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Figure 1-1. Canonical processing of APP.  Aβ peptides are generated from ~100 kDa type 

one transmembrane protein, APP, and range from 38-43 amino acids.  APP is 

cleaved by known proteases called the α- or β- secretase then γ- secretases.  α-

secretase prevents Aβ42 generation by cleaving in the middle of the Aβ domain 

while the sequential cleavage by β- then γ- secretase produce the amyloidogenic 

Aβ40 or Aβ42 by cleavage of the N- and C-terminal domains of Aβ respectively.  

Aβ40 and Aβ42 are the predominant species, Aβ42 being the most amyloidogenic.  

PSEN1 and PSEN2 are the catalytic components of γ-secretase and mutations in 

these genes increase Aβ42/Aβ40 ratio. ......................................................................... 4 

Figure 1-2. Glutamatergic tripartite synapse (simplified). Depolarization of the 

presynaptic neuron, releases calcium-dependent glutamate-containing vesicles to 

release glutamate in the synaptic space. Glutamate binds to both ionotrophic and 

metabotrophic receptors (not shown). Binding of glutamate to ionotrophic receptors 

leads to an influx of sodium and calcium ions into the post-synaptic neuron causing 

its depolarization. Excess glutamate is taken up by glutamate transporters – majorly 

regulated by GLT-1 expressed mainly on astrocytes. In astrocytes, glutamate is 

metabolized; glutamine synthetase converts glutamate to glutamine. Glutamine is 

returned to the pre-synaptic neuron where it is converted to glutamate by 

glutaminase. ............................................................................................................... 9 

Figure 2-1. GLT-1 decreases in an age-dependent manner in 3xTg-AD mice.  (A) RT-

PCR analysis of GLT-1 mRNA levels in wild type (WT) and 3xTg-AD mice at 2, 6 

and 23 month (mo) old mice.  (B) RT-PCR analysis of GFAP mRNA levels in WT 

and 3xTg-AD 2, 6 and 23 month old mice.  (C) Western blot analysis of protein 

extracts from 3, 12 and 23 month old WT and 3xTg-AD mice using GLT-1, GFAP 

and GAPDH antibodies.  The densitometric analysis of the GLT-1 (D), GLAST (E) 

and GFAP (F) bands normalized to GAPDH shown in the graphs.  Each bar is 

expressed as mean ± standard error mean (S.E.M); *p< 0.05 and **p< 0.01 

compared to the WT group or 2-3 months old 3xTg-AD group.  The number of 

mice analyzed was n = 5-7 per group. ..................................................................... 20 

Figure 2-2. Naturally secreted Aβ decrease GLT-1 steady state levels.  (A) Experimental 

scheme for investigating GLT-1 expression in the primary astrocyte and neuron co-

culture.  Astrocytes extracted from the cortex and hippocampus of postnatal day 0 – 

day 3 (P0-P3) and detected with the GFAP antibody.  Neurons were extracted from 

embryonic day 14 – 16 (E14 – E16) and detected with tau5 or SYP antibodies.  1.85 

nM of naturally secreted Aβ42 and 4.4 nM of naturally secreted Aβ40 present in 

7PA2-CM (quantified by ELISA) were added to the co-culture for 48 hours.  (B) 
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RT-PCR analysis of GLT-1 and GLAST mRNA levels from neuron and astrocyte 

co-cultures treated with CHO conditioned media (CHO-CM) or 7PA2 conditioned 

media (7PA2-CM) for 48 hrs.  (C) Western blot of protein extracts from neuron and 

astrocyte co-cultures treated with 7PA2-CM or CHO-CM for 48 hours using GLT-1 

and tubulin antibodies.  The densitometric analysis of the 70 kDa and 140 kDa band 

from GLT shown in the graph.  Each bar is expressed as mean ± S.E.M.; 

****p<0.0001 7PA2-CM compared to CHO-CM.  Three independent experiments 

performed each time in triplicates. ........................................................................... 21 

Figure 2-3. Chronic ceftriaxone-treatment increases GLT-1 expression levels in 3xTg-AD 

mice.  (A) Western blot analysis of protein extracts from hippocampal tissue of 12 

month old 3xTg-AD mice using GLT-1 and GAPDH (housekeeping) antibodies.  

Densitometric analysis of the GLT1 bands normalized to GAPDH shown in the 

graph.  Each bar is expressed as mean ± S.E.M.; *p<0.05, ceftriaxone-treated 3xTg-

AD mice compared with the vehicle-treated 3xTg-AD mice (n = 5 mice per group).  

Molecular weight markers are in kDa.   Veh = vehicle or saline-treatment and Cef = 
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Figure 2-4. Upregulation of GLT-1 by ceftriaxone ameliorates cognitive decline in 3xTg-

AD mice.  (A) Acquisition curve during training of MWM expressed as average of 

all mice in each group.   Arrowheads show the first training of the day.  (B) Escape 

latency and (C) number of crosses on platform location for 24-hour retention trial in 

MWM.  (D) NOR for the first minute of the test.   Each bar is expressed as mean ± 

S.E.M.; *p<0.05 and **p<0.01, ceftriaxone-treated 3xTg-AD mice compared with 

the vehicle-treated 3xTg-AD mice (n = 5 mice per group). .................................... 23 

Figure 2-5. Effect of GLT-1 up-regulation on Aβ pathology in 3xTg-AD mice.  (A) 

Quantitative Aβ ELISA in detergent-insoluble (formic acid soluble) brain 

hippocampal fraction and detergent soluble brain hippocampal fraction.  (B) 

Westernblot analysis of APP processing in the hippocampus of the brain.  The 

densitometric analysis of C99 and C83 fragments shown in the graph.  (C)  Dot blot 

analysis of soluble pre-fibrillar and fibrillar Aβ oligomers in the cortical soluble 

fractions detected by the A11 and OC antibodies respectively.  (D) Qualitative 

representation of the immunohistochemical staining with 4G8 and Thioflavin S to 

detect Aβ plaques.  Each bar is expressed in mean ± S.E.M.; **p< 0.01, 

ceftriaxone-treated 3xTg-AD mice compared with the vehicle-treated 3xTg-AD 
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Figure 2-6. Effect of GLT-1 up-regulation on tau pathology in 3xTg-AD mice.  (A) 

Representative IHC or IF staining with tau antibodies HT7, PHF-1 and CP13 

antibodies.  The mean intensities of HT7 and PHF-1 from immunofluorescence 

staining are shown in the graph along with the CP-13 positive neuron analysis.  

Arrows point to tau-positive neurons.  (B) Representative western blot image of 

total human tau using HT7 antibody from the sarkosyl – insoluble cortical protein 

fraction.  The densitometric analysis of all bands are shown in the graph.  (C) 

Western blot analysis of total human tau using HT7 antibody and various phosphor-
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specific tau using PHF1, AT8, CP13, AT180 and GAPDH (housekeeping protein) 

from the detergent-soluble hippocampal protein fraction.  The densitometric 

analysis of PHF1, AT8, CP13 and AT180 are shown in the graph.  (D) Western blot 

analysis of known tau kinases: p25, p35, phosphor-GSK3β (pGSK3β), GSK3β and 

Tubulin (housekeeping protein) on detergent soluble hippocampal protein fraction.  

The densitometric analysis of p25, p35, phosphor-GSK3β and GSK3β are shown in 

the graph.  Each bar is expressed as mean ± S.E.M.; *p<0.05, ceftriaxone-treated 

3xTg-AD mice compared with the vehicle-treated 3xTg-AD mice (n = 4-5 mice per 
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Figure 2-7. Synaptic proteins restored in ceftriaxone-treated 3xTg-AD mice.  (A) 
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Representative IF images of PSD95 in the CA3 region of the hippocampus and 

quantitative analysis of the average mean intensities from five IF (20 µm) stained 

sections in the DG, CA1 and CA3 of the hippocampus.  (C) Escape latency as a 
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Figure 3-2 Significant differences in cytokine profile between CHO- and 7PA2- CM after 
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Figure 3-3 48 hours of 20ng/mL IL-1β or TNF-α increases GLT-1 while IL-6 has no 

effect.  GLT-1 mean ± std. error: Control = 1.01 ± 0.00332, IL-1β = 1.36 ± 0.0797; 
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Abstract 
The role of glial glutamate transporter and its impact on amyloid-beta and tau 

pathology in Alzheimer’s disease 

 

Joannee Mae Zumkehr 
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University of California, Merced 

2017 

Patricia LiWang, Chair   

 

Alzheimer’s disease (AD) is the leading cause of dementia among elderly in the United 

States.  There is no effective treatment available, in part due to lack of understanding of 

the full spectrum of the disease mechanisms.  Brain is structured in highly heterogeneous 

and complex way, and the number of different cell lineages, such as neurons, astrocytes, 

microglia, oligodendrocytes, perivascular macrophages, and capillary endothelial cells, 

interact with each other and functionally integrate into one highly hierarchical and 

organized unit.  Traditionally, neurodegeneration has been centered for investigation on 

neurodegenerative diseases like AD.  However, recent rapidly growing evidence strongly 

implicates the pathogenic involvement of non-neuronal cell lineages, such as astrocytes 

and microglia, and this work may uncover key disease mechanisms.  The purpose of this 

dissertation is to elucidate the role of glutamate transporter 1 (GLT-1) primarily expressed 

in astrocytes in the progression or initiation of AD pathology.  In humans, its loss is evident 

even in early or prodromal stages of AD and correlates well with cognitive impairment.  

The loss of GLT-1 causes glutamate dyshomeostasis in the synaptic cleft, which eventually 

leads to glutamate-induced excitotoxicity and neurodegeneration.  While glutamate 

excitotoxicity has long been a suspected cause of progressive neurodegeneration in AD, it 

remains unclear whether the loss of the glutamate transporter directly contributes to the 

pathological buildup of amyloid β (Aβ) and neurofibrillary tau tangles (NFTs) - two key 

pathological hallmarks of AD.  Thus, we hypothesize that the Aβ-induced GLT-1 

downregulation links Aβ pathology to tau pathology, synaptic loss, and cognitive 

decline.  To test this hypothesis, we utilized both in vitro and in vivo models of AD and 

thoroughly performed biochemical and histopathological examinations.  We show an age-

dependent decrease of GLT-1 in animal models and GLT-1 decrease in human 

hippocampal samples.  In addition, pharmacological restoration of GLT-1 can ameliorate 

AD-like pathology in an animal model of AD.  We also present a possible molecular 

mechanism that regulates GLT-1 independent of Aβ.  The contribution of this research 

includes a better understanding on the role of astrocyte dysfunction in the early stages of 

AD and its consequences on the progression of the disease.   
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Chapter 1: Introduction 
 

 

1.1 Dissertation Statement 
 

Astrocyte dysfunction, represented by GLT-1 downregulation, is a critical link between 

Aβ, tau and synaptic loss in Alzheimer’s disease.   

 

1.2 Motivation 
 

First characterized by Dr. Alois Alzheimer in 1906, this “peculiar” disease is rightfully 

justified and should be considered as a national public health crisis.  AD is now the leading 

cause of dementia among the elderly and the 6th leading cause of deaths in the United States 

(U.S.).  It is the only one in the top ten leading cause of deaths that cannot be prevented, 

slowed or cured1,2.  Today, over 5 million individuals in the U.S. or 35 million worldwide 

suffer from AD, and it is projected to increase up to nearly 16 million in the U.S. by 2050 

as the proportion of aging population (65 years or older) increases from 15% to 23% of the 

population3.  As the disease progresses for many years, the irreversible memory loss and 

cognitive impairment over time consequently render the patient completely dependent on 

others.  Such an intensive and daily demand of care has an overwhelming socio-economic 

impact.  In 2016, more than 15 million Americans provided unpaid care for people with 

AD and other dementias, and an estimated 18.2 billion hours of care valued at $230 billion 

were provided by these caregivers4.  As the number of AD patients and duration of the 

disease stage increase, these costs could rise as high as $1.1 trillion by 20505.   

 

Understanding the underlying molecular and cellular mechanisms of the disease will allow 

the development of mechanism-based therapeutic interventions to treat, slow, and possibly 

cure AD.  Even by delaying the average disease onset by one year would reduce the disease 

prevalence by more than nine million cases in 20506.  Furthermore, an estimated $83 billion 

could be saved if we could delay the neuropathological progression of AD by five years7.  

For the last two decades, significant progress in AD research has substantially advanced 

our understanding of AD.  Neuropathological hallmarks have been well characterized by 

the extracellular buildup of amyloid-beta (Aβ) plaques and intracellular accumulation of 

neurofibrillary tangles (NFTs).  In addition, extensive neuronal loss, gliosis, and 

inflammatory responses are evident around these pathological hallmarks.  All identified 

genetic mutations recognize Aβ as the primary culprit that trigger neurodegeneration 

resulting in dementia.  This idea has been formulated into the leading hypothesis called the 

amyloid cascade hypothesis, stating that Aβ is the indisputable culprit upstream of NFT 

and neuronal loss8.  Hence global effort to develop Aβ lowering strategies targeting its 

metabolism, aggregation, and clearance are ongoing.  Despite the remarkable success of 

Aβ-based therapies in preclinical studies, overwhelmingly these therapies have failed in 

clinical trials9-11.  These results strongly implicate the presence of multifactorial 

mechanisms and heterogeneity of the disease phenotypes thus emphasizing the critical 

importance of AD research.  
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Current therapeutic interventions only provide symptomatic relief but do not halt the 

pathological progression of AD.  The U.S. Food and Drug Administration (FDA) approved 

four medications for AD patients: galantamine (Razadyne®), donepezil (Aricept®), 

rivastigmine (Exelon®), and memantine (Namenda®).  Recently, a combination therapy 

of donepezil and memantine (Namzaric®) has been added to the FDA-approved list and 

given to moderate to severe AD patients.  The original four medications are grouped into 

two classes based on its pharmacological mechanism of action; acetylcholinesterase 

inhibitors (AChEIs) and N-methyl-D-aspartate receptor (NMDAR) antagonist, which 

serve to increase acetylcholine-mediated neurotransmission or decrease NMDAR-

mediated neurotransmission, respectively.  AChEIs alone are not entirely effective over 

time and often require the NMDAR antagonist, memantine, medication as the disease 

progresses12.  Therapeutic efficacy of memantine highlights glutamate-induced 

excitotoxicity as a critical component in AD pathogenesis and further provides motivation 

for this research. 

