation and new therapeutic possibilities. Curr Opin Pharmacol. 
2014;20:116–23.  

71.  Rothstein JD, Patel S, Regan MR, Haenggeli C, Huang YH, Bergles DE, et al. Beta-
lactam antibiotics offer neuroprotection by increasing glutamate transporter 
expression. Nature. 2005;433(7021):73–7.  

72.  Lee SG, Su ZZ, Emdad L, Gupta P, Sarkar D, Borjabad A, et al. Mechanism of 
ceftriaxone induction of excitatory amino acid transporter-2 expression and 
glutamate uptake in primary human astrocytes. J Biol Chem. 2008;283(19):13116–23.  

73.  Thöne-Reineke C, Neumann C, Namsolleck P, Schmerbach K, Krikov M, Schefe JH, et 
al. The beta-lactam antibiotic, ceftriaxone, dramatically improves survival, increases 
glutamate uptake and induces neurotrophins in stroke. J Hypertens. 
2008;26(12):2426–35.  

74.  Yang J, Li MX, Luo Y, Chen T, Liu J, Fang P, et al. Chronic ceftriaxone treatment rescues 
hippocampal memory deficit in AQP4 knockout mice via activation of GLT-1. 
Neuropharmacology. 2013;75:213–22.  

75.  Cudkowicz ME, Titus S, Kearney M, Yu H, Sherman A, Schoenfeld D, et al. Safety and 
efficacy of ceftriaxone for amyotrophic lateral sclerosis: a multi-stage, randomised, 
double-blind, placebo-controlled trial. Lancet Neurol. Elsevier; 2014 Nov 
1;13(11):1083–91.  

76.  Colton CK, Kong Q, Lai L, Zhu MX, Seyb KI, Cuny GD, et al. Identification of 
translational activators of glial glutamate transporter EAAT2 through cell-based high-



35 
 

throughput screening: an approach to prevent excitotoxicity. J Biomol Screen. 2010 
Jul;15(6):653–62.  

77.  Li Y, Sattler R, Yang EJ, Nunes A, Ayukawa Y, Akhtar S, et al. Harmine, a natural beta-
carboline alkaloid, upregulates astroglial glutamate transporter expression. 
Neuropharmacology. 2011;60(7–8):1168–75.  

78.  Kong Q, Chang LC, Takahashi K, Liu Q, Schulte DA, Lai L, et al. Small-molecule activator 
of glutamate transporter EAAT2 translation provides neuroprotection. J Clin Invest. 
2014;124(3):1255–67.  

79.  Takahashi K, Kong Q, Lin Y, Stouffer N, Schulte DA, Lai L, et al. Restored glial 
glutamate transporter EAAT2 function as a potential therapeutic approach for 
Alzheimer’s disease. J Exp Med. 2015;212(3):319–32.  

80.  Fontana ACK. Current approaches to enhance glutamate transporter function and 
expression. J Neurochem. 2015 Sep;134(6):982–1007.  

81.  Mueckler M, Thorens B. The SLC2 (GLUT) family of membrane transporters. 
Molecular Aspects of Medicine. 2013. p. 121–38.  

82.  Wright EM. Glucose transport families SLC5 and SLC50. Mol Aspects Med. 2013 
Jan;34(2–3):183–96.  

83.  Chen L-Q, Hou B-H, Lalonde S, Takanaga H, Hartung ML, Qu X-Q, et al. Sugar 
transporters for intercellular exchange and nutrition of pathogens. Nature. 
2010;468(7323):527–32.  

84.  Halestrap AP. The SLC16 gene family – Structure, role and regulation in health and 
disease. Mol Aspects Med. 2013 Jan;34(2–3):337–49.  

85.  Mergenthaler P, Lindauer U, Dienel GA, Meisel A. Sugar for the brain: The role of 
glucose in physiological and pathological brain function. Trends in Neurosciences. 
2013. p. 587–97.  

86.  Nijland PG, Michailidou I, Witte ME, Mizee MR, van der Pol SMA, van Het Hof B, et al. 
Cellular distribution of glucose and monocarboxylate transporters in human brain 
white matter and multiple sclerosis lesions. Glia. 2014 Jul;62(7):1125–41.  

87.  Vemula S, Roder KE, Yang T, Bhat GJ, Thekkumkara TJ, Abbruscato TJ. A functional 
role for sodium-dependent glucose transport across the blood-brain barrier during 
oxygen glucose deprivation. J Pharmacol Exp Ther. 2009 Feb;328(2):487–95.  

88.  Vannucci SJ, Clark RR, Koehler-Stec E, Li K, Smith CB, Davies P, et al. Glucose 
transporter expression in brain: relationship to cerebral glucose utilization. Dev 
Neurosci. 1998;20:369–79.  

89.  Hanu R, McKenna M, O’Neill A, Resneck WG, Bloch RJ. Monocarboxylic acid 
transporters, MCT1 and MCT2, in cortical astrocytes in vitro and in vivo. Am J Physiol 
Cell Physiol. 2000;278(5):C921-30.  

90.  Pierre K, Pellerin L, Debernardi R, Riederer BM, Magistretti PJ. Cell-specific 



36 
 

localization of monocarboxylate transporters, MCT1 and MCT2, in the adult mouse 
brain revealed by double immunohistochemical labeling and confocal microscopy. 
Neuroscience. 2000;100(3):617–27.  

91.  Brown AM, Ransom BR. Astrocyte glycogen and brain energy metabolism. GLIA. 2007. 
p. 1263–71.  

92.  Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes stimulates aerobic 
glycolysis: a mechanism coupling neuronal activity to glucose utilization. Proc Natl 
Acad Sci U S A. 1994;91(22):10625–9.  

93.  Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. J Cereb Blood Flow &amp; Metab. 
Nature Publishing Group; 2012;32(7):1152–66.  

94.  Dienel G a. Brain lactate metabolism: the discoveries and the controversies. J Cereb 
Blood Flow Metab. Nature Publishing Group; 2012;32(7):1107–38.  

95.  Brekke E, Morken TS, Sonnewald U. Glucose metabolism and astrocyte-neuron 
interactions in the neonatal brain. Neurochem Int. 2015 Mar;82:33–41.  

96.  Mosconi L, Pupi A, De Leon MJ. Brain glucose hypometabolism and oxidative stress in 
preclinical Alzheimer’s disease. Ann N Y Acad Sci. 2008 Dec;1147:180–95.  