 

1.3 Background 
 

AD is the leading cause of dementia among the elderly over 65 years old.  AD cases are 

classified into two categories based on age of onset: familial or sporadic.  Familial or 

young-onset AD consists of less than 5% of AD cases and caused purely by known genetic 

mutations in the amyloid precursor protein (APP), presinilin-1 (PSEN1) and presenilin-2 

(PSEN2)13.  In comparison, sporadic or late-onset AD represents over 95% of AD cases 

with no definitive cause except that aging is the strongest risk factor.  Other than the age 

of onset, clinical manifestations and pathological observations are indistinguishable 

between the two forms.  Additionally, extensive neuropsychological assessments and 

laboratory tests are conducted to rule out other forms of dementia.   

 

The neuropsychological asessments show progressive memory loss and cognitive deficits 

in clinically diagnosed AD patients.  One of the most commonly used tools to assess mental 

function is the Mini-Mental State Examination (MMSE)14.  MMSE is a brief 30 point 

questionare utilized to diagnose and track cognitive impairment throughout the course of 

disease.  The exam tests multiple cognitive areas impaired in AD including spatial and 

episodic memory15. Its scoring system allows to differentiate the different stages associated 

with dementia.  Generally, scores greater than 27 reflects no cognitive impairment, 19-24 

represents mild impairment, 10-18 indicates moderate impairment and a score below 9 

demonstrates severe cognitive impairment15.  MMSE has been utilized in longtidunal 

studies and its reproducibility renders it dependable in clinical assessments16.  Overall, the 

assessments above provide  opportunity to quantitatively assess and define levels of 

cognitive impairment as the disease progresses. 

 

In addition to cognitive assessments, cerebral imaging techniques show decrease in brain 

activity and progressive brain atrophy in clinically diagnosed AD patients.  These 

techniques include magnetic resonance imaging (MRI) to assess cerebral atrophy or 

volume changes in characterized anatomic locations17.  In clinically diagnosed AD, 
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accelerated brain atrophy is initially seen in the entorhinal cortex followed by the 

hippocampus, amygdala and parahippocampus – all regions important for memory and 

cognition18.  Additionally, positron emission tomography (PET) show altered brain activity 

in the same areas.  PET imaging with radiotracers such [18F] fluoro-2-Deoxy-D-glucose 

(FDG) measure synaptic activity19.  In normal physiological conditions, neuronal activity 

requires high amounts of glucose as a substrate for energy, however, AD patients show 

decrease in FDG uptake indicative of low activity or neuronal injury18,20,21.  Thus neuronal 

activity decrease and brain tissue atrophy occurs in critical areas required for memory and 

cognition in clincally diagnosed AD patients.   

 

Accurate AD diagnosis is confirmed in post-mortem histopathological studies that show 

the presence of senile plaques, NFTs, synaptic loss, and extensive neuronal loss.  

Postmortem studies with synaptic markers, for example, show that AD patients display 

significant synaptic loss in cortex22-24, hippocampal dentate gyrus25 and hippocampus26-30.  

The results from post-mortem analyses further contribute to clinical and pathological 

correlation AD studies. 

 

The longitudinal studies found that the best pathological correlate of cognitive decline in 

AD is synapse loss8 31,32.  In contrast, neuronal loss best correlates with the spread of 

NFTs33,34.  Nevertheless genetics indicate that Aβ is the primary culprit of AD13.  Taken 

together, synapse loss is initiated by Aβ but essentially carried out by inflammation, tau 

and possible glutamate-induced excitotixicity.  The exact molecular mechanism that links 

Aβ to subsequent pathological hallmarks is unknown.  

 

To test mechanistic hypotheses, animal models, particularly mouse models, have become 

invaluable in AD research.  Mice have comparable brain networks, neurobiological 

processes, and brain anatomy with humans15 making them suitable models.  They are 

relatively economical to maintain than larger models and have shorter gestation period 

allowing feasibility for resource and time constrained projects.  Mice do not develop AD 

naturally35  but genetic human mutations discovered from familial AD36 or microtubule 

associated protein (MAPT) can be introduced to drive AD-like pathology making them 

valuable to biomedical research.  Like many non-human or transgenic models, results 

obtained from mouse models must be taken with caution.  First, no single mouse model 

fully recapitulates human AD – progressive cognitive deficits, pathological hallmarks, and 

neuronal loss15,37.  Second, genetic mutations represent the smallest population of AD cases 

thus may not make them suitable for sporadic AD.  Third, promoters to drive transgenes 

target a specific region in the brain which may compromise the natural temporal and spatial 

development of pathology.  Lastly, the background strain or the genetic makeup of a 

produced transgenic mouse may differ from when the transgenic mouse was originally 

described; extensive breeding history may produce variable phenotypes38.  Thus, careful 

consideration must be taken when choosing a model to test a hypothesis and drawing 

conclusions from results.  Furthermore, reproducibility in more than one specific mouse 

model implicates stronger reliability.  With these caveats in mind, the following sections 

will provide an overview of human and animal data that strongly support the deceptively 

simple amyloid cascade hypothesis.  
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1.3.1 Aβ pathology: breakdown of APP to understand Aβ 

 

Senile plaques are composed of aggregated Aβ peptides produced by the sequential 

cleavage of the amyloid precursor protein (APP)39.  The APP gene, located on chromosome 

21 undergoes alternative splicing that results in three major isoforms containing 695, 751 

and 770 amino acids 40-42.  These isforoms are a type I transmembrane protein in which 

certain isoforms (e.g. APP695) are primarily expressed in the brain and neurons43.  APP 

consists of a long extracellular N-terminal domain, a transmembrane region and an 

intracellular C-terminal APP intracellular domain (AICD)40,44.  APP is transported through 

the secretory pathway from the trans golgi network, down the axon to the cell surface45,46.  

At the cell surface, APP undergoes either the non-amyloidogenic or amyloidogenic 

pathway (Fig. 1).  In the non-amyloidogenic pathway, cleavage by α-secretases (ADAM) 

followed by γ-secretase complex produces sAPPα, AICD, and P3 fragment.  On the other 

hand, in amyloidogenic pathway, APP is cleaved into sAPPβ, AICD, and Aβ peptides by 

β-secretase (BACE) then by the γ-secretase complex46.  Aβ peptides produced by this 

pathway vary from 38 to 43 amino acids in length and are capable of aggregating with 

other Aβ peptides to form various highly toxic oligomeric species46,47.  Aβ1-42 has higher 

propensity to aggregate and has been shown to be the more toxic peptide than Aβ1-40, but 

generally produced in ten-fold lower amounts than Aβ1-40 in the brain under physiological 

conditions48.  Thus Aβ1-42 aggregation leads to senile Aβ plaque production. 

 

APP processing through the amyloidogenic pathway explains the pathogenesis of familial 

AD.  First, disease-causing mutations among familial onset cases are all connected to an 

increase in the overall Aβ production, aggregation, or the production of more toxic form 

Figure 1-1. Canonical processing of APP.  Aβ peptides are 

generated from ~100 kDa type one transmembrane protein, 

APP, and range from 38-43 amino acids.  APP is cleaved by 

known proteases called the α- or β- secretase then γ- 

secretases.  α-secretase prevents Aβ42 generation by cleaving 

in the middle of the Aβ domain while the sequential cleavage 

by β- then γ- secretase produce the amyloidogenic Aβ40 or Aβ42 

by cleavage of the N- and C-terminal domains of Aβ 

respectively.  Aβ40 and Aβ42 are the predominant species, Aβ42 

being the most amyloidogenic.  PSEN1 and PSEN2 are the 

catalytic components of γ-secretase and mutations in these 

genes increase Aβ42/Aβ40 ratio. 
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by changing the Aβ1-42/Aβ1-40 ratio13,49-56.  Second, the pathogenic role of APP or Aβ is 

further supported by Down syndrome patients having significantly higher risk for 

developing senile plaques and early onset AD-like dementia due to 1.5-fold increase in 

APP expression located on the chromosome 2157-59.  Third, a duplication of APP gene 

significantly increases Aβ deposits and the onset of AD60.  Finally, a A673T coding 

mutation on APP right on the BACE cleavage site is protective against AD, presumably by 

inhibiting BACE cleavage61.  In summary, human genetic mutations strongly prove that 

Aβ dyshomeostasis initiates AD. 

 

Autopsy observations with animal and cell culture studies led to the idea that Aβ forms 

various assembly states prior to plaque formation that may contribute more on the 

pathogenesis of AD47.  For example, the number of amyloid deposits in the brain does not 

correlate well with the degree of cognitive impairment and there are individuals that do not 

meet the criteria for AD diagnosis yet the brain of those individuals contained amyloid 

plaques62.  In addition, memory impairment in mice models appear before amyloid 

plaques63.  Thus, initial events in Aβ aggregation of unknown assembly states, likely 

soluble oligomeric forms, may be the initial culprit of AD8,47,48,64-66.   

 

Laboratory techniques to isolate Aβ followed by application studies further support the 

hypothesis that unknown assembly states of Aβ prior to plaque formation drive tau and 

other AD-like pathology.  First, soluble Aβ oligomers or species are generally defined as 

Aβ assembly states that are not pelleted from physiological fluids at high speed 

centrifugation47.  These oligomers are characterized by many factors including length, 

structure, and resistance to solvent46,47.  Another way to classify Aβ is by conformational 

antibodies.  For example, A11 antibodies recognize pre-fibrillar oligomers (intermediates 

of fibril assembly) and OC antibodies recognize fibril intermediates (small pieces of fibril 

or fibril “seeds”)67.  These antibodies were utilized to report a correlation between OC-

positive oligomers and cognitive decline68 implying that soluble Aβ can drive AD 

pathology.  Walsh and colleagues also established a protocol to obtain naturally secreted 

Aβ species from transfected Chinese hamster ovary cells providing another powerful tool 

to study Aβ in cell cultures and animal models of AD69.  From these techniques, soluble 

Aβ42 oligomers have been shown to trigger tau-like alterations70,71 and neuritic dystrophy72.  

Aβ42 (dimers or trimers) oligomers isolated from AD brain can dose-dependently decrease 

synapse number and function and impair memory in vivo71.  Therefore, Aβ oligomers are 

hypothesized to be the primary culprit for AD pathogenesis. 

 

Processing and effects of Aβ have been extensively studied but the physiological function 

of APP or its cleaved products has not been fully elucidated.  APP has been associated with 

neurotrophic signaling and metal homeostasis in the CNS40,41.  Physiological importance 

of APP is in part evident from studies characterizing APP knockout (KO) mouse.  APP-

KO mice are viable but older mice showed significant reduction of dendritic spine density 

in the CA1 hippocampal neurons73.  APP-KO mice also display reduced forelimb grip 

strength and locomoter activity74.  The phenotypic abnormalities of APP-KO mice suggests 

that APP may be essential for synapse development, maturation and maintenance. 
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The smaller secretary fragments (sAPPα, sAPPβ), Aβ, and AICD generated from APP 

(Fig. 1) also have various physioloigcal functions.  sAPPα and sAPPβ fragments contain 

many domains for signal transduction including growth like binding domains, heparin 

binding sites and copper binding domains41.  sAPPα has neurotrophic and neuroprotective 

effects in vitro75,76 and enhances learning performance and long term potentiation (LTP), a 

molecular correlate of learning and memory77, in vivo78-80.  sAPPα also restores spine 

density and dendritic integrity in APP-KO mice73.  Compared to sAPPα, sAPPβ is 16 amino 

acids shorter and  does not play a role in LTP or memory but is involved in neurite 

outgrowth81,82.  AICD acts as a nuclear transcription regulator83-86.  Under physiological 

conditions, AICD initiates gene expression encoding proteins involved in Ca2+ 

homeostasis84,87, neprilysin88, and transthyretin85,86 proteins involved in Aβ degradation 

and clearance.  Aβ however also has potential physiological function.  At picomolar 

concentrations, monomeric Aβ stimulates LTP, regulates neurotransmitter release, and 

may be neuroprotective in hippocampal neurons89-94 thus further complicating matters.   

 

The physiological roles of APP and its derivatives, taken together with genetic and 

pathologic evidence  implicate that the abnormal accumulation of Aβ is deleterious and 

causes the development of AD.  In the case of familial AD, increased Aβ production clearly 

contributes to the early onset of the disease.  In the case of sporadic AD, the balance 

between Aβ production and clearance may uncover key pathogenic mechanisms of the 

disease95,96.  Failure to properly regulate Aβ can be detrimental to neuronal health because 

direct exposure of isolated human Aβ decreases synaptic density, inhibits LTP and induces 

AD-like tau hyperphosphorylation in vitro and in vivo71,72.  In conclusion, the amyloid 

cascade hypothesis that posits Aβ as the initiating factor while other aspects of the disease 

are responsible for synapse loss and dementia8,97 continues to gain overwhelming support. 