97.  Merlini M, Meyer EP, Ulmann-Schuler A, Nitsch RM. Vascular ??-amyloid and early 
astrocyte alterations impair cerebrovascular function and cerebral metabolism in 
transgenic arcA?? mice. Acta Neuropathol. 2011;122(3):293–311.  

98.  Alexander GE, Chen K, Pietrini P, Rapoport SI, Reiman EM. Longitudinal PET 
Evaluation of Cerebral Metabolic Decline in Dementia: A Potential Outcome Measure 
in Alzheimer’s Disease Treatment Studies. Am J Psychiatry. 2002 May;159(5):738–45.  

99.  Simpson IA, Chundu KR, Davies-Hill T, Honer WG, Davies P. Decreased concentrations 
of GLUT1 and GLUT3 glucose transporters in the brains of patients with Alzheimer’s 
disease. Ann Neurol. 1994;35(5):546–51.  

100.  Mooradian AD, Chung HC, Shah GN. GLUT-1 expression in the cerebra of patients with 
Alzheimer’s disease. Neurobiol Aging. 1997;18(5):469–74.  

101.  Mosconi L, Mistur R, Switalski R, Tsui WH, Glodzik L, Li Y, et al. FDG-PET changes in 
brain glucose metabolism from normal cognition to pathologically verified 
Alzheimer’s disease. Eur J Nucl Med Mol Imaging. 2009 May;36(5):811–22.  

102.  Chen Z, Zhong C. Decoding Alzheimer’s disease from perturbed cerebral glucose 
metabolism: Implications for diagnostic and therapeutic strategies. Prog Neurobiol. 
2013;108:21–43.  

103.  Kapogiannis D, Mattson MP. Disrupted energy metabolism and neuronal circuit 
dysfunction in cognitive impairment and Alzheimer’s disease. The Lancet Neurology. 
2011. p. 187–98.  

104.  Mosconi L. Brain glucose metabolism in the early and specific diagnosis of 
Alzheimer?s disease. Eur J Nucl Med Mol Imaging. Springer-Verlag; 2005 Apr 



37 
 

4;32(4):486–510.  

105.  Vlassenko AG, Vaishnavi SN, Couture L, Sacco D, Shannon BJ, Mach RH, et al. Spatial 
correlation between brain aerobic glycolysis and amyloid-β (Aβ ) deposition. Proc Natl 
Acad Sci U S A. National Academy of Sciences; 2010 Oct 12;107(41):17763–7.  

106.  Cunnane S, Nugent S, Roy M, Courchesne-Loyer A, Croteau E, Tremblay S, et al. Brain 
fuel metabolism, aging, and Alzheimer’s disease. Nutrition. 2011;27(1):3–20.  

107.  Winkler EA, Nishida Y, Sagare AP, Rege S V, Bell RD, Perlmutter D, et al. GLUT1 
reductions exacerbate Alzheimer’s disease vasculo-neuronal dysfunction and 
degeneration. Nat Neurosci. 2015;18(4):521–30.  

108.  Niccoli T, Cabecinha M, Tillmann A, Kerr F, Wong CT, Cardenes D, et al. Increased 
Glucose Transport into Neurons Rescues Aβ Toxicity in Drosophila. Curr Biol. 
2016;26(17):2291–300.  

109.  Tadi M, Allaman I, Lengacher S, Grenningloh G, Magistretti PJ, McGaugh J, et al. 
Learning-Induced Gene Expression in the Hippocampus Reveals a Role of Neuron -
Astrocyte Metabolic Coupling in Long Term Memory. Coles JA, editor. PLoS One. 
Public Library of Science; 2015 Oct 29;10(10):e0141568.  

110.  Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, et al. 
Astrocyte-neuron lactate transport is required for long-term memory formation. Cell. 
Elsevier Inc.; 2011;144(5):810–23.  

111.  Polanski R, Hodgkinson CL, Fusi A, Nonaka D, Priest L, Kelly P, et al. Activity of the 
Monocarboxylate Transporter 1 Inhibitor AZD3965 in Small Cell Lung Cancer. Clin 
Cancer Res. 2014 Feb 15;20(4):926–37.  

112.  Son SM, Shin H-J, Byun J, Kook SY, Moon M, Chang YJ, et al. Metformin Facilitates 
Amyloid-β Generation by β- and γ-Secretases via Autophagy Activation. Lee H, editor. 
J Alzheimer’s Dis. 2016 Apr 12;51(4):1197–208.  

113.  Ye F, Luo Y-J, Xiao J, Yu N-W, Yi G. Impact of Insulin Sensitizers on the Incidence of 
Dementia: A Meta-Analysis. Dement Geriatr Cogn Disord. 2016;41(5–6):251–60.  

114.  Chiang M-C, Cheng Y-C, Chen S-J, Yen C-H, Huang R-N. Metformin activation of AMPK-
dependent pathways is neuroprotective in human neural stem cells against Amyloid-
beta-induced mitochondrial dysfunction. Exp Cell Res. 2016 Oct 1;347(2):322–31.  

115.  Kandimalla R, Thirumala V, Reddy PH. Is Alzheimer’s disease a Type 3 Diabetes? A 
critical appraisal. Biochim Biophys Acta. 2016 Aug 25;  

116.  Ahmed S, Mahmood Z, Zahid S. Linking insulin with Alzheimer’s disease: emergence 
as type III diabetes. Neurol Sci. 2015 Oct;36(10):1763–9.  

117.  Imfeld P, Bodmer M, Jick SS, Meier CR. Metformin, other antidiabetic drugs, and risk 
of Alzheimer’s disease: a population-based case-control study. J Am Geriatr Soc. 2012 
May;60(5):916–21.  

118.  Hsu C-C, Wahlqvist ML, Lee M-S, Tsai H-N. Incidence of dementia is increased in type 



38 
 

2 diabetes and reduced by the use of sulfonylureas and metformin. J Alzheimers Dis. 
2011;24(3):485–93.  

119.  Zhou K, Bellenguez C, Sutherland C, Hardie G, Palmer C, Donnelly P, et al. The role of 
ATM in response to metformin treatment and activation of AMPK. Nat Genet. 2012 
Mar 28;44(4):361–2.  