 

1.3.2 Versatile role of inflammation: Aβ regulator and neuron-glia mediator 

 

A growing body of evidence strongly implicates a fundamental role for neuroinflammation 

(inflammation in the central nervous system) in the pathological buildup and clearance of 

Aβ.  Genome wide association studies reveal that genes which increase the risk for late-

onset AD also encode for immune receptors involved in Aβ clearance98-100 suggesting a 

critical role of non-neuronal cells specifically microglia and astrocytes.  Microglia are the 

resident phagocytes of the CNS and their physiological role is to survey and phagocytose 

debris from the microenvironment101.  Aβ or misfolded proteins bind to microglia or 

astrocytes on cell surface receptors102-105.  These receptors include scavenger receptors, toll 

like receptors, triggering receptor expressed on myeloid cells 2, and lipoprotein receptor-

related proteins 1106,107.  Subsequent digestion by proteases or autophagy occurs once inside 

the cell108-110.  These proteases include metalloendopeptidases such as neprilysin, insuling-

degrading enzyme and endothelin-converting enzymes-1 and -2 expressed on astrocytes, 

microglia, and neurons108,111,112.  Therefore, microglia cells in the brain are fully equipped 

to clear out Aβ peptides that are constantly generated through chaperone- or receptor-

mediated endocytosis. 
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Immune activation can turn from acute to chronic thus switching microglia roles from 

protective to harmful.  For example, microglia can induce functional changes on astrocytes 

via cytokines and complement C1q113.  Chronic inflammation has been shown to 

exacerbate tau-like pathology in AD or tauopathy mouse models possibly through 

microglia- and astrocyte crosstalk37,114,115.  Sustained neuroinflammation therefore can 

cause 1) functional changes on surrounding neuronal or non-neuronal cells, and 2) 

downstream AD pathology (e.g. tau pathology).  

  

1.3.3 Tau pathology: key contributor to neuronal damage 

 

Tau pathology is a key contributor to other many neurodegenerative diseases collectively 

known as tauopathies that differ by affected brain region116.  Mutations on MAPT gene are 

known to cause several tauopathies including Pick’s disease, frontotemporal dementia, 

corticobasal degeneration, and progressive supranuclear palsy117.  These tauopathies do not 

induce Aβ pathology further supporting the hypothesis that tau is downstream of Aβ.  In 

AD, NFTs appear in the entorhinal cortex then the hippocampus and spread to the limbic 

and association cortices33.  Recent in vivo and in vitro studies implicate exosome-mediated 

propagation of pathological tau from one neuron to anatomically connected neurons118-120.  

Thus, tau propagation further enhances tau-induced synaptic damage as it is continuously 

spread.  

 

Neurons become vulnerable to damage because of tau pathology during disease.  Under 

normal physiological conditions, tau serves as a microtubule stabilizing protein that is 

abundant in neuronal axons121.  Multiple serine and threonine residues on tau make them 

susceptible to hyperphosphorylation by a variety of calcium-dependent kinases116,121.  

Under pathological conditions, aberrant phosphorylation of tau proteins voids their normal 

microtubule supportive function.  As hyperphosphorylated tau accumulates, they form 

insoluble filaments and ultimately NFTs inside the neuron121.  These NFTs mislocalize 

from the axons to the neuronal cell bodies and dendritic spines121,122.  At the dendritic 

spines, Ittner and colleagues demonstrated that one of the dendritic functions of tau is to 

facilitate Fyn kinase to postsynaptic compartments where Fyn phosphorylates one of the 

subunits of the NMDAR, GluN2B, thereby stabilizing their interaction with the scaffolding 

protein, post-synaptic density protein 95123.  This leaves the post synapse susceptible to 

glutamate excitotoxicity and over activation of calcium-dependent tau kinases.  The 

therapeutic efficacy of mentioned memantine, the partial antagonist for NMDAR supports 

this critical pathological role of glutamate and possible glutamate-induced synaptic 

degeneration in AD.  Overall implicating pathological pathways of tau may be through the 

glutamatergic pathway.  

 

1.3.4 Synaptic loss: the significant correlate to cognitive decline 

 

Progression of Aβ pathology, sustained neuroinflammation, and propagation of NFTs are 

hypothesized to promote degenerative mechanisms in synapses and neurons.  The exact 

molecular mechanism is still unknown.  Growing lines of evidence indicate the answer 

may be found in the neuron and glia crosstalk113,124,125.  For example, neuroinflammation 
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has been associated with plaque clearance and maintenance (mentioned above).  However, 

recent evidence shows its involvement at the synapse.  In an animal model of AD, Hong 

et. al., demonstrated that over active microglia phagocytose synapses prior to plaque 

formation when challenged with Aβ oligomers through the complement-dependent 

pathway124.  This study implicates that neuroinflammation plays an active role in synapse 

loss during early stages of AD.    

 

The relationship between astrocytes and neurons is vital for synapse preservation as they 

are intimately associated at the synapse.  Furthermore, this relationship may be 

compromised by aging, the strongest risk factor for sporadic AD125,126.  In conclusion, the 

mechanisms in neuron and astrocyte crosstalk may be compromised in AD and thus 

warrants further investigation.  

 

1.4 Premise 
 

1.4.1 Astrocytes: role in glutamatergic system 

 

Astrocytes are the most predominant glial cells found in the central nervous system and 

encompass a variety of versatile roles.  Nursing and providing nutrients to neurons has long 

been thought to be the primary physiological role of astrocytes127,128.  Recent studies reveal 

astrocytes’ highly versatile functions that include 1) immune-related activities, 2) 

phagocytosis, 3) pruning, maturation, and maintenance of synapses, and 4) communication 

between themselves as well as neurons via glial transmitters129-131.  Therefore, astrocytes 

are now being recognized as integral and essential component to maintain the brain 

structure, functions, and homeostatic microenvironment of the CNS.  

 

Processes of astrocytes form part of the tripartite synapse – the intimate and functional 

integration of astrocytes with the glutamatergic synapses, where astrocytes maintain 

homeostasis of glutamate and various ions132.  Astrocytes partake in the glutamate-

glutamine cycle at the tripartite synapses during synaptic activity to remove and recycle 

glutamate at synaptic terminal133 (Fig. 2).  Glutamate is stored in synaptic vesicles located 

in the presynaptic neuron.  Upon depolarization of the pre-synaptic neuron, glutamate is 

released to the synaptic cleft in a calcium-dependent manner134.  Once released to the 

synaptic cleft, glutamate then binds to ionotropic and metabotropic receptors.  Binding to 

the ionotropic receptors, such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, NMDAR and Kainate receptors, on the post-synaptic neuron stimulates 

the influx of Na+ and Ca2+ ions.  This depolarizes the post-synaptic neuron and triggers 

Ca2+ - induced signaling cascades135.  Released glutamate is quickly cleared from the 

synaptic cleft by astrocytes and neurons through excitatory amino acid transporters 

(EAATs) to prevent glutamate leakage and overstimulation, which potentially triggers 

excitotoxicity.  Glutamate is then converted to glutamine by glutamine synthetase136 and 

transported to the presynaptic neuron for recycle137.  Vesicular glutamate transporters then 

transport the glutamate in the synaptic vesicles awaiting the next depolarization138,139.  
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In the human brain, five high-affinity glutamate EAATs are differentially expressed in 

astrocytes and neurons138.  EAATs transport glutamate with three Na+ and one H+ coupled 

to counter-transport of one K+ ion.  Transporting down their concentration gradients result 

in low extracellular levels of glutamate at the synapse138.  Among the EAATs is EAAT2 

or its mouse homolog GLT-1, herein collectively referred to as GLT-1, is responsible for 

clearing almost 90% of released glutamate in the synaptic cleft135,140.  GLT-1 is present in 

all areas of the hippocampus and almost exclusively on astrocytes138,141.  For these reasons, 

GLT-1 is an important transporter in glutamatergic synapses.  

 

1.4.2 GLT-1 in AD 

 

The glutamatergic system is clearly highlighted as one of the critical components altered 

in AD.  More than half of synapses found in hippocampus, the most vulnerable regions 

affected in AD, are glutamatergic synapses45,142,143 and play an important role in memory 

and cognition.  Hyperexcitability of neurons is observed in MCI and early AD brains, 

followed by the loss of glutamatergic synapses, which correlates well with the severity of 

AD and cognitive decline144,145.  Lastly, high glutamate levels in the CSF of AD patients 

suggest an impairment in glutamate regulation6.  Thus, a possible dysfunction in glutamate 

uptake or clearance at the synapse is implicated in AD. 

 

GLT-1 is compromised in 

AD which indicates 

consequences that can lead to 

synapse loss and AD-related 

pathology.  Significant 

reduction of GLT-1 activity 

has been reported in the early 

stages of the disease as well 

as mild cognitive impaired 

human patients implicating 

an early event146-148.  

Separate reports 

demonstrated that GLT-1 

protein levels are 

significantly reduced in the 

hippocampus of AD 

patients147-149.  In addition, 

studies using animal models 

of AD further support these 

findings from humans by 

showing the 

haploinsufficiency of GLT-1 

exacerbates cognitive 

decline150,151.  In conclusion, astrocytic GLT-1 dysfunction significantly plays an important 

role in human AD pathogenesis. 

Figure 1-2. Glutamatergic tripartite synapse (simplified). Depolarization of 

the presynaptic neuron, releases calcium-dependent glutamate-containing 

vesicles to release glutamate in the synaptic space. Glutamate binds to both 

ionotrophic and metabotrophic receptors (not shown). Binding of glutamate to 

ionotrophic receptors leads to an influx of sodium and calcium ions into the 

post-synaptic neuron causing its depolarization. Excess glutamate is taken up 

by glutamate transporters – majorly regulated by GLT-1 expressed mainly on 

astrocytes. In astrocytes, glutamate is metabolized; glutamine synthetase 

converts glutamate to glutamine. Glutamine is returned to the pre-synaptic 

neuron where it is converted to glutamate by glutaminase. 
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1.4.3 GLT-1 

 

GLT-1 expression can be regulated transcriptionally, post-transcriptionally and post-

translationally through pharmacological or endogenous stimuli135,152-154.  The GLT-1 gene 

has 11 exons that form 3 major splice variants and yields a protein with 8 transmembrane 

domains135.  For transcriptional regulation, studies of cultured fetal astrocytes and small 

promoter fragments show that the GLT-1 promoter sequence has several transcription 

factor-sequence including NFκB, N-myc and N-FAT155,156.  NFκB, for example, serves as 

a GLT-1 activator when activated by ceftriaxone or epidermal growth factor through the 

canonical or non-canonical pathway respectively153,157.  Neurons can send trophic factors 

to induce GLT-1 transcriptional regulation.  Interestingly, site-directed mutagenesis and 

deletion studies on the 2.5 kb upstream promoter region of GLT-1 identified 10 base pairs 

essential for GLT-1 promoter activation in vitro and in vivo158.  In the same study, Yang et 

al., found that kappa B-motif binding phosphoprotein, the mouse homologue of human 

heterogeneous nuclear ribonucleoprotein K, binding to the 10-base pair region induced 

GLT-1 expression in murine astrocytes during synaptogenesis158.  Thus, GLT-1 regulation 

occurs through a neuron and astrocyte dependent pathway.  

 

GLT-1 mRNA expression in human AD brains is found unchanged, thus the loss of GLT-

1 may be explained by post-transcriptional modulations138,146.  One of the endogenous post-

transcriptional controls is microRNA-mediated gene silencing.  MicroRNAs are 20-25 

nucleotide non-coding RNAs that regulate expression by binding to the target sites in either 

3’ untranslated region of mRNA to inhibit translation or the coding regions to degrade the 

mRNA159.  Unlike transcriptional regulation of the gene in the cell, microRNA-mediated 

post-transcriptional gene regulation could control the specific gene expression in spatial, 

temporal, and/or stimulation-dependent manners.  This spatially and temporally restricted 

gene regulation may be a key for highly diverse functional versatility in polarized cells, 

such as neurons.  The sequential steps in the canonical processing of mammalian miRNAs 

are 1) primary miRNA (pri-miRNA) transcript is produced in the nucleus by RNA 

polymerase II or III, 2) pri-miRNA is then cleaved by the microprocessor complex Drosha-

DGCR8 (Pasha) resulting in the production of a precursor hairpin, pre-miRNA, 3) pre-

miRNA is then exported from the nucleus to the cytoplasm by Exportin-5-Ran-GTP and 

transported to various cellular compartments, 4) pre-miRNA hairpin is cleaved to its 

mature length  by RNase Dicer complex with transactivating response RNA-binding 

protein , 6) the passenger strand is degraded and the functional strand of mature miRNA is 

then loaded into the RNA-inducing silencing complex with argonaute proteins to target 

and regulate mRNAs159,160.  GLT-1 expression has previously been shown to be controlled 

by microRNA-124a, 107, 29a and 181161-163.  Chapter 3 of this dissertation investigates the 

role miRNAs on GLT-1 expression.    

 

1.4.4 The loss of GLT-1 and its impact on AD neuropathology 

 

The loss of glutamate transporter in astrocytes may lead to sustained excitability and 

subsequent excitotoxicity in glutamatergic synapses.  In clinical studies, a pattern of high 
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neuronal activity in MCI patients or prodromal phase is detected164-166, suggesting that 

abnormal hyperactivity of neurons may be an early disease phenomenon and be triggered 

by a loss of GLT-1 and subsequent glutamate dyshomeostasis.  Such abnormal neuronal 

activity and its consequence in AD neuropathology were recently examined using 

optogenetics in mice.  Light-triggered neuronal hyperactivity in hippocampus significantly 

exacerbates Aβ production in an animal model of AD167.  In cell culture models, Aβ 

oligomers promote functional impairment of GLT-1 by downregulating or internalizing the 

transporter126,168,169.  As a result, Aβ induces aggravated neuronal excitability170,171.  These 

findings from clinical, animal models and cell culture studies strongly implicate that a loss 

of GLT-1 can generate a vicious feedback loop to increase the production, secretion, and 

propagation of toxic Aβ in the brain and further induces excitotoxicity to lead progressive 

synaptic and neuronal loss, characteristics in AD.    Chapter 4 of this dissertation tests the 

hypothesis that GLT-1 downregulation can increase Aβ pathology in a mouse model of AD. 

 

Similarly, hyperexcitability of neurons may exacerbate tau pathology.  Recent studies 

report a possible link between hyperexcitable neurons and the propagation of pathological 

tau in anatomically-connected neuronal network.  As mentioned earlier, aberrant neuronal 

activity greatly enhances the release of tau in vitro and in vivo119,172,173.  Thus, the loss of 

GLT-1 and subsequent hyperexcitation of glutamatergic synapses may promote tau 

propagation.  Chapter 2 of this dissertation tests the hypothesis that GLT-1 restoration can 

ameliorate tau pathology in a mouse model of AD. 

 

1.5 Hypothesis 
 

Aβ-induced GLT-1 downregulation links Aβ pathology to tau pathology, synaptic loss, 

and cognitive decline.  

 

1.6 Dissertation Contribution 
 

➢ Temporal decrease in GLT-1 levels in the hippocampus of AD mouse model  

➢ GLT-1 decrease in hippocampus of human AD patients (further supporting current 

findings) 

➢ Pharmacological up-regulation of GLT-1: 

• Significantly ameliorates the age-dependent pathological tau accumulation 

• Restores synaptic density 

• Rescues cognitive decline   

• Minimal effects on Aβ pathology.  

• GLT-1 restoration is neuroprotective and partially rescues AD like 

neuropathology and cognitive decline in an AD mouse model.  

• Aβ-induced astrocyte dysfunction represented by a functional loss of GLT-

1 may serve as one of the major pathological links between Aβ and tau 

pathology. 
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➢ IL-1β induces GLT-1 levels via miRNA 181a in primary murine neuron and 

astrocyte co-culture providing a potential protective mechanism during acute 

exposures of IL-1β:  

• Synthetic 20ng/mL IL-1β increase GLT-1 expression levels after 48 hours 

of exposure  

• Synthetic 20ng/mL IL-1β decreases miR-181a expression levels after 48 

hours of exposure  

• miR-181a decreases GLT-1 levels in a concentration-dependent manner 

after 48 hours of exposure 

• miR-181a lowers GLT-1 expression to control levels when co-exposed with 

IL-1 β. 

 

1.7 Conclusion 

• GLT-1 is a key player in the progression of AD and its restoration may 

ameliorate AD pathology. 

• GLT-1 is regulated post-transcriptionally by IL-1β  

• miR-181a is a key regulator of GLT-1 
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Chapter 2: Ceftriaxone ameliorates tau pathology and 

cognitive decline via restoration of glial glutamate 

transporter in a mouse model of Alzheimer’s disease. 
 

2.1 Abstract 
 

Glial glutamate transporter, GLT-1, is the major Na+-driven glutamate transporter to 

control glutamate levels in synapses and prevent glutamate-induced excitotoxicity 

implicated in neurodegenerative disorders including Alzheimer’s disease (AD).  

Significant functional loss of GLT-1 has been reported to correlate well with synaptic 

degeneration and severity of cognitive impairment among AD patients, yet the underlying 

molecular mechanism and its pathological consequence in AD are not well understood.  

Here, we find the temporal decrease in GLT-1 levels in the hippocampus of the 3xTg-AD 

mouse model and that the pharmacological upregulation of GLT-1 significantly 

ameliorates the age-dependent pathological tau accumulation, restores synaptic proteins, 

and rescues cognitive decline with minimal effects on Aβ pathology.  In primary neuron 

and astrocyte co-culture, naturally secreted Aβ species significantly downregulate GLT-1 

steady state and expression levels.  Taken together, our data strongly suggest that GLT-1 

restoration is neuroprotective and Aβ-induced astrocyte dysfunction represented by a 

functional loss of GLT-1 may serve as one of the major pathological links between Aβ and 

tau pathology. 

 

2.2 Introduction 
 

Alzheimer’s disease (AD) is the most common progressive neurodegenerative disease 

associated with dementia.  Neuropathological hallmarks include extracellular amyloid-beta 

(Aβ) plaques and intracellular neurofibrillary tangles (NFTs) composed of Aβ peptides and 

hyperphosphorylated tau proteins, respectively.  Buildup of these pathological lesions are 

believed to trigger complex, multi-factorial neurodegenerative cascades in AD leading to 

synaptic loss and neurodegeneration.  Dementia severity among AD patients correlates 

well with synaptic loss and oligomeric Aβ species, and to a lesser extent, with Aβ plaques 

in the brain27,32,47,62,68,97.  Moreover, increasing Aβ levels has been suggested to be an 

initiating factor in AD pathology47.  The exact molecular mechanism that links Aβ and tau 

pathology in AD, however, remains largely unknown.   

 

Clinical and pre-clinical evidence suggests disruption of glutamate homeostasis contributes 

to the development of neuropathological hallmarks and cognitive decline in AD.  

Glutamate neurotransmission is critically involved in learning and memory, and its 

synapses are densely concentrated in the hippocampus, a vulnerable region affected in AD.  

Its neurotransmission is tightly controlled by five different glutamate transporters within 

the vicinity of glutamatergic synapses in humans to prevent prolonged glutamate input and 

subsequent glutamate-induced excitotoxicity in neurons.  Among these transporters, the 

excitatory amino acid transporter 2 (EAAT-2) or its mouse homologue glutamate 
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transporter 1 (GLT-1, herein collectively referred to as GLT-1) expressed predominantly 

on astrocytes is responsible for regulating 90% of glutamate levels in the synapses135.  A 

significant reduction of GLT-1 activity has been reported to occur in an early stage of AD 

and correlates well with synaptic loss and cognitive decline in patients146.  In addition, 

GLT-1 gene expression and protein levels are altered in the hippocampus of AD patients 
149.  Recent studies further support the involvement of GLT-1 in AD by showing that the 

heterozygous knockdown of GLT-1 in an AD mouse model exacerbates cognitive decline 

without affecting Aβ pathology and that astrocytic GLT-1 dysfunction plays an important 

role in human AD pathogenesis150,151.  These studies evidently show that impairment in 

GLT-1 is not only part of the initial stages of AD pathology but that it also plays an 

important role in the progression of cognitive decline. 

 

In this study, we investigate whether compensation for the age- and pathology-dependent 

loss of GLT-1 would significantly impact AD-like neuropathology and cognitive decline 

in the triple transgenic mouse model of AD (3xTg-AD).  We hypothesize that a loss of 

GLT-1, representative of functional impairments of astrocytes, mediates Aβ-induced 

neurotoxicity and precedes post-synaptic degeneration and cognitive decline in AD, and 

its restoration rescues functional synapses and halts the disease progression.  Here, we 

show that the chronic up-regulation of GLT-1 by ceftriaxone significantly attenuates tau 

pathology, restores synaptic proteins and rescues cognition without affecting Aβ pathology 

in 3xTg-AD mice.  Our in vitro studies uncover that naturally secreted Aβ species 

significantly downregulate GLT-1 expression.  Taken together, loss of GLT-1 may in part 

mediate Aβ-triggered tau pathology in AD. 

 

2.3 Materials and Methods 
 

2.3.1 Animals 

 

All experiments were carried out in accordance with the Institutional Animal Care and Use 

Committee at the University of California and were consistent with Federal guidelines.  All 

mice were housed on a 12 hour light/dark schedule with ad libitum access to food and 

water.  The 3xTg-AD mice express the Swedish (K670N/M671L), PS1M146V and tau 

(P301L; found in frontotemporal dementia patients) mutations which increase the overall 

production of Aβ, increases the ratio of Aβ42/Aβ40 and promotes tau tangle formation 

respectively174.  A total of five to seven 3xTg-AD mice and five to seven strain-matched 

C57BL6/129SvJ non-transgenic mice were used for the aging study.  A total of 15 3xTg-

AD mice were treated; 4 females and 4 males for the vehicle group and 3 females and 4 

males for the ceftriaxone-treated group. 

 

2.3.1.1 Animal treatment paradigm 

 

Ten months old 3xTg-AD mice were treated intraperitoneally (i.p.) with 200 mg/kg 

ceftriaxone (Santa Cruz Biotechnology, Santa Cruz, CA) or 0.8% sodium chloride 

(Vehicle) daily for 2 months157.  Upon completion of the treatment period and cognitive 

evaluation, mice were anesthetized, and perfused with ice-cold phosphate buffered saline, 
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and brains were collected.  One hemisphere of the brain was fixed with 4% 

paraformaldehyde for immunostaining.  The other hemisphere was micro-dissected into 

the hippocampus and cortex.  The hippocampus was homogenized in T-PER buffer 

containing protease and phosphatase inhibitors followed by the centrifugation at 100,000 

x g for 1 hr to separate the detergent-soluble fraction and insoluble pellets.  Pellets were 

subsequently homogenized in 70% formic acid and the detergent-insoluble fractions were 

collected.  Samples were stored at -80ºC until further analysis.   

 

2.3.2 Cognitive tests 

 

Following the 2 months of ceftriaxone treatment, all mice were subjected to cognitive 

evaluation in the Morris water maze (MWM) and novel object recognition test (NOR).  As 

described previously175, the apparatus used for the MWM task was a circular aluminum 

tank (1.2 m diameter) painted white and filled with water maintained at 22 to 24ºC.   The 

maze was located in a room containing several simple visual extramaze cues.  Mice were 

trained to swim and find a 14-cm-diameter circular clear Plexiglas platform submerged 1.5 

cm beneath the surface of the water and invisible to the mice while swimming.  On each 

training trial, mice were placed into the tank at one of four designated start points in a 

pseudorandom order.  Mice were allowed to find and escape onto the platform.  If mice 

failed to find the platform within 60 sec, they were manually guided to the platform and 

allowed to remain there for 10 sec.  Each day, mice received four training sessions 

separated by intervals of 25 sec under a warming lamp.  The training period ended when 

all groups of mice reached criterion (<25 sec mean escape latency).  The probe trial to 

examine retention memory was assessed 24 hrs after the last training trial.  In the probe 

trials, the platform was removed from the pool, and mice were monitored by a ceiling-

mounted camera directly above the pool during the 1 minute period.  All trials were 

recorded for subsequent analysis.  The parameters measured during the probe trial included 

1) latency to cross the platform location and 2) number of platform location crosses.   

 

The NOR was performed as described previously176.  Briefly, mice were habituated in the 

test environment for 3 days (5 minutes per day).  In the acquisition of familiar objects, mice 

were exposed to 2 identical objects separated in a specific location in a square cage.  

Twenty-four hours later, mice were placed in the test cage with one familiar object and one 

novel object.  The total amount of time the mice explored each object was recorded 

separately for 3 minutes, and the recognition index ([time spent on novel object]/{[time to 

spent on novel object] + [time spent on a familiar object]} was calculated in %). 

 

2.3.3 Quantitative Aβ ELISA analysis  

 

Soluble and insoluble Aβ1-40 and Aβ1-42 levels were measured by ELISA as previously 

described175.  Briefly, 96-well plates (Immulon 2HB, Fisher Scientific, Waltham, MA) 

were coated with 25 µg/mL of the mouse anti-Aβ monoclonal antibody (clone 20.1) in 

carbonate coating buffer pH 9.6 (Sigma-Aldrich, St.  Louis, MO) and incubated overnight 

at 4ºC.  The wells were washed and blocked with 3% BSA overnight at 4ºC with shaking.  

After washing, serial dilutions of Aβ40 and Aβ42 were added to the wells and plates were 
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sealed then incubated overnight at 4ºC with shaking.  After washing, HRP-conjugated 

affinity anti-Aβ40 or anti-Aβ42 antibodies were added at 1:2000 and 1:1000 dilutions, 

respectively, and incubated overnight at 4ºC with shaking.  Wells were then washed and 

incubated with streptavidin-HRP (1:4000 dilution) for 4 hrs at room temperature, washed 

then Ultra-TMB ELISA substrate (Pierce, Rockford, IL) was added for 5-10 minutes to 

develop the reaction.  The reaction was stopped by adding 2N H2PO4 and plates were 

analyzed on a SpectraMax Spectrophotometer (Molecular Devices, Sunnyvale, CA) at 450 

nm.  The plasma end-point titer was defined as the maximal plasma dilution in which the 

O.D. for the antibodies was 3 times higher than the O.D. values of the blank wells. 

 

2.3.4 Western blot and analysis 

 

Protein concentrations of detergent-soluble fractions from half brain (hippocampus or 

cortex) were determined by the Bradford protein assay.  These fractions (9 µg of protein) 

were subsequently immunoblotted with the following antibodies: HT7 (total human tau, 

Pierce Biotechnology, Rockford, IL), AT8 (phosphorylated tau at S202/T205, Pierce 

Biotechnology), PHF-1 (phosphorylated tau at S396/S404; a kind gift from Dr. Peter 

Davies, Albert Einstein College of Medicine), CP13 (phosphorylated at S202/T205; a kind 

gift from Dr. Peter Davies, Albert Einstein College of Medicine), AT100 (phosphorylated 

tau at S212/T214, Pierce Biotechnology), GLT-1 (a kind gift from Dr. Jeffrey David 

Rothstein, Johns Hopkins University), GFAP (Dako, Carpinteria, CA) cdk5 (Calbiochem, 

La Jolla, CA), p35/p25 (Santa Cruz Biotechnology), GSK-3β (BD transduction 

laboratories, San Jose, CA) and phospho-GSK-3β (phosphorylation at S9, Cell Signaling 

Technology, Beverly, MA).   GAPDH, (Santa Cruz Biotechnology), tubulin and/or actin 

(Abcam, Cambridge, MA) were used to control for protein loading or to confirm no cross-

contamination of each fraction.  Band intensity was measured using the Odyssey Image 

station and Image Studio (version 2.1, Li-Cor Biosciences, Lincoln, Nebraska) and 

normalized by corresponding loading control proteins. 