120.  Hardie DG. Metformin—Acting through Cyclic AMP as well as AMP? Cell Metab. 2013 
Mar;17(3):313–4.  

121.  Lee JO, Lee SK, Kim JH, Kim N, You GY, Moon JW, et al. Metformin Regulates Glucose 
Transporter 4 (GLUT4) Translocation through AMP-activated Protein Kinase (AMPK)-
mediated Cbl/CAP Signaling in 3T3-L1 Preadipocyte Cells. J Biol Chem. 2012 Dec 
28;287(53):44121–9.  

122.  Huang S, Czech MP. The GLUT4 Glucose Transporter. Cell Metab. 2007;5(4):237–52.  

123.  Tomi M, Zhao Y, Thamotharan S, Shin B-C, Devaskar SU. Early life nutrient restriction 
impairs blood–brain metabolic profile and neurobehavior predisposing to Alzheimer’s 
disease with aging. Brain Res. 2013 Feb;1495:61–75.  

124.  Kim J, Basak JM, Holtzman DM. The Role of Apolipoprotein E in Alzheimer’s Disease. 
Neuron. 2009 Aug;63(3):287–303.  

125.  Almeida A, Moncada S, Bolaños JP. Nitric oxide switches on glycolysis through the 
AMP protein kinase and 6-phosphofructo-2-kinase pathway. Nat Cell Biol. 2004 Jan 
14;6(1):45–51.  

126.  Bolaños JP. Bioenergetics and redox adaptations of astrocytes to neuronal activity. J 
Neurochem. 2016 Oct;139:115–25.  

127.  Soucek T, Cumming R, Dargusch R, Maher P, Schubert D. The Regulation of Glucose 
Metabolism by HIF-1 Mediates a Neuroprotective Response to Amyloid Beta Peptide. 
Neuron. 2003;39(1):43–56.  

128.  Kim BY, Lee SH, Graham PL, Angelucci F, Lucia A, Pareja-Galeano H, et al. Peripheral 
Brain-Derived Neurotrophic Factor Levels in Alzheimer’s Disease and Mild Cognitive 
Impairment: a Comprehensive Systematic Review and Meta-analysis. Mol Neurobiol. 
2016 Nov 4;  

129.  Burkhalter J, Fiumelli H, Allaman I, Chatton J-Y, Martin J-L. Brain-derived neurotrophic 
factor stimulates energy metabolism in developing cortical neurons. J Neurosci. 2003 
Sep 10;23(23):8212–20.  

130.  Coco M, Caggia S, Musumeci G, Perciavalle V, Graziano ACE, Pannuzzo G, et al. 
Sodium L-lactate differently affects brain-derived neurothrophic factor, inducible 
nitric oxide synthase, and heat shock protein 70 kDa production in human astrocytes 
and SH-SY5Y cultures. J Neurosci Res. Wiley Subscription Services, Inc., A Wiley 
Company; 2013 Feb;91(2):313–20.  

131.  Köfalvi A, Lemos C, Martín-Moreno AM, Pinheiro BS, García-García L, Pozo MA, et al. 



39 
 

Stimulation of brain glucose uptake by cannabinoid CB2 receptors and its therapeutic 
potential in Alzheimer’s disease. Neuropharmacology. 2016 Mar 11;  

132.  Dong JH, Chen X, Cui M, Yu X, Pang Q, Sun JP. Beta2-adrenergic receptor and 
astrocyte glucose metabolism. In: Journal of Molecular Neuroscience. 2012. p. 456–
63.  

133.  Mirbolooki MR, Schade KN, Constantinescu CC, Pan ML, Mukherjee J. Enhancement 
of 18F-fluorodeoxyglucose metabolism in rat brain frontal cortex using a beta3 
adrenoceptor agonist. Synapse. 2015;69(2):96–8.  

134.  Kristensen AS, Andersen J, Jørgensen TN, Sørensen L, Eriksen J, Loland CJ, et al. SLC6 
neurotransmitter transporters: structure, function, and regulation. Pharmacol Rev. 
2011;63(3):585–640.  

135.  Amara SG, Kuhar MJ. Neurotransmitter Transporters: Recent Progress. Annu Rev 
Neurosci. 1993 Mar;16(1):73–93.  

136.  Yamashita A, Singh SK, Kawate T, Jin Y, Gouaux E. Crystal structure of a bacterial 
homologue of Na+/Cl--dependent neurotransmitter transporters. Nature. 2005 Sep 
8;437(7056):215–23.  

137.  Eulenburg V, Armsen W, Betz H, Gomeza J. Glycine transporters: Essential regulators 
of neurotransmission. Trends in Biochemical Sciences. 2005. p. 325–33.  

138.  Pirttimaki T, Parri HR, Crunelli V. Astrocytic GABA transporter GAT-1 dysfunction in 
experimental absence seizures. J Physiol. 2013;591(Pt 4):823–33.  

139.  Borden LA, Caplan MJ. GABA transporter heterogeneity: Pharmacology and cellular 
localization. Neurochem Int. 1996;29(4):335–56.  

140.  Hardy J, Cowburn R, Barton A, Reynolds G. A disorder of cortical GABAergic 
innervation in Alzheimer’s disease. Neurosci  …. 1987;  

141.  Schwab C, Yu S, Wong W. GAD65, GAD67, and GABAT immunostaining in human 
brain and apparent GAD65 loss in Alzheimer’s disease. J Alzheimer’s …. 2013;  

142.  Verret L, Mann EO, Hang GB, Barth AMI, Cobos I, Ho K, et al. Inhibitory interneuron 
deficit links altered network activity and cognitive dysfunction in Alzheimer model. 
Cell. 2012 Apr 27;149(3):708–21.  

143.  Tong LM, Djukic B, Arnold C, Gillespie AK, Yoon SY, Wang MM, et al. Inhibitory 
interneuron progenitor transplantation restores normal learning and memory in 
ApoE4 knock-in mice without or with Aβ accumulation. J Neurosci. 2014 Jul 
16;34(29):9506–15.  

144.  Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, et al. Intraneuronal beta-amyloid 
aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial 
Alzheimer’s disease mutations: potential factors in amyloid plaque formation. J 
Neurosci. 2006 Oct 4;26(40):10129–40.  

145.  Richerson GB, Wu Y. Dynamic equilibrium of neurotransmitter transporters: not just 



40 
 

for reuptake anymore. J Neurophysiol. 2003 Sep 1;90(3):1363–74.  

146.  Bareggi S, Franceschi M. Decreased CSF concentrations of homovanillic acid and γ-
aminobutyric acid in Alzheimer’s disease: Age-or disease-related modifications? Arch 
Neurol. 1982;39(11):709–12.  

147.  Raiteri L, Stigliani S, Usai C, Diaspro A, Paluzzi S, Milanese M, et al. Functional 
expression of release-regulating glycine transporters GLYT1 on GABAergic neurons 
and GLYT2 on astrocytes in mouse spinal cord. Neurochem Int. 2008;52(1):103–12.  

148.  Mota SI, Ferreira IL, Rego AC. Dysfunctional synapse in Alzheimer’s disease - A focus 
on NMDA receptors. Neuropharmacology. 2014 Jan;76 Pt A:16–26.  

149.  Timmer NM, Metaxas A, van der Stelt I, Kluijtmans LAJ, van Berckel BN, Verbeek MM. 
Cerebral level of vGlut1 is increased and level of glycine is decreased in TgSwDI mice. 
J Alzheimers Dis. IOS Press; 2014 Jan 1;39(1):89–101.  

150.  Harada K, Nakato K, Yarimizu J, Yamazaki M, Morita M, Takahashi S, et al. A novel 
glycine transporter-1 (GlyT1) inhibitor, ASP2535 (4-[3-isopropyl-5-(6-phenyl-3-
pyridyl)-4H-1,2,4-triazol-4-yl]-2,1,3-benzoxadiazole), improves cognition in animal 
models of cognitive impairment in schizophrenia and Alzheimer’s disease. Eur J 
Pharmacol. 2012 Jun 15;685(1–3):59–69.  

151.  Van Dam D, De Deyn PP. Drug discovery in dementia: the role of rodent models. Nat 
Rev Drug Discov. 2006;5(11):956–70.  

152.  Blakely RD, Berson HE, Fremeau RT, Caron MG, Peek MM, Prince HK, et al. Cloning 
and expression of a functional serotonin transporter from rat brain. Nature. 1991 Nov 
7;354(6348):66–70.  

153.  Katz DM, Kimelberg HK. Kinetics and autoradiography of high affinity uptake of 
serotonin by primary astrocyte cultures. J Neurosci. 1985 Jul;5(7):1901–8.  

154.  Malynn S, Campos-Torres A, Moynagh P, Haase J. The pro-inflammatory cytokine 
TNF-α regulates the activity and expression of the serotonin transporter (SERT) in 
astrocytes. Neurochem Res. 2013 Apr;38(4):694–704.  

155.  Palmer AM, Francis PT, Benton JS, Sims NR, Mann DM, Neary D, et al. Presynaptic 
serotonergic dysfunction in patients with Alzheimer’s disease. J Neurochem. 
1987;48(1):8–15.  

156.  Garcia-Alloza M, Hirst WD, Chen CPL-H, Lasheras B, Francis PT, Ramírez MJ. 
Differential involvement of 5-HT(1B/1D) and 5-HT6 receptors in cognitive and non-
cognitive symptoms in Alzheimer’s disease. Neuropsychopharmacology. 
2004;29(2):410–6.  

157.  Bowen DM, Najlerahim A, Procter AW, Francis PT, Murphy E. Circumscribed changes 
of the cerebral cortex in neuropsychiatric disorders of later life. Proc Natl Acad Sci U S 
A. 1989;86(23):9504–8.  

158.  Marner L, Frokjaer VG, Kalbitzer J, Lehel S, Madsen K, Baaré WFC, et al. Loss of 



41 
 

serotonin 2A receptors exceeds loss of serotonergic projections in early Alzheimer’s 
disease: A combined [ 11C]DASB and [ 18F]altanserin-PET study. Neurobiol Aging. 
2012;33(3):479–87.  

159.  Kepe V, Barrio JR, Huang S-C, Ercoli L, Siddarth P, Shoghi-Jadid K, et al. Serotonin 1A 
receptors in the living brain of Alzheimer’s disease patients. Proc Natl Acad Sci U S A. 
2006 Jan 17;103(3):702–7.  

160.  Tsang SW, Keene J, Hope T, Spence I, Francis PT, Wong PTH, et al. A serotoninergic 
basis for hyperphagic eating changes in Alzheimer’s disease. J Neurol Sci. 2010;288(1–
2):151–5.  

161.  Upton N, Chuang TT, Hunter AJ, Virley DJ. 5-HT6 receptor antagonists as novel 
cognitive enhancing agents for Alzheimer’s disease. Neurotherapeutics. 2008 
Jul;5(3):458–69.  

162.  Ramirez MJ, Lai MKP, Tordera RM, Francis PT. Serotonergic Therapies for Cognitive 
Symptoms in Alzheimer’s Disease: Rationale and Current Status. 2014;  

163.  Dawson LA, Nguyen HQ, Li P. The 5-HT(6) receptor antagonist SB-271046 selectively 
enhances excitatory neurotransmission in the rat frontal cortex and hippocampus. 
Neuropsychopharmacology. 2001 Nov;25(5):662–8.  

164.  Mohler EG, Shacham S, Noiman S, Lezoualc’h F, Robert S, Gastineau M, et al. VRX-
03011, a novel 5-HT4 agonist, enhances memory and hippocampal acetylcholine 
efflux. Neuropharmacology. 2007 Sep;53(4):563–73.  

165.  Tajeddinn W, Persson T, Maioli S, Calvo-Garrido J, Parrado-Fernandez C, Yoshitake T, 
et al. 5-HT1B and other related serotonergic proteins are altered in APPswe mutation. 
Neurosci Lett. Elsevier Ireland Ltd; 2015 May 6;594:137–43.  

166.  Tajeddinn W, Persson T, Calvo-Garrido J, Seed Ahmed M, Maioli S, Vijayaraghavan S, 
et al. Pharmacological Modulations of the Serotonergic System in a Cell-Model of 
Familial Alzheimer’s Disease. J Alzheimers Dis. 2016 May 7;  

167.  Hu M, Retz W, Baader M, Pesold B, Adler G, Henn FA, et al. Promoter polymorphism 
of the 5-HT transporter and Alzheimer’s disease. Neurosci Lett. 2000 Nov 
10;294(1):63–5.  