 

2.3.5 Real-time PCR (RT-PCR) 

 

Total RNA was isolated from 3xTg-AD or WT hippocampal tissue using TRI reagent 

(Molecular Research Center, Cincinnati, OH).  Total RNA was isolated from untreated and 

treated neuron and astrocyte primary cells using Direct-zol RNA MiniPrep (Zymo 

Research Corp., Irvine, CA).  Briefly, 1 µg of total RNA was used for one-cycle reverse 

transcriptase reaction to make cDNA by random hexamers using 5x iScriptTM Reaction 

Mix and iScriptTM Reverse Transcriptase (BioRad, Hercules, CA).  2 µl of resulting cDNA 

was subjected to a PCR reaction for the detection of GLT-1, GLAST, and GFAP using 

Power SYBR Green PCR Master Mix (Applied Biosystems, Life-Technologies).  

Sequences of GLT-1 primers were 5'-TTCCAAGCCTGGATCACT GCTC-3' (forward) 

and 5'- GGACGAATCTGGTCACACGCTT -3' (reverse) (Origene, NM_001077514).  

GLAST primers were 5’-GCGATTGG TCGCGGTGATAATG-3’ (forward) and 5’- 

CGACAATGACTGTCACGGTGTAC-3’ (reverse) (Origene, NM_148938).  GFAP 

primers were 5’-CACCTACAGGAAATTGCTGGAGG-3’ (forward) and 5’-

CCACGATGTTCCTCTTGAGGTG-3’ (reverse) (Origene, NM_010277).  GAPDH was 
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used for normalizing the GLT-1, GLAST and GFAP expression levels in each treatment, 

and the primer sequences were 5’-AACTTTGGCATTGTGGAAGG-3’ and 5’- 

ACACATTGGGGGTAGGAACA-3’.  The PCR cycle parameters were as follows: 

denaturing step (95 ºC for 15 sec), annealing step (60 ºC for 60 sec) and extension step (72 

ºC for 30 sec).   The cycle threshold (Ct) values were determined by SDS Software v1.3.1 

(Applied Biosystems), and ΔCt for each treatment group was calculated as follows: ΔCt = 

Ct (GLT-1, GLAST1 or GFAP) - Ct (GAPDH)177. 

 

2.3.6 Immunohistochemical (IHC) and immunofluorescence (IF) staining 

 

Each half brain was cut into 20 μm slices using a microtome and stored in PBS with 0.05% 

sodium azide.  Free-floating sections were washed with TBS, permeablized with 0.1% 

triton X-100 and blocked with 3% BSA in TBS.  For Aβ plaque burden and certain tau 

staining, free-floating sections were pre-treated with 90% formic acid for 3 minutes prior 

to the incubation with primary antibodies.  Sections were then incubated with antibodies 

against synaptophysin (SYP; presynaptic marker; Abcam; 1:1000), post-synaptic density 

protein 95 kDa (PSD95; postsynaptic marker; Neuromab; 1:1000), AT8 (1:2000), AT100 

(1:2000), CP13 (1:1000), PHF1 (1:1000), MC1 (1:1000), HT7 (1:2000), Iba-1 (1:400), 

4G8 (1:400), or  biotinylated antibody against Aβ42 (clone D32 from Drs. Vasilevko and 

Cribbs, 1:400) overnight.  Sections were washed the following day and incubated with 3% 

BSA and 1% triton X-100 in TBS then 1 hr incubation with corresponding secondary 

antibody conjugated with Alexa Fluor 488, Alexa Fluor 555 and/or Alexa Fluor 633 with 

DAPI for nuclear staining.  For immunohistochemistry, after the incubation with primary 

antibodies, sections were incubated with corresponding biotinylated secondary antibodies, 

followed by ABC treatment and DAB staining according to the manufacturer’s 

specifications.  

 

2.3.7 Thioflavin S staining 

 

For immunofluorescent staining with thioflavin S (Sigma, St. Louis, MO), free-floating 

sections were mounted on a Superfrost Plus™ microscope slide (Fisher Scientific, 

Waltham, MA) to dry overnight. To hydrate, fixed sections were immersed twice in 100% 

ethanol for 2 minutes, twice in 95% ethanol for 2 minutes, once in 70% ethanol for two 

minutes then once in 50% ethanol for two minutes. Sections were then incubated with 0.5% 

thioflavin S in 50% ethanol for 10 minutes (in the dark). Sections were washed twice with 

50% ethanol for 3 minutes and twice with water for 3 minutes. Staining was visualized 

using a digital inverted microscope (EVOS-fl, Advanced Microscopy Group). 

 

2.3.8 Quantitative analysis of synaptic proteins, plaque burden and tau pathology. 

 

Synapse proteins in the CA1 and CA3 regions of the hippocampus and dentate gyrus (DG) 

were quantified by Image J software.  Briefly, 6 brain sections (20µm thickness) from each 

animal were IF stained with SYP or PSD95 antibodies described above and images were 

captured using a digital inverted microscope (EVOS-fl, Advanced Microscopy Group).  

PSD95 or SYP IF signal were counted in the subfield of the hippocampus and dentate 
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gyrus.  SYP and PSD95 protein levels were calculated independently.  For each 20 µm 

brain section, 3 different areas from the CA1 and CA3 regions of the hippocampus and DG 

were captured.  From those images, 3 random 100 µm2 sections were chosen (each 

representative of that area) from each image and the mean intensity was measured using 

ImageJ software.  An average of all the areas from each region was calculated and 

represented synapse intensity for DG, CA1 or CA3 of the hippocampus.  Staining with 

4G8, HT7 or PHF-1 was also analyzed in the same manner.  For the CP-13, HT7 and PHF-

1  analysis, the entire area of the hippocampus and cortex (separately) was chosen of 2-5 

brain sections (20µm thickness) and positive soma were counted from each area. 

 

2.3.9 Astrocyte and neuron primary cell co-culture 

 

As described by Yang and colleagues158, primary astrocytes were extracted from the cortex 

and hippocampus of postnatal day 2-3 (P2-P3) mice from wildtype (WT) mice.  Primary 

cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 

bovine serum (FBS), 1% penicillin/streptomycin (P/S).  Primary neurons were extracted 

from embryonic day 14-16 (E14-16) of WT mice.  Primary neurons were added to 

confluent primary astrocytes in Neurobasal media with B27 supplement, glutamine, and 

5% FBS (plating media) for the first 24 hrs then the medium was changed to media of 

similar contents but with only 2.5% FBS (growth media).  Primary cells were treated after 

day 7 (of neuron addition)158.  The purity of primary astrocytes and the presence of neurons 

were consistently monitored by IF staining with GFAP and Tau5 respectively. 

 

2.3.10 7PA2 –Chinese Hamster Ovary (CHO) cell culture 

 

Naturally secreted Aβ monomers and oligomers were obtained from the conditioned 

medium (CM) of 7PA2 CHO cells that express the V717F AD mutation in APP751 (an 

APP isoform that is 751 amino acids in length, a kind gift from Dr. Edward Koo, UCSD)69.  

Both control CHO cells and 7PA2 cells were grown in the DMEM containing 10% FBS 

and 1% P/S until ~90% confluency.  Cells were washed and medium replaced with 

neuronal growth media (described above) for ~18 hrs.  CM was collected and centrifuged 

at 1,000 x g for 10 minutes at 4°C to remove cell debris then used for treatment of astrocyte 

and neuron primary cell co-culture.  CM from CHO cells and fresh growth media were 

used as controls.   

 

2.3.11 Statistical analysis 

 

All immunoblot and immunohistochemical data were quantitatively analyzed using Image 

Studio (version 2.1) software or Image J software.  Statistics were carried out using one-

way ANOVA with post-hoc tests or unpaired t-test and p<0.05 or lower was considered to 

be significant.  Pearson correlation coefficient was calculated for linear regression graphs.  

 

2.4 Results 
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To determine whether the expression of GLT-1 in astrocytes changed with age and/or the 

progression of the AD-like pathological hallmarks in 3xTg-AD mouse model, we assessed 

levels of GLT-1 in the hippocampus from 2-3 (pre-pathological), 6 (early pathology), 12-

13 (mild/moderate pathology), or 23 (late, established pathology) months of age.  We found 

that the hippocampal GLT-1 expression and the steady state levels significantly decreased 

as AD-like neuropathology progressed in 3xTg-AD mice, but not in WT mice (p < 0.05 

and p < 0.01; Fig. 2-1A, C and D).  The steady-state levels of GLT-1 were significantly 

reduced especially at 12 months of age or older.  We previously reported that GFAP steady 

state levels increase with age in 3xTg-AD mice174.  In this study, we found that GFAP 

mRNA expression levels as well as the steady-state levels also increased with age in 3xTg-

AD mice (p < 0.01; Fig. 2-1B, C and F).  Thus astrogliosis inversely correlated with 

significant GLT-1 decrease indicating that glial GLT-1 in synapses was less in the 3xTg-

AD mice than that in age-matched WT mice.  In comparison, the GLutamate ASpartate 

Transporter (GLAST) expression and steady state levels, also expressed on astrocytes, did 

not significantly decrease until 23 month of age (p < 0.05 Fig. 2-1C and E).   
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Figure 2-1. GLT-1 decreases in an age-dependent manner in 3xTg-AD mice.  (A) RT-PCR analysis of GLT-1 mRNA 

levels in wild type (WT) and 3xTg-AD mice at 2, 6 and 23 month (mo) old mice.  (B) RT-PCR analysis of GFAP mRNA 

levels in WT and 3xTg-AD 2, 6 and 23 month old mice.  (C) Western blot analysis of protein extracts from 3, 12 and 23 

month old WT and 3xTg-AD mice using GLT-1, GFAP and GAPDH antibodies.  The densitometric analysis of the 

GLT-1 (D), GLAST (E) and GFAP (F) bands normalized to GAPDH shown in the graphs.  Each bar is expressed as 

mean ± standard error mean (S.E.M); *p< 0.05 and **p< 0.01 compared to the WT group or 2-3 months old 3xTg-AD 

group.  The number of mice analyzed was n = 5-7 per group. 

Recent studies have demonstrated that synthetic oligomeric Aβ1-42 decreased GLT-1 

expression or promoted mislocalization of GLT-1 from the cell surface of primary 

astrocytes, leading to glutamate dyshomeostasis in synapses168,178.  Our in vivo evidence 

(Fig. 2-2), however, indicated a clear reduction of GLT-1; a reduction possibly through the 

decreased expression in astrocytes.  To test whether Aβ species subsequently alters GLT-

1 expression, we utilized the primary neuron and astrocyte co-culture system to examine 

the role of naturally secreted Aβ species on GLT-1 expression in vitro158.  1.85 nM of 

naturally secreted Aβ42 and 4.4 nM of naturally secreted Aβ40 in the conditioned medium 

(CM) from 7PA2 CHO cells (7PA2-CM)69 were added to primary neuron/astrocyte co-

culture for 48 hours (Fig. 2-2A).  We found that the 48-hour treatment of 7PA2-CM 
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resulted in a significant decrease of the GLT-1 mRNA expression (p < 0.0001 Fig. 2-2B) 

compared to cells treated with CM from CHO cells (CHO-CM; control).  GLAST 

expression did not change under the same treatment (Fig. 2-2B, right).  We also 

investigated the steady levels of GLT-1 and found that Aβ species from the 7PA2-CM 

significantly decreased the steady state levels compared to CHO-CM (p < 0.0001 Fig. 2-

2C).   Integrity of primary astrocyte and neuron co-cultures was consistently confirmed 

through immunofluorescence staining (Fig. 2-2A).  These in vitro results suggest that Aβ 

species are responsible for the loss of GLT-1 expression as a part of their toxicity to 

astrocytes.   

 
Figure 2-2. Naturally secreted Aβ decrease GLT-1 steady state levels.  (A) Experimental scheme for investigating 

GLT-1 expression in the primary astrocyte and neuron co-culture.  Astrocytes extracted from the cortex and 

hippocampus of postnatal day 0 – day 3 (P0-P3) and detected with the GFAP antibody.  Neurons were extracted from 

embryonic day 14 – 16 (E14 – E16) and detected with tau5 or SYP antibodies.  1.85 nM of naturally secreted Aβ42 and 

4.4 nM of naturally secreted Aβ40 present in 7PA2-CM (quantified by ELISA) were added to the co-culture for 48 

hours.  (B) RT-PCR analysis of GLT-1 and GLAST mRNA levels from neuron and astrocyte co-cultures treated with 
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CHO conditioned media (CHO-CM) or 7PA2 conditioned media (7PA2-CM) for 48 hrs.  (C) Western blot of protein 

extracts from neuron and astrocyte co-cultures treated with 7PA2-CM or CHO-CM for 48 hours using GLT-1 and 

tubulin antibodies.  The densitometric analysis of the 70 kDa and 140 kDa band from GLT shown in the graph.  Each 

bar is expressed as mean ± S.E.M.; ****p<0.0001 7PA2-CM compared to CHO-CM.  Three independent experiments 

performed each time in triplicates. 

 

Since a significant reduction of GLT-1 was evident in the hippocampus of 3xTg-AD mice 

at 12 months of age and our in vitro evidence suggested that its reduction was mediated by 

Aβ species, we examined whether a chronic restoration of GLT-1 at this age would 

ameliorate downstream AD-like neuropathology and cognitive decline.  We chronically 

treated 10 month old 3xTg-AD mice with either ceftriaxone (200 mg/kg i.p.) or saline 

(0.8% NaCl i.p.) daily for two months.  Ceftriaxone is a beta lactam antibiotic shown to 

increase the astroglial GLT-1 expression both in vitro and in vivo157,179.  Consistent with 

these previous reports, the ceftriaxone treatment in this study significantly increased GLT-

1 protein expression levels compared to the age-matched vehicle group (p < 0.05 for both 

70 and 140 kDa bands; Fig. 3).  GLT-1 western blots can show monomeric (70 kDa) and 

dimeric (140 kDa) forms as previously shown and described157,180. 

 

 
Figure 2-3. Chronic ceftriaxone-treatment increases GLT-1 expression levels in 3xTg-AD mice.  (A) Western blot 

analysis of protein extracts from hippocampal tissue of 12 month old 3xTg-AD mice using GLT-1 and GAPDH 

(housekeeping) antibodies.  Densitometric analysis of the GLT1 bands normalized to GAPDH shown in the graph.  

Each bar is expressed as mean ± S.E.M.; *p<0.05, ceftriaxone-treated 3xTg-AD mice compared with the vehicle-

treated 3xTg-AD mice (n = 5 mice per group).  Molecular weight markers are in kDa.   Veh = vehicle or saline-

treatment and Cef = ceftriaxone treatment. 

 

The effect of GLT-1 up-regulation on hippocampal-dependent cognition was evaluated by 

MWM and NOR immediately after treatment.  During the acquisition training in the 

MWM, the vehicle 3xTg-AD group were capable of learning within the same day, but 

failed to retain spatial memory from day to day, which was consistent with previous 

findings181.  In comparison, the ceftriaxone-treated 3xTg-AD group had better retention for 

the majority of the training days (p < 0.05; Fig. 2-4A).  This was later confirmed during 

the probe trial of MWM; the probe trial measures retention memory.  During the probe 

trial, the ceftriaxone-treated group reached the platform location significantly faster than 

the vehicle group (p < 0.05; Fig. 2-4B).  In addition, ceftriaxone-treated mice crossed the 

platform location more than the vehicle group within the 60 sec of the probe trial, further 

suggesting that the retention memory was significantly rescued in the ceftriaxone-treated 

mice (p < 0.01; Fig. 2-4C).  Similarly, in the NOR, ceftriaxone-treated mice explored a 

novel object significantly longer than a familiar object (p < 0.05; Fig. 2-4D).  Therefore, 
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increasing GLT-1 in the 3xTg-AD mice rescued cognitive impairments as measured by 

two independent behavioral tests. 

 

 
Figure 2-4. Upregulation of GLT-1 by ceftriaxone ameliorates cognitive decline in 3xTg-AD mice.  (A) 

Acquisition curve during training of MWM expressed as average of all mice in each group.   Arrowheads 

show the first training of the day.  (B) Escape latency and (C) number of crosses on platform location for 

24-hour retention trial in MWM.  (D) NOR for the first minute of the test.   Each bar is expressed as mean 

± S.E.M.; *p<0.05 and **p<0.01, ceftriaxone-treated 3xTg-AD mice compared with the vehicle-treated 

3xTg-AD mice (n = 5 mice per group). 

  

To better understand the molecular basis of the restoration of cognition in these behavioral 

tests, we examined the effects of GLT-1 up-regulation on Aβ and tau pathology.  

Quantitative ELISA revealed no significant changes of detergent-insoluble Aβ40 and Aβ42 

in the hippocampal tissues of 3xTg-AD mice (Fig. 2-5A).  Detergent-soluble Aβ40 

significantly (p < 0.01; Fig. 2-5A) increased in ceftriaxone-treated mice, however there 

was no significance in detergent-soluble Aβ42 (Fig. 2-5A).  APP expression or processing 

was not significantly altered by the treatment because the steady state levels of APP or C-

terminal fragments of APP, specifically C99 and C83, were not changed among the 

treatment groups (Fig. 2-5B).  We then used conformation specific antibodies, A11 and 

OC, to detect soluble pre-fibrillar and fibrillar Aβ oligomers respectively182,183.  Dot blot 

analysis of the cortical soluble fractions revealed no significant changes in Aβ oligomer 

levels between the ceftriaxone-treated and vehicle-treated 3xTg-AD mice (Fig. 2-5C).  

Together with our in vitro data above, the presence of Aβ species likely suppressed GLT-

1 expression in the brain of 3xTg-AD mouse.  In addition, histological analysis revealed 

that plaque burden in the hippocampus and subiculum of ceftriaxone-treated 3xTg-AD 

mice were not significantly different than the vehicle group, which in part supported the 
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quantitative ELISA data described above (Fig. 2-5D).  While we do not know the exact 

mechanisms of increased soluble Aβ40 levels in the ceftriaxone-treated mice, collectively, 

these results suggest that GLT-1 dysfunction does not affect APP processing, overall Aβ 

species levels and plaque pathology in the 3xTg-AD mice.  These findings are consistent 

with a recent report in heterozygous knockout of GLT-1 in APP/PS1 mice150. 

 

 
Figure 2-5. Effect of GLT-1 up-regulation on Aβ pathology in 3xTg-AD mice.  (A) Quantitative Aβ 

ELISA in detergent-insoluble (formic acid soluble) brain hippocampal fraction and detergent soluble brain 

hippocampal fraction.  (B) Westernblot analysis of APP processing in the hippocampus of the brain.  The 

densitometric analysis of C99 and C83 fragments shown in the graph.  (C)  Dot blot analysis of soluble pre-

fibrillar and fibrillar Aβ oligomers in the cortical soluble fractions detected by the A11 and OC antibodies 

respectively.  (D) Qualitative representation of the immunohistochemical staining with 4G8 and Thioflavin 
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S to detect Aβ plaques.  Each bar is expressed in mean ± S.E.M.; **p< 0.01, ceftriaxone-treated 3xTg-AD 

mice compared with the vehicle-treated 3xTg-AD mice (n = 4-5 mice per group). 

 

We previously demonstrated that altered inflammation such as gliosis in the brain 

exacerbated tau pathology in 3xTg-AD mice37,115.  Accordingly we investigated 

pathological changes in tau following up-regulation of GLT-1.  Histopathological analysis 

revealed that the ceftriaxone-treated mice showed significantly less CP13-positive tau 

(pSer202) bearing neurons than vehicle-treated mice in the cortex and hippocampus (p < 

0.05; Fig. 2-6A).  Similarly, the mean intensity from immunofluorescence staining with 

the PHF-1 antibody (pSer396/Ser404) was significantly less than the vehicle group in the 

CA1 region of the hippocampus (p < 0.05; Fig. 2-6A).  No significant alteration in total 

tau levels by the HT7 antibody was detected in the same fields.  Western blot analysis of 

the insoluble total tau levels in sarkosyl-insoluble fraction of the cortex was significantly 

lower in the ceftriaxone treated 3xTg-AD mice (p < 0.0001; Fig. 2-6B).  Western blot 

analysis of tau in detergent-soluble fraction of hippocampus showed a decreasing trend, 

though not significant, of phospho-specific tau using the PHF-1, AT8, CP13 and AT180 

antibodies while the total tau levels remained unchanged (Fig. 2-6C).  This discrepancy 

suggests decreased levels of insoluble or aggregated tau in the hippocampus of 

Ceftriaxone-treated 3xTg-AD mice.  We investigated the kinases reported in the 

involvement of pathological tau phosphorylation184,185.  Although we found a decreasing 

trend of phosphor-specific tau, the total steady state levels of cdk5 and GSK-3β were not 

significantly altered among the treatment groups (Fig. 2-6D).  Taken together, these results 

highlights disease-modifying effects of GLT-1 on tau pathology in neurons. 

 

3xTg-AD mice display an age-dependent dramatic loss of synapses without extensive 

neuronal loss176,186.  Therefore, we examined whether a restoration of GLT-1 protected 

synaptic proteins in these mice.  Synapse alterations were quantitatively analyzed by 

changes in synaptic markers SYP30,31,187,188 and PSD95189.  Significant changes of SYP and 

PSD95 immunoreactivity in subregions within hippocampus were observed by IF staining 

(Fig. 2-7A-B).  Quantitative analysis of fluorescent signals revealed that synaptic proteins 

detected by the SYP and PSD95 antibodies was significantly preserved in the CA3 region 

of the hippocampus (p < 0.05; Fig. 2-7A-B) of ceftriaxone-treated 3xTg-AD mice.  In 

addition, a significant restoration of PSD95 immunoreactivity in CA1 hippocampus was 

also observed in the ceftriaxone-treated 3xTg-AD mice (p < 0.001 and p < 0.05; Fig. 2-

7B).  We also found the restoration of PSD95 had a tendency to correlate with augmented 

cognitive performance by MWM.  Mice reaching the platform in 15 seconds or less had a 

high (>1.0) synaptic protein intensity mean, and although not statistically significant, 

increased PSD95 mean fluorescent intensity negatively correlated with the escape latency 

in dentate gyrus (DG), CA1 and CA3 regions of hippocampus (Fig. 2-7C).  These findings 

strongly indicate that GLT-1 is key to preserving synapses and crucial for neuron to neuron 

communication. 
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Figure 2-6. Effect of GLT-1 up-regulation on tau pathology in 3xTg-AD mice.  (A) Representative IHC 

or IF staining with tau antibodies HT7, PHF-1 and CP13 antibodies.  The mean intensities of HT7 and PHF-

1 from immunofluorescence staining are shown in the graph along with the CP-13 positive neuron analysis.  

Arrows point to tau-positive neurons.  (B) Representative western blot image of total human tau using HT7 

antibody from the sarkosyl – insoluble cortical protein fraction.  The densitometric analysis of all bands are 

shown in the graph.  (C) Western blot analysis of total human tau using HT7 antibody and various phosphor-

specific tau using PHF1, AT8, CP13, AT180 and GAPDH (housekeeping protein) from the detergent-soluble 

hippocampal protein fraction.  The densitometric analysis of PHF1, AT8, CP13 and AT180 are shown in the 

graph.  (D) Western blot analysis of known tau kinases: p25, p35, phosphor-GSK3β (pGSK3β), GSK3β and 

Tubulin (housekeeping protein) on detergent soluble hippocampal protein fraction.  The densitometric 

analysis of p25, p35, phosphor-GSK3β and GSK3β are shown in the graph.  Each bar is expressed as mean 

± S.E.M.; *p<0.05, ceftriaxone-treated 3xTg-AD mice compared with the vehicle-treated 3xTg-AD mice (n 

= 4-5 mice per group).   
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Figure 2-7. Synaptic proteins restored in ceftriaxone-treated 3xTg-AD mice.  (A) Representative IF images of SYP in 

the CA3 region of the hippocampus and quantitative analysis of the average mean intensities from five IF (20 µm) 

stained sections in the dentate gyrus (DG), CA1 and CA3 of the hippocampus.  (B) Representative IF images of PSD95 

in the CA3 region of the hippocampus and quantitative analysis of the average mean intensities from five IF (20 µm) 

stained sections in the DG, CA1 and CA3 of the hippocampus.  (C) Escape latency as a function of synaptic protein 

mean intensity graphs in the designated region of the hippocampus.  Each shape represents one mouse and each bar is 

expressed as mean ± S.E.M.; *p<0.05 and ***p<0.001, ceftriaxone-treated 3xTg-AD mice compared with the vehicle-

treated 3xTg-AD mice (n = 3-5 mice per group). Sec = seconds 

 

2.5 Discussion 
 

We report that astrocytic GLT-1 may be a key player that links Aβ and tau pathology.  Our 

findings show a significant correlation between the age-dependent decrease of astrocytic 

GLT-1 and the progression of AD-like neuropathology in 3xTg-AD mice regardless of 

astrogliosis.  To test whether the loss of GLT-1 precede AD pathology and cognitive 

decline in 3xTg-AD mice, we pharmacologically overexpressed GLT-1 and examined its 

pathological and behavioral consequences in vivo.  By doing so, we found that the chronic 

administration of ceftriaxone significantly increases GLT-1 expression, ameliorates 

cognitive deficits, preserves synaptic proteins and decreases tau pathology in aged 3xTg-
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AD mice.  These results strongly implicate and support the notion that astrocyte 

dysfunction have major implications in neurodegenerative disease particularly 

AD.  Furthermore alteration of glutamate transporter expression occurs in the early stages 

of AD human patients – an important factor in finding a cure146.  

 

Synaptic density significantly decreases in human AD brains27,31 and AD mouse model 

brains174,190.  Along with this, increasing evidence shows the active involvement of 

astrocytes in synapse formation, function and elimination129.  Talantova and colleagues in 

particular showed the involvement of astrocytes in glutamate-induced synaptic damage via 

α-7 nicotinic receptors stimulation and extrasynaptic NMDA-type glutamate receptors 191.  

In comparison, our study focuses on glutamate regulation via GLT-1 expression.  We show 

a positive and significant correlation between an increase in GLT-1 steady state levels and 

synaptic proteins (PSD-95 and SYP).  In particular, a restoration of PSD95 is more evident 

and found in DG, CA1 and CA3 regions of hippocampus following ceftriaxone treatment, 

indicating a beneficial effect of GLT-1 in post-synaptic neurons.  These results further 

support our hypothesis that the loss of GLT-1 triggers excitotoxicity and degeneration of 

post-synaptic neurons through aberrant calcium influx.  Restoration of synaptic glutamate 

homeostasis attenuates post-synaptic degeneration more significantly and directly than pre-

synapses.  These changes in part contribute to the restoration of cognitive function in the 

ceftriaxone-treated 3xTg-AD mice as shown by the correlation curve (Fig. 2-7C).  

 

As previous studies indicate, Aβ species can induce toxicity to cells prior to plaque 

formation and synaptic loss64,66,69,190.  In addition to those studies, we propose that Aβ 

species also induce astrocyte dysfunction that affect pathology progression in AD.  Our 

results clearly show that Aβ species (including monomers and oligomers) downregulate 

GLT-1 expression in vitro and that GLT-1 restoration in vivo did not affect soluble Aβ 

species levels (Fig. 2-2 and 2-5).  Although GLT-1 is predominantly expressed on 

astrocytes, neurons also express GLT-1 192,193.  Thus further studies are needed to 

investigate the contribution of neuronal GLT-1 expression.  Nonetheless Aβ-induced GLT-

1 dysfunction may occur in the early stages of AD.  This effect can lead to glutamate 

dyshomeostasis and/or glutamate excitotoxicity. This phenomenon has been suggested in 

AD because AD patients have increasing glutamate levels in their cerebral spinal fluid 

(CSF) as dementia progresses 194,195.   