168.  Li T, Holmes C, Sham PC, Vallada H, Birkett J, Kirov G, et al. Allelic functional variation 
of serotonin transporter expression is a susceptibility factor for late onset Alzheimer’s 
disease. Neuroreport. 1997 Feb 10;8(3):683–6.  

169.  Oliveira JR, Gallindo RM, Maia LG, Brito-Marques PR, Otto PA, Passos-Bueno MR, et 
al. The short variant of the polymorphism within the promoter region of the 
serotonin transporter gene is a risk factor for late onset Alzheimer’s disease. Mol 
Psychiatry. 1998 Sep;3(5):438–41.  

170.  Kunugi H, Ueki A, Otsuka M, Isse K, Hirasawa H, Kato N, et al. Alzheimer’s disease and 
5-HTTLPR polymorphism of the serotonin transporter gene: no evidence for an 
association. Am J Med Genet. 2000 Jun 12;96(3):307–9.  



42 
 

171.  Oliveira JR, Shimokomaki CM, Brito-Marques PR, Gallindo RM, Okuma M, Maia LG, et 
al. The association of the short variant of the 5-HTTPLR polymorphism and the apoE 
epsilon4 allele does not increase the risk for late onset Alzheimer’s disease. Mol 
Psychiatry. 1999 Jan;4(1):19–20.  

172.  Assal F, Alarcón M, Solomon EC, Masterman D, Geschwind DH, Cummings JL. 
Association of the serotonin transporter and receptor gene polymorphisms in 
neuropsychiatric symptoms in Alzheimer disease. Arch Neurol. 2004 Aug;61(8):1249–
53.  

173.  Lombardo S, Maskos U. Role of the nicotinic acetylcholine receptor in Alzheimer’s 
disease pathology and treatment. Neuropharmacology. 2015 Sep;96(Pt B):255–62.  

174.  Gannon M, Che P, Chen Y, Jiao K, Roberson ED, Wang Q. Noradrenergic dysfunction in 
Alzheimer’s disease. Front Neurosci. 2015;9:220.  

175.  Zlomuzica A, Dere D, Binder S, De Souza Silva MA, Huston JP, Dere E. Neuronal 
histamine and cognitive symptoms in Alzheimer’s disease. Neuropharmacology. 2016 
Jul;106:135–45.  

176.  Schousboe A, Sarup A, Larsson OM, White HS. GABA transporters as drug targets for 
modulation of GABAergic activity. Biochem Pharmacol. 2004;68(8):1557–63.  

177.  White HS, Watson WP, Hansen SL, Slough S, Perregaard J, Sarup A, et al. First 
demonstration of a functional role for central nervous system betaine/{gamma}-
aminobutyric acid transporter (mGAT2) based on synergistic anticonvulsant action 
among inhibitors of mGAT1 and mGAT2. J Pharmacol Exp Ther. 2005 Feb;312(2):866–
74.  

178.  Schousboe A, Larsson OM, Sarup A, White HS. Role of the betaine/GABA transporter 
(BGT-1/GAT2) for the control of epilepsy. Eur J Pharmacol. 2004 Oct 1;500(1–3):281–
7.  

179.  Inazu M, Takeda H, Ikoshi H, Sugisawa M, Uchida Y, Matsumiya T. Pharmacological 
characterization and visualization of the glial serotonin transporter. Neurochem Int. 
2001 Jul;39(1):39–49.  

180.  Banerjee S, Hellier J, Dewey M, Romeo R, Ballard C, Baldwin R, et al. Sertraline or 
mirtazapine for depression in dementia (HTA-SADD): a randomised, multicentre, 
double-blind, placebo-controlled trial. Lancet (London, England). Elsevier; 2011 Jul 
30;378(9789):403–11.  

181.  Huey ED, Putnam KT, Grafman J. A systematic review of neurotransmitter deficits and 
treatments in frontotemporal dementia. Neurology. 2006. p. 17–22.  

182.  Fotiadis D, Kanai Y, Palac??n M. The SLC3 and SLC7 families of amino acid 
transporters. Molecular Aspects of Medicine. 2013. p. 139–58.  

183.  Bridges RJ, Natale NR, Patel SA. System x c - cystine/glutamate antiporter: An update 
on molecular pharmacology and roles within the CNS. British Journal of 
Pharmacology. 2012. p. 20–34.  



43 
 

184.  Massie A, Boillée S, Hewett S, Knackstedt L, Lewerenz J. Main path and byways: non-
vesicular glutamate release by system x c − as an important modifier of glutamatergic 
neurotransmission. J Neurochem. 2015;135(6):1062–79.  

185.  Pow D V. Visualising the activity of the cystine-glutamate antiporter in glial cells using 
antibodies to aminoadipic acid, a selectively transported substrate. Glia. 
2001;34(1):27–38.  

186.  Shih AY, Johnson D a, Wong G, Kraft AD, Jiang L, Erb H, et al. Coordinate regulation of 
glutathione biosynthesis and release by Nrf2-expressing glia potently protects 
neurons from oxidative stress. J Neurosci. 2003;23(8):3394–406.  

187.  Shih AY, Erb H, Sun X, Toda S, Kalivas PW, Murphy TH. Cystine/Glutamate Exchange 
Modulates Glutathione Supply for Neuroprotection from Oxidative Stress and Cell 
Proliferation. J Neurosci. 2006;26(41):10514–23.  

188.  Augustin H, Grosjean Y, Chen K, Sheng Q, Featherstone DE. Nonvesicular release of 
glutamate by glial xCT transporters suppresses glutamate receptor clustering in vivo. J 
Neurosci. 2007;27(1):111–23.  

189.  Williams LE, Featherstone DE. Regulation of Hippocampal Synaptic Strength by Glial 
xCT. J Neurosci. 2014;34(48):16093–102.  

190.  Lewerenz J, Albrecht P, Tien MLT, Henke N, Karumbayaram S, Kornblum HI, et al. 
Induction of Nrf2 and xCT are involved in the action of the neuroprotective antibiotic 
ceftriaxone in vitro. J Neurochem. 2009;111(2):332–43.  

191.  Mesci P, Zaïdi S, Lobsiger CS, Millecamps S, Escartin C, Seilhean D, et al. System xC- is 
a mediator of microglial function and its deletion slows symptoms in amyotrophic 
lateral sclerosis mice. Brain. 2015 Jan;138(Pt 1):53–68.  