 

GLT-1 down-regulation also has important implications on tau propagation, 

phosphorylation and dephosphorylation as perturbation of this equilibrium can void tau’s 

microtubule – associated function, lead to aberrant tau aggregates and increase neuron 

vulnerability in AD.  Since GLT-1 indirectly affect calcium level influx, its dysfunction 

can impact tau calcium-dependent kinases, including GSK-3β and cdk5, and induce 

NFTs122,184,185.  Additionally, an increase in calcium influx can lead to an increase in 

calcium-dependent tau inter-neuronal propagation 196.  Studies have also shown that tau 

can spread synaptically via connected glutamatergic neurons 197,198.  This presents the 

possibility that glutamate dyshomeostasis can be one of the driving forces of tau pathology.   
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NFTs correlate with cognitive decline199 and are initiated by the abnormal accumulation 

and mislocalization of tau in somatodendritic compartments.  Tau can also facilitate Fyn 

kinase to postsynaptic compartments whereby Fyn phosphorylates one of the NMDAR 

subunits, NR2b, thereby stabilizing its interaction with PSD95 thus causing a sustained 

activation of NMDAR123.  Our study, however, showed no significant alterations in the 

NR2b subunit in the ceftriaxone-treated mice (data not shown).  In addition GSK-3β and 

p25 were not significantly different in the ceftriaxone-treated 3xTg-AD mice. Overall, 

GLT-1 overexpression ameliorated tau pathology and cognition which suggests that GLT-

1 is critical for AD progression.  

 

The NFκB pathway is involved in Cef-induced GLT1 expression; ceftriaxone increases the 

NFκB binding to the GLT-1 promoter thus increasing its expression200.  Ceftriaxone has 

also been shown to transport through the blood brain barrier201.  Previous reports have 

shown that ceftriaxone impairs hippocampal learning and memory in rats or had no effect 

in mice 202,203.  Our study investigates the AD model while Matos-Ocasio et al., 2014 and 

Karaman et al., 2013 investigated WT animal models202,203. Opposite results may suggest 

adverse effects in normal conditions. As stated by Matos-Ocasio et al., 2014, GLT1 

overexpression may be detrimental to normal neuronal activity202. In addition, our study 

chronically injected ceftriaxone for two months while the other two studies treated for only 

8-9 days. Thus duration of ceftriaxone treatment may be crucial in improving learning and 

memory.  

 

2.6 Conclusion 
 

In conclusion, our study elucidates the involvement of the glial glutamate transporter in the 

pathogenesis of AD.  We propose that Aβ species prior to plaque or fibrillar formation 

initiate GLT-1 down-regulation in the early stages of AD.  This accounts for the 

progressive decrease in GLT-1 expression seen in 3xTg-AD, unaffected progression of Aβ 

pathology, and how the 7PA2 conditioned media containing Aβ species decreased the 

steady state levels of GLT-1 in vitro.  We also propose that Aβ-induced GLT-1 dysfunction 

mediates downstream AD neuropathology including synaptic loss and tau 

pathology.  Further studies, however, are needed to show underlying molecular 

mechanisms by which Aβ affects GLT-1 down-regulation and alteration in vivo.  Although 

further studies will also be needed to confirm any confounding variables from the 

pharmacological approach, this study determined an important role of astrocyte 

dysfunction in AD.  Moreover, we find that the restoration of GLT-1 ameliorates tau 

pathology and cognitive deficits.  Our study raises the possibility that targeting GLT-1 may 

result in disease modifying therapies for not only AD, but also other neurodegenerative 

disorders, such as tauopathies. 
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Chapter 3: Inflammatory cytokine, IL-1β, regulates glial 

glutamate transporter via microRNA-181a in vitro. 
 

3.1 Abstract 
 

Glutamatergic neurotransmission plays a critical role in synaptic plasticity.  However, 

glutamate overload triggers synaptic and neuronal loss that potentially contributes to 

neurodegenerative diseases including Alzheimer’s disease (AD).  Glutamate clearance and 

regulation at synaptic clefts is primarily mediated by astrocytic excitatory amino acid 

transporter 2 (EAAT-2) or its mouse homologue glutamate transporter 1 (GLT-1, herein 

collectively referred to as GLT-1).  We sought to identify the key mechanism modulating 

GLT-1 and determine whether inflammation plays a pivotal role in this process.  Methods: 

Primary murine astrocyte and neuron co-culture received 20 ng/mL IL-1β, TNF-α or IL-6 

for 48 hours.  Soluble proteins or total RNA were extracted after treatment for further 

analyses.  Results: Inflammatory cytokines, IL-1β and TNF-α, significantly increased 

GLT-1 steady-state levels (p ≤ 0.05) while IL-6 showed no effect.  These cytokines did not 

significantly affect GLT-1 mRNA, suggesting the cytokine-induced GLT-1 was regulated 

through post-transcriptional modifications.  The primary interest of our lab focused our 

attention and the remainder of this report on IL-1β.  Among the identified microRNAs 

predicted to modulate GLT-1 expression, microRNA-181 was significantly decreased 

following the IL-1β treatment (p ≤ 0.05) while other predicted microRNAs failed to show 

significance.  Restoration of microRNA-181 in IL-1β-treated primary astrocytes and 

neurons significantly reduced the steady-state levels of GLT-1.  In human AD brains, 

however, we did not observe a significant upregulation of mature microRNA-181 although 

GLT-1 was markedly reduced.  Conclusion: Pro-inflammatory cytokine, IL-1β, 

upregulates astrocytic GLT-1 by suppressing microRNA-181.  This novel pathway may be 

valuable to develop potential neuroprotective therapies for AD.   

 

3.2 Introduction 
 

Glutamate is a major excitatory neurotransmitter in the central nervous system and plays 

an important role in modulating synaptic plasticity, long-term potentiation (LTP), and 

learning and memory functions in hippocampus.  Glutamate release, reuptake, and 

recycling are tightly maintained between neurons and astrocytes at tripartate synapses to 

evoke proper post-synaptic signal transduction.  Disrupting one or more of these processes 

result in elevated synaptic or extrasynaptic glutamate levels that can aberrantly activate 

NMDA receptors (NMDARs) and lead to glutamate-induced, calcium-mediated 

excitotoxity, and eventually to neurodegenerative diseases, such as Alzheimer’s disease 

(AD)135.  Overactivation of NMDARs or elevated neuronal activity has been shown to 

increase the production and release of amyloid-beta (Aβ) species from synapses204-206, 

further supporting the causal role of glutamate dyshomeostasis in AD.  
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Elevated levels of release glutamate is in part exacerbated by impaired glutamate uptake 

by astrocytes through the excitatory amino acid transporter 2 (EAAT2), which normally 

clears almost 90% of released glutamate in the synaptic cleft135.  Loss of EAAT2 in 

hippocampus has been reported in AD brains147,149, and severity of cognitive decline in 

patients with mild cognitive impairment (MCI) and AD correlates with the loss of 

glutamatergic synapses, EAAT2, or elevated glutamate levels in cerebrospinal fluid 
145,146,207,208.  In animal models, genetic knockdown of the glutamate transporter 1 (GLT-

1), a mouse homologue of EAAT2, in AD mice further exacerbates cognitive decline, in 

part recapitulating the clinical observations described above150.  In addition, we and others 

have recently shown that Aβ species significantly reduces GLT-1 expression in the plasma 

membrane of astrocytes126,168,169, and pharmacological or genetic restoration of GLT-1 

ameliorates Aβ or tau neuropathology and rescues cognition in AD mouse models126,169.  

Thus, maintenance of functional GLT-1 in mouse or EAAT2 in human (herein collectively 

referred to as GLT-1) is important for survival of glutamatergic synapses.  Furthermore, 

understanding the regulatory mechanisms of GLT-1 expression will help elucidate the role 

of glutamate transporter in physiological and pathological conditions.  

 

Several lines of evidence suggest that GLT-1 expression is also modulated by the state of 

local inflammation in the brain135.  This regulation appears to be particularly important 

during physiological conditions and normal brain functions as local elevation of several 

pro-inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, has been shown to promote 

or suppress LTP in spatiotemporal manner209.  While these cytokines are chronically 

elevated and dysregulated in AD101, contribution of acute or chronic input of cytokines to 

astrocytes and underlying mechanisms to control GLT-1 expression remain largely 

unknown.  Our previous findings of an age-dependent decrease of GLT-1126 in parallel with 

an increase of miR-181210 in 3xTg-AD mouse model led us to specifically explore a 

potential mechanism involving GLT-1, microRNA and IL-1β.  MicroRNAs are 19 to 22 

nucleotides noncoding RNAs that bind to the 3’-UTR or coding regions of their respective 

mRNA target to control gene expression at the post-transcriptional level by modulating 

mRNA translation and its stability211.  Alterations of microRNA have been implicated in 

human AD patients and may also contribute to synaptic function and plasticity212.  Thus, 

this study investigates the role of inflammation and microRNAs on synaptic preservation 

via their control on GLT-1 expression.   

 

In this study, we determined that microRNA-181a (miR-181a) controlled the expression of 

GLT-1 in astrocytes.  When murine primary astrocytes and neurons were treated with IL-

1β for 48 hours, GLT-1 was significantly upregulated while miR-181a was concomitantly 

down-regulated.  GLT-1 was restored to the basal level in the co-culture when miR-181a 

mimics was co-treated with IL-1β.  Application of miR-181a mimics alone sufficiently 

suppressed GLT-1 in a concentration dependent manner.  In post-mortem hippocampal 

tissues from AD patients, we confirmed that GLT-1 is significantly decreased, and the ratio 

of mature miR-181a over primary miR-181a was elevated.  Our results reveal that the 

expression of miR-181a regulates GLT-1 in astrocytes, and increased mature miR-181a 

may contribute to the loss of GLT-1 in AD. 
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3.3 Materials and Methods 
 

3.3.1 Primary astrocyte and neuron co-culture 

 

As described previously126, primary astrocytes were extracted from the cortex and 

hippocampus of postnatal day 2-3 (P2-P3) mice from wildtype (WT) mice.  Primary cells 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 

bovine serum (FBS), 50 units/mL penicillin and 50µg/mL streptomycin (P/S).  Primary 

neurons were extracted from embryonic day 14-16 (E14-16) of WT mice.  Primary 

neurons were added to confluent primary astrocytes in Neurobasal media with 2% B27 

supplement, glutamine, and 5% FBS (plating media) for the first 24 hrs then the medium 

was changed to media of similar contents but with only 2.5% FBS (growth media).  

Primary cells were treated after day 7 (of neuron addition).  The purity of primary 

astrocytes and the presence of neurons were consistently monitored by IF staining with 

GFAP and Tau5 respectively. 

 

3.3.2 Chinese hamster ovary and 7PA2 cell cultures 

 

Naturally secreted Aβ monomers and oligomers were obtained from the conditioned 

medium (CM) of 7PA2 CHO cells that express the V717F AD mutation in APP751 (an APP 

isoform that is 751 amino acids in length, a kind gift from Dr. Edward Koo, UCSD) 69.  

Both control CHO cells and 7PA2 cells were grown in the DMEM containing 10% FBS 

and P/S until ~90% confluency.  Cells were washed and medium replaced with neuronal 

growth media (described above) for ~18 hrs.  CM was collected and centrifuged at 1,000 

x g for 10 minutes at 4°C to remove cell debris then used for treatment of astrocyte and 

neuron primary cell co-culture.  CM from CHO cells and fresh growth media were used as 

controls.  Recombinant Human Interleukin 1, beta (IL1β;PHC0815 ThermoScientific, 

USA). 

 

3.3.3 Cytokine multiplex assay 

 

Cytokines from CHO-CM, 7PA2-CM or growth media (NB) were quantified before and 

after 48 hours incubation with primary neuron and astrocyte co-cultures.  The V-PLEX 

Proinflammatory Panel 1 (mouse) kits from Meso Scale Diagnostics (MSD, Gaithersburg, 

MD, USA) was used. The assay was performed according to the manufacturer’s 

instructions and plates were analyzed on the MESO Quickplex SQ 120 (MSD). All 

standards and samples were measured in duplicate.     

 

3.3.4 Western Blot 

 

Protein was extracted from primary murine astrocyte and neuron co-cultures using MPER 

while TPER was used to extract protein from human hippocampal tissue (Thermo 

Scientific).  Bradford protein assay determined protein concentrations of MPER- or TPER- 

soluble fractions.  Protein extracts were subsequently immunoblotted with the following 
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antibodies: GLT-1 (a kind gift from Dr. Jeffrey David Rothstein, Johns Hopkins 

University), tubulin and GAPDH (Abcam, Cambridge, MA) were used to control for 

protein loading or to confirm no cross-contamination of each fraction.  Band intensity was 

measured using the Odyssey Image station and Image Studio (version 2.1, Li-Cor 

Biosciences, Lincoln, Nebraska) and normalized by corresponding loading control protein. 

 

3.3.5 RNA Isolation, Reverse Transcription, and Real-time Polymerase Chain Reaction 

 

Total RNA was isolated from primary cells or human hippocampal tissue using Direct-zol 

RNA MicroPrep and Direct-zol RNA Miniprep respectively according to manufacturer’s 

protocol (Zymo Research Corp, Irvine, CA, USA).  Total RNA concentrations were 

determined using a spectrophotometer (NanoDrop Lite, ThermoScientific, USA).  Purity 

of samples was assessed with 2100 bioanalyzer (Agilent, USA).  cDNA was produced from 

1000 ng RNA using NCODE Vilo cDNA synthesis kit (microRNAs) or SuperScript III 

First-Strand Synthesis kit (mRNAs) following manufacturer’s protocol (Life 

Technologies, USA).  SYBR green detection for qPCR detailed protocol described 

previously126,210.    