192.  Kaplan JH. Biochemistry of Na,K-ATPase. Annu Rev Biochem. 2002;71:511–35.  

193.  Crambert G, Geering K. FXYD proteins: new tissue-specific regulators of the 
ubiquitous Na,K-ATPase. Sci STKE. 2003;2003(1525–8882):RE1.  

194.  Peng L, Arystarkhova E, Sweadner KJ. Plasticity of Na,K-ATPase isoform expression in 
cultures of flat astrocytes: Species differences in gene expression. Glia. 
1998;24(3):257–71.  

195.  Sweadner KJ. Overlapping and diverse distribution of Na-K ATPase isozymes in 
neurons and glia. Can J Physiol Pharmacol. 1992;70 Suppl:S255–9.  

196.  McGrail K, Phillips J, Sweadner K. Immunofluorescent localization of three Na,K-
ATPase isozymes in the rat central nervous system: both neurons and glia can express 
more than one Na,K-ATPase. J Neurosci. 1991;11(2).  

197.  Rose EM, Koo JCP, Antflick JE, Ahmed SM, Angers S, Hampson DR. Glutamate 
transporter coupling to Na,K-ATPase. J Neurosci. 2009;29(25):8143–55.  

198.  Pellerin L, Magistretti PJ. Glutamate uptake stimulates Na+,K+-ATPase activity in 
astrocytes via activation of a distinct subunit highly sensitive to ouabain. J 



44 
 

Neurochem. 1997;69(5):2132–7.  

199.  Rose CR, Karus C. Two sides of the same coin: Sodium homeostasis and signaling in 
astrocytes under physiological and pathophysiological conditions. GLIA. 2013. p. 
1191–205.  

200.  Moseley AE, Williams MT, Schaefer TL, Bohanan CS, Neumann JC, Behbehani MM, et 
al. Deficiency in Na,K-ATPase alpha isoform genes alters spatial learning, motor 
activity, and anxiety in mice. J Neurosci. 2007;27(3):616–26.  

201.  Harik SI, Mitchell MJ, Kalaria RN. Ouabain binding in the human brain. Effects of 
Alzheimer’s disease and aging. Arch Neurol. 1989;46(9):951–4.  

202.  Katz A, Lifshitz Y, Bab-Dinitz E, Kapri-Pardes E, Goldshleger R, Tal DM, et al. Selectivity 
of digitalis glycosides for isoforms of human Na,K-ATPase. J Biol Chem. 2010 Jun 
18;285(25):19582–92.  

203.  Chauhan NB, Lee JM, Siegel GJ. Na,K-ATPase mRNA levels and plaque load in 
Alzheimer’s disease. J Mol Neurosci. 1997;9(3):151–66.  

204.  Hattori N, Kitagawa K, Higashida T, Yagyu K, Shimohama S, Wataya T, et al. Cl--ATPase 
and Na+/K+-ATPase activities in Alzheimer’s disease brains. Neurosci Lett. 
1998;254(3):141–4.  

205.  Dickey CA, Gordon MN, Wilcock DM, Herber DL, Freeman MJ, Morgan D. 
Dysregulation of Na+/K+ ATPase by amyloid in APP+PS1 transgenic mice. BMC 
Neurosci. 2005;6:7.  

206.  Vitvitsky VM, Garg SK, Keep RF, Albin RL, Banerjee R. Na+ and K+ ion imbalances in 
Alzheimer’s disease. Biochim Biophys Acta - Mol Basis Dis. 2012;1822(11):1671–81.  

207.  Ohnishi T, Yanazawa M, Sasahara T, Kitamura Y, Hiroaki H, Fukazawa Y, et al. Na, K-
ATPase α3 is a death target of Alzheimer patient amyloid-β assembly. Proc Natl Acad 
Sci U S A. 2015;112(32):E4465-74.  

208.  Graham SF, Nasarauddin M Bin, Carey M, McGuinness B, Holscher C, Kehoe PG, et al. 
Quantitative measurement of [Na+] and [K+] in postmortem human brain tissue 
indicates disturbances in subjects with Alzheimer’s disease and dementia with Lewy 
bodies. J Alzheimers Dis. IOS Press; 2015 Jan 1;44(3):851–7.  

209.  Kurella EG, Tyulina O V, Boldyrev AA. Oxidative resistance of Na/K-ATPase. Cell Mol 
Neurobiol. 1999 Feb;19(1):133–40.  

210.  Kong L, Zuo P, Mu L, Liu Y, Yang N. Gene expression profile of amyloid beta protein-
injected mouse model for Alzheimer disease. Acta Pharmacol Sin. 2005 
Jun;26(6):666–72.  

211.  Zhang L-N, Sun Y-J, Pan S, Li J-X, Qu Y-E, Li Y, et al. Na+-K+-ATPase, a potent 
neuroprotective modulator against Alzheimer disease. Fundam Clin Pharmacol. 2013 
Feb;27(1):96–103.  

212.  Chen C-M, Lin J-K, Liu S-H, Lin-Shiau S-Y. Novel regimen through combination of 



45 
 

memantine and tea polyphenol for neuroprotection against brain excitotoxicity. J 
Neurosci Res. 2008 Sep;86(12):2696–704.  

213.  Carageorgiou H, Sideris AC, Messari I, Liakou CI, Tsakiris S. The effects of rivastigmine 
plus selegiline on brain acetylcholinesterase, (Na, K)-, Mg-ATPase activities, 
antioxidant status, and learning performance of aged rats. Neuropsychiatr Dis Treat. 
2008 Aug;4(4):687–99.  

214.  Hermenegildo C, Felipo V, Miñana MD, Grisolía S. Inhibition of protein kinase C 
restores Na+,K(+)-ATPase activity in sciatic nerve of diabetic mice. J Neurochem. 1992 
Apr;58(4):1246–9.  

215.  Rambo LM, Ribeiro LR, Schramm VG, Berch AM, Stamm DN, Della-Pace ID, et al. 
Creatine increases hippocampal Na(+),K(+)-ATPase activity via NMDA-calcineurin 
pathway. Brain Res Bull. 2012 Sep 1;88(6):553–9.  

216.  Huang WH, Askari A. Interaction of Ca2+ with (Na+ + K+)-ATPase: properties of the 
Ca2+-stimulated phosphatase activity. Arch Biochem Biophys. 1984 Jun;231(2):287–
92.  

217.  Beaugé L, Campos MA. Calcium inhibition of the ATPase and phosphatase activities of 
(Na+ + K+)-ATPase. Biochim Biophys Acta. 1983 Mar 23;729(1):137–49.  

218.  Verkhratsky A, Noda M, Parpura V, Kirischuk S. Sodium fluxes and astroglial function. 
Adv Exp Med Biol. 2013;961:295–305.  

219.  Kirischuk S, Parpura V, Verkhratsky A. Sodium dynamics: another key to astroglial 
excitability? Trends Neurosci. 2012 Aug;35(8):497–506.  

220.  Kim WS, Guillemin GJ, Glaros EN, Lim CK, Garner B. Quantitation of ATP-binding 
cassette subfamily-A transporter gene expression in primary human brain cells. 
Neuroreport. 2006 Jun;17(9):891–6.  

221.  Broccardo C, Nieoullon V, Amin R, Masmejean F, Carta S, Tassi S, et al. ABCA2 is a 
marker of neural progenitors and neuronal subsets in the adult rodent brain. J 
Neurochem. Blackwell Publishing Ltd; 2006 Apr;97(2):345–55.  

222.  Wolf A, Bauer B, Hartz AMS. ABC Transporters and the Alzheimer’s Disease Enigma. 
Front psychiatry. Frontiers Media SA; 2012;3:54.  

223.  Fu Y, Hsiao J-HT, Paxinos G, Halliday GM, Kim WS. ABCA5 regulates amyloid-β peptide 
production and is associated with Alzheimer’s disease neuropathology. J Alzheimers 
Dis. 2015;43(3):857–69.  

224.  Hollingworth P, Harold D, Sims R, Gerrish A. Common variants at ABCA7, 
MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer’s disease. 
Nature. 2011;  

225.  Sakae N, Liu C-C, Shinohara M, Frisch-Daiello J, Ma L, Yamazaki Y, et al. ABCA7 
Deficiency Accelerates Amyloid-β Generation and Alzheimer’s Neuronal Pathology. J 
Neurosci. 2016;36(13).  



46 
 

226.  Mercier C, Masseguin C, Roux F, Gabrion J, Scherrmann J-M. Expression of P-
glycoprotein (ABCB1) and Mrp1 (ABCC1) in adult rat brain: focus on astrocytes. Brain 
Res. 2004 Sep;1021(1):32–40.  

227.  Cirrito JR, Deane R, Fagan AM, Spinner ML, Parsadanian M, Finn MB, et al. P-
glycoprotein deficiency at the blood-brain barrier increases amyloid-beta deposition 
in an Alzheimer disease mouse model. J Clin Invest. American Society for Clinical 
Investigation; 2005 Nov;115(11):3285–90.  

228.  Gottesman M, Fojo T, Bates S. Multidrug resistance in cancer: role of ATP–dependent 
transporters. Nat Rev Cancer. 2002;  

229.  Yuede CM, Lee H, Restivo JL, Davis TA, Hettinger JC, Wallace CE, et al. Rapid in vivo 
measurement of β-amyloid reveals biphasic clearance kinetics in an Alzheimer’s 
mouse model. J Exp Med. 2016;213(5).  

230.  Lam FC, Liu R, Lu P, Shapiro AB, Renoir JM, Sharom FJ, et al. beta-Amyloid efflux 
mediated by p-glycoprotein. J Neurochem. 2001 Feb;76(4):1121–8.  

231.  Mehta D, Short J, Nicolazzo J. Altered brain uptake of therapeutics in a triple 
transgenic mouse model of Alzheimer’s disease. Pharm Res. 2013;  

232.  Hartz AMS, Miller DS, Bauer B. Restoring Blood-Brain Barrier P-Glycoprotein Reduces 
Brain Amyloid-β in a Mouse Model of Alzheimer’s Disease. Mol Pharmacol. 
2010;77(5).  

233.  Jeynes B, Provias J. An investigation into the role of P-glycoprotein in Alzheimer’s 
disease lesion pathogenesis. Neurosci Lett. 2011;  

234.  Vogelgesang S, Warzok R, Cascorbi I. The role of P-glycoprotein in cerebral amyloid 
angiopathy; implications for the early pathogenesis of Alzheimer’s disease. Curr 
Alzheimer. 2004;  

235.  Kruh GD, Belinsky MG. The MRP family of drug efflux pumps. Oncogene. 2003 Oct 
20;22(47):7537–52.  

236.  Marroni M, Marchi N, Cucullo L, Abbott NJ, Signorelli K, Janigro D. Vascular and 
parenchymal mechanisms in multiple drug resistance: a lesson from human epilepsy. 
Curr Drug Targets. 2003 May;4(4):297–304.  

237.  Hirrlinger J, Moeller H, Kirchhoff F, Dringen R. Expression of Multidrug Resistance 
Proteins (Mrps) in Astrocytes of the Mouse Brain: A Single Cell RT-PCR Study. 
Neurochem Res. 2005 Oct;30(10):1237–44.  

238.  Nies AT, Jedlitschky G, König J, Herold-Mende C, Steiner HH, Schmitt H-P, et al. 
Expression and immunolocalization of the multidrug resistance proteins, MRP1–
MRP6 (ABCC1–ABCC6), in human brain. Neuroscience. 2004 Jan;129(2):349–60.  

239.  Sultana R, Butterfield DA. Oxidatively modified GST and MRP1 in Alzheimer’s disease 
brain: implications for accumulation of reactive lipid peroxidation products. 
Neurochem Res. 2004 Dec;29(12):2215–20.  



47 
 

240.  Sato N, Morishita R. The roles of lipid and glucose metabolism in modulation of β-
amyloid, tau, and neurodegeneration in the pathogenesis of Alzheimer disease. Front 
Aging Neurosci. 2015 Oct 23;7.  

241.  Michikawa M. The Role of Cholesterol in Pathogenesis of Alzheimer’s Disease: Dual 
Metabolic Interaction between Amyloid β-Protein and Cholesterol. Mol Neurobiol. 
2003;27(1):1–12.  

242.  Harris FM. Astroglial Regulation of Apolipoprotein E Expression in Neuronal Cells: 
IMPLICATIONS FOR ALZHEIMER’S DISEASE. J Biol Chem. 2003 Nov 6;279(5):3862–8.  

243.  van Neerven S, Kampmann E, Mey J. RAR/RXR and PPAR/RXR signaling in neurological 
and psychiatric diseases. Prog Neurobiol. 2008 Aug;85(4):433–51.  

244.  Hafiane A, Bielicki JK, Johansson JO, Genest J. Novel Apo E-Derived ABCA1 Agonist 
Peptide (CS-6253) Promotes Reverse Cholesterol Transport and Induces Formation of 
preβ-1 HDL In Vitro. Zhu X, editor. PLoS One. 2015 Jul 24;10(7):e0131997.  

245.  Boehm-Cagan A, Bar R, Liraz O, Bielicki JK, Johansson JO, Michaelson DM. ABCA1 
Agonist Reverses the ApoE4-Driven Cognitive and Brain Pathologies. Kayed R, editor. J 
Alzheimer’s Dis. IOS Press; 2016 Oct 4;54(3):1219–33.  

246.  Boehm-Cagan A, Bar R, Harats D, Shaish A, Levkovitz H, Bielicki JK, et al. Differential 
Effects of apoE4 and Activation of ABCA1 on Brain and Plasma Lipoproteins. 
Lakshmana MK, editor. PLoS One. 2016 Nov 8;11(11):e0166195.  

247.  Soontornmalai A, Vlaming MLH, Fritschy J-M. Differential, strain-specific cellular and 
subcellular distribution of multidrug transporters in murine choroid plexus and 
blood–brain barrier. Neuroscience. 2006 Jan;138(1):159–69.  

248.  Bates KA, Verdile G, Li Q-X, Ames D, Hudson P, Masters CL, et al. Clearance 
mechanisms of Alzheimer’s amyloid-β peptide: implications for therapeutic design 
and diagnostic tests. Mol Psychiatry. Nature Publishing Group; 2009 May 
16;14(5):469–86.  

249.  Wildsmith KR, Holley M, Savage JC, Skerrett R, Landreth GE, Ferri C, et al. Evidence for 
impaired amyloid β clearance in Alzheimer’s disease. Alzheimers Res Ther. BioMed 
Central; 2013;5(4):33.  

250.  Savolainen H, Windhorst AD, Elsinga PH, Cantore M, Colabufo NA, Willemsen AT, et 
al. Evaluation of [ 18 F]MC225 as a PET radiotracer for measuring P-glycoprotein 
function at the blood–brain barrier in rats: Kinetics, metabolism, and selectivity. J 
Cereb Blood Flow Metab. 2016 Jun 27;0271678X16654493.  

251.  Luurtsema G, Elsinga P, Dierckx R, Boellaard R, van Waarde A. PET tracers for imaging 
of ABC transporters at the blood-brain barrier: Principles and Strategies. Curr Pharm 
Des. 2016 Aug 10;  

252.  Maragakis NJ, Rothstein JD. Mechanisms of Disease: astrocytes in neurodegenerative 
disease. Nat Clin Pract Neurol. 2006 Dec;2(12):679–89.  



48 
 

253.  Liu-Seifert H, Siemers E, Holdridge KC, Andersen SW, Lipkovich I, Carlson C, et al. 
Delayed-start analysis: Mild Alzheimer’s disease patients in solanezumab trials, 3.5 
years. Alzheimer’s Dement Transl Res Clin Interv. 2015;1(2):111–21.  

254.  Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, et al. The antibody 
aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature. Nature Research; 
2016 Aug 31;537(7618):50–6.  

255.  Figueiredo M, Lane S, Tang F, Liu BH, Hewinson J, Marina N, et al. Optogenetic 
experimentation on astrocytes. Exp Physiol. 2011;96(1):40–50.  

256.  Hewett JA. Determinants of regional and local diversity within the astroglial lineage of 
the normal central nervous system. J Neurochem. 2009 Sep;110(6):1717–36.  

257.  Israel M a., Yuan SH, Bardy C, Reyna SMS, Mu Y, Herrera C, et al. Probing sporadic and 
familial Alzheimer/’s disease using induced pluripotent stem cells. Nature. Nature 
Publishing Group; 2012 Feb 9;482(7384):216–20.  

258.  Kondo T, Asai M, Tsukita K, Kutoku Y, Ohsawa Y, Sunada Y, et al. Modeling 
Alzheimer’s disease with iPSCs reveals stress phenotypes associated with intracellular 
Aβ and differential drug responsiveness. Cell Stem Cell. 2013 Apr 4;12(4):487–96.  

259.  Koch P, Tamboli IY, Mertens J, Wunderlich P, Ladewig J, Stüber K, et al. Presenilin-1 
L166P mutant human pluripotent stem cell-derived neurons exhibit partial loss of γ-
secretase activity in endogenous amyloid-β generation. Am J Pathol. 2012 
Jun;180(6):2404–16.  

260.  Yagi T, Ito D, Okada Y, Akamatsu W, Nihei Y, Yoshizaki T, et al. Modeling familial 
Alzheimer’s disease with induced pluripotent stem cells. Hum Mol Genet. 2011 Dec 
1;20(23):4530–9.  

261.  Krencik R, Weick JP, Liu Y, Zhang Z-J, Zhang S-C. Specification of transplantable 
astroglial subtypes from human pluripotent stem cells. Nat Biotechnol. 2011 
Jun;29(6):528–34.  

262.  Krencik R, Zhang S-C. Directed differentiation of functional astroglial subtypes from 
human pluripotent stem cells. Nat Protoc. 2011 Nov;6(11):1710–7.  

263.  Juopperi TA, Kim WR, Chiang C-H, Yu H, Margolis RL, Ross CA, et al. Astrocytes 
generated from patient induced pluripotent stem cells recapitulate features of 
Huntington’s disease patient cells. Mol Brain. 2012 Jan;5:17.  

264.  Hill E, Nagel D, Parri R, Coleman M. Stem cell-derived astrocytes: Are they 
physiologically credible? J Physiol. 2015 Dec 4;  

265.  Orr AG, Hsiao EC, Wang MM, Ho K, Kim DH, Wang X, et al. Astrocytic adenosine 
receptor A2A and Gs-coupled signaling regulate memory. Nat Neurosci. Nature 
Research; 2015 Jan 26;18(3):423–34.  

266.  Boyden ES. Optogenetics and the future of neuroscience. Nat Neurosci. 
2015;18(9):1200–1.  



49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

 