 

3.3.6     TaqMan Detection 

 

cDNA was produced from 10ng RNA using TaqMan MicroRNA Reverse Transcription 

Kit (mature miRNA; Catalog# 4366596, ThermoFisher, USA) or High-Capacity cDNA 

Reverse Transcription Kit (primary miRNA; Catalog# 4368814, ThermoFisher, USA).  

Quantitative RT-PCR was performed using CFX Connect Real-Time System (Bio-Rad, 

USA) with the following TaqMan® miRNA assays (ThermoScientific, USA): hsa-miR-

181a (assay ID: 000480), has-miR-181b (assay ID: 001098), U6 snRNA (control; assay 

ID: 001973), hsa-mir-181a-1 (assay ID: Hs03302966_pri), hsa-mir-181a-2 (assay ID: 

Hs03302899_pri), and 18S (assay ID: Hs99999901_s1).  Cycling for PCR amplification 

was as follows: enzyme activation at 95°C for 10 min, followed by 45 cycles at 95°C for 

15 s and at 60°C for 60 s.  

 

3.3.7   MiR-181a Mimic Transfection 

 

Lipofectamine® RNAiMAX (Life Technologies) was utilized to transfect primary neuron 

and astrocyte co-culture with 25nM, 50nM or 100nM mirVana hsa-miR-29a-5p miRNA 

mimic or mirVana Negative Control #1 miRNA mimic (Ambion, Austin, TX, USA) per 

manufacturer’s protocol.  Protein or RNA were extracted 48 hours after transfection.  To 

show that miR-181a mimics were upregulated in our cell culture after transfection, we 

extracted miRNAs after exposure and found higher levels of miR-181a in miR-181a 

(mimic) treated cells than the controls.  Different concentrations of miR-181a were tested 

based on previous transfection reports161,210.    

 

3.3.8 Statistics 
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All quantitative data are expressed as mean ± SEM.  Data analyses were obtained using 

unpaired, two-tailed t test or ANOVA followed by post hoc tests.  The data were analyzed 

using Prism (GraphPad Prism Software) and values p ≤ 0.05 were considered significant. 

 

3.4 Results 
 

3.4.1 Inflammatory cytokines, IL-1β or TNFα, upregulate GLT-1 in astrocytes 

 

We previously reported that conditioned media containing naturally secreted Aβ40 and Aβ42 

species from 7PA2 cells (7PA2-CM) significantly downregulated the steady-state levels of 

GLT-1 compared to those from CHO cells lacking Aβ species (CHO-CM) in primary 

astrocytes and neuronal co-culture126.  While investigating a potential molecular 

mechanism, we found that GLT-1 was significantly elevated in primary astrocyte and 

neuronal co-cultures treated with CHO-CM by 47% while 7PA2-CM still significantly 

suppressed GLT-1 steady state levels by 36% compared to those in neurobasal media 

(control) (Fig. 3-1).  To examine the rise in GLT-1 levels from CHO-CM compared to 

control, we hypothesized that cytokines may be involved in GLT-1 regulation since they 

have previously been shown to modulate GLT-1 expression135.  We tested a panel of 

cytokines before and after the 48-hour treatment on our primary astrocytes and neuronal 

co-culture through MSD.  While no difference was detected in cytokine levels among 

control, CHO-CM, and 7PA2-CM prior to the incubation with co-culture (Fig. 3-2A), 

significantly elevated levels of pro-inflammatory cytokines, IL-1β, IL-6, and TNF-α, were 

found in CHO-CM, but not in control or 7PA2-CM, after the 48-hour treatment with co-

culture (Fig. 3-2B - D).  We also detected elevated levels of IL-10 and IL-5 in CHO-CM, 

but no change was observed in IL-12p70, IFN-γ, IL-2, and IL-4 (data not shown). 
 

We then examined whether pro-inflammatory cytokine, IL-1β, TNFα, or IL-6, alone could 

modulate the levels of GLT-1.  Treatment with recombinant IL-1β or TNF-α (20 ng/ml) 

significantly increased GLT-1 levels by 35% and 69%, respectively while recombinant IL-

6 did not (Fig. 3-3).  Cytokine treatment did not alter GLT-1 mRNA measured by qRT-

PCR (data not shown).  These results show that, in our treatment paradigm on primary 

neuron and astrocyte co-cultures, specific cytokines upregulate GLT-1 steady state levels 

while having no significant effect on GLT-1 mRNA.  
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Figure 3-1. Primary astrocyte and neuron co-culture treated with CHO-CM elevated GLT-1 steady state levels while 

7PA2-CM decreased GLT-1 steady state levels relative to regular neurobasal growth media (control) after 48 hours 

treatment.  GLT-1 mean ± std. error: Control = 1.01 ± 0.00816, CHO-CM = 1.48 ± 0.111, 7PA2-CM= 0.645 ± .0506, 

Control vs CHO p = 0.0023, Control vs 7PA2-CM p = 0.0051 and CHO-CM vs 7PA2-CM p < 0.0001, n = 4 

independent experiments in triplicates.  p ≤ 0.05 considered significant by one-way ANOVA followed by Holm-

Sidak’s post hoc multiple comparisons test.  Abbreviations: CHO = Chinese hamster ovary; 7PA2 = CHO cells that 

express the V717F AD mutation in APP751 (an APP isoform that is 751 amino acids in length); CM = conditioned 

media; GLT-1 = glutamate transporter 1.   
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Figure 3-2. Significant differences in cytokine profile between CHO- and 7PA2- CM after 48 hours exposure. (A) No 

significant differences in cytokine profile between Neurobasal, CHO-CM and 7PA2-CM prior to incubation.  48 hours 

exposure showed significant levels (pg/mL) of (B) IL-1β (mean ± std. error: Control = 0.170 ± 0.0422, CHO-CM = 

1.13 ± 0.182, 7PA2-CM = 0.0969 ± 0.0165, (C) IL-6 mean ± std. error: Control = 154 ± 4.79 CHO-CM = 3320 ± 607, 

7PA2 = 75.2 ± 5.03, (D) TNF-α mean ± std. error: Control = 147 ± 8.17 CHO-CM = 833 ± 166, 7PA2 = 46.5 ± 5.92.  n 

= 3-4 independent experiments in duplicates.  p ≤ 0.05 considered significant by one-way ANOVA followed by Sidak’s 
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posthoc multiple comparison’s test.  
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Figure 3-3. 48 hours of 20ng/mL IL-1β or TNF-α increases GLT-1 while IL-6 has no effect.  GLT-1 mean ± std. error: 

Control = 1.01 ± 0.00332, IL-1β = 1.36 ± 0.0797; p = 0.0427, TNF-α = 1.71 ± 0.271; p = 0.0128, IL-6 = 1.07 ± 0.0172; 

p > 0.9999.  n = 2-4 independent experiments in duplicates or triplicates.  p ≤ 0.05 considered significant by one-way 

ANOVA followed by Dunn’s post hoc multiple comparison’s test. 

 

3.4.2 MicroRNA-181a mediates IL-1β-induced GLT-1 upregulation in astrocytes 

 

We continued to investigate the underlying molecular mechanism by which IL-1β 

upregulated GLT-1 in the primary co-culture system.  MicroRNAs regulate gene 

expression post-transcriptionally, and several microRNAs have been reported to modulate 

GLT-1 expression158,161,213.  Based on these reports and results from Targetscan prediction 

search, we selected 5 candidate microRNAs (20a, 29a, 107, 124a, and 181a) to screen for 

IL-1β-induced GLT-1 upregulation.  Among these candidate miRNAs, we found 69% 

reduction in miR-181a after 48 hours of 20 ng/mL IL-1β treatment in primary astrocyte 

and neuron co-culture compared to the untreated control (Fig. 3-4A).  The reduction of 

miR-181a by IL-1β was further confirmed by TaqMan miR181a probes, which indicated 

34% reduction (Fig. 3-4B).     

 

We then determined whether miR-181a directly suppressed GLT-1 steady state levels in 

vitro.  We transfected miR-181a mimics to primary astrocyte and neuron co-culture for 48 

hrs and found miR-181a mimics decreased the steady-state levels of GLT-1 by 32% in a 

concentration-dependent manner compared to the vehicle (Fig. 3-4C).  We confirmed that 

cells transfected with 70 nM miR-181a contained higher levels of miR-181a specifically 

than the control via RT-PCR (Ctcontrol = 27 and Ct70nM Mir-181a= 20).  Accordingly, we co-

treated co-culture with 20 ng/mL IL-1β and 70 nM miR-181a mimic for 48 hrs, and miR-

181a mimics counteracted with the effect by IL-1β and reduced GLT-1 steady-state levels 

by 48% compared to 20 ng/mL IL-1β treatment alone (Fig. 3-4D).  These results show IL-

1β as an external source to downregulate miR-181a in cells to increase GLT-1 expression. 
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Figure 3-4 miR-181a decreases after 20ng/mL IL-1b expression. 48-hour exposure of 20ng/mL IL-1b on primary 

astrocyte and neuron co-culture. (A) SYBR® Chemistry for Real-Time PCR using miRNA primers known to regulate 

GLT-1 or synaptic function.  GLT-1 mean ± std. mean error: GLT-1 mean ± std. error: Control = 1.05 ± 0.234 and IL-

1β = 0.324 ± 0.117, p = 0.0498.  n = 2-3 independent experiments with 1-3 samples per group. p ≤ 0.05 considered 

significant by unpaired t-test performed for each microRNA between control and IL-1β (presented on a single graph for 

presentation). (B) TaqMan® Chemistry for Real-Time PCR using miR-181a primer confirms IL-1β downregulates 

miR-181a; GLT-1 mean ± std. mean error: Control = 1.31 ± 0.0980 and IL-1β = 0.864 ± 0.113, p = 0.0249.  n = 4 

independent experiments in triplicates.  p ≤ 0.05 considered significant by unpaired t-test.  (C) miR-181a mimic 

decreases GLT-1 expression in a concentration-dependent manner after 48 hours.  GLT-1 mean ± std. error: Vehicle = 

1.03 ± 0.0102, Control = 1.02 ± 0.0882, 15nM = 1.056 ± 0.0813, 30nM = 0.875 ± 0.0149, 70nM = 0.701 ± 0.0509 (p = 
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0.0102), negative control = 0.953 ± .0983.  n = 5 independent experiments with duplicates or triplicates for 3 

experiments, 1 exploratory experiment and 1 experiment with vehicle and 70nM miR-181a mimic for confirmation.  p 

≤ 0.05 considered significant by one-way ANOVA followed by Dunn’s post hoc multiple comparison’s test.  (D)  Co-

treatment of 70nM hsa-miR-181a-5p mimic with 20 ng/mL IL-1β after 48 hours returned GLT-1 steady state levels 

relatively close to control levels.  GLT-1 mean ± std. error: Control = 1.00 ± 0.00241, IL-1β = 1.81 ± 0.280, IL-1β and 

miR-181a mimic = 0.935 ± 0.0705; Control vs IL-1β (p = 0.0149), IL-1β vs IL-1β and 70nM miR-181a mimic (p = 

0.0143).  n = 4 independent experiments in duplicates or triplicates.  p ≤ 0.05 considered significant by one-way 

ANOVA followed by Holm-Sidak’s post hoc multiple comparison’s test.  miR-181a mimic = mirVana hsa-miR-181a-

5p and scramble = mirVana Negative Control #1 microRNA mimic.   

 

3.4.3 Primary and mature miR-181a in human AD brain 

 

The loss of GLT-1 has been observed in post-mortem AD brains147,149.  To examine 

whether the loss of GLT-1 in AD was mediated in part by miR-181a, we assessed primary 

and mature miR-181a expression and GLT-1 steady-state levels in hippocampal tissues 

from AD patients and age-matched cognitively normal individuals (Table 1 for patient 

information).  We show that GLT-1 steady-state levels were significantly reduced in AD 

brains by 72% (Fig. 5A), consistent with previously reported observations.  To correlate 

the loss of GLT-1 with increased mature miR-181a, we quantitatively measured both 

mature and primary miR-181a in these tissues.  The miR-181 family consists of four mature 

miRNAs (miR-181a, miR-181b, miR-181c and miR-181d) with miR-181a being 

transcribed from pri-miR-181a-1 and pri-miR-181a-2 genes162.  While the mean of mature 

miR-181a between non-demented individuals and AD was not different (Fig. 5B) we found 

lower levels of pri-miR-181a-1 in AD brains compared to age matched controls by 46% 

(Fig. 5C) but not pri-miR-181a-2 (Fig. 5D) suggesting that, overall, less miR-181 

transcript is being produced in AD patients.  Consequently, the ratio of mature miR-181a 

over immature form had a trend towards increasing in AD patients compared to controls 

(Fig. 5E). 
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Figure 3-5 GLT-1 steady state levels and microRNA levels from hippocampal human AD patients compared to age-

matched controls.  (A)  GLT-1 steady state levels significantly decrease in AD human patients compared to age-

matched human controls.  GLT-1 mean ± std. mean error: Control = 1.32 ± 0.489 and AD = 0.370 ± 0.0975 (p = 

0.0127). p = 0.0127.  (B) no significant differences between mature miR-181a levels from AD patients compared to 

age-matched control. miR-181a mean ± std. mean error: Control = 0.967 ± 0.162 and AD = 0.837 ± 0.179 (p = 0.7789).  
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(C) Decrease of immature miR-181a levels in AD compared to age matched control. pri-miR-181a-1 mean ± std. mean 

error: Control = 0.533 ± 0.0919, AD = 0.2857 ± 0.0962 (p = 0.0927) (D) Ratio of mature miR-181a and pri-miR181a-1 

is higher in AD compared to age matched control groups.  Control = 1.92 ± 0.469, AD = 3.95 ± 0.944 (p = 0.228).  (E) 

no differences in pri-miR-181a-2 levels between AD and age matched controls.  pri-miR-181a-2 mean ± std. mean 

error: Control = 0.540 ± 0.103, AD = 0.563 ± 0.166 (p = 0.758) and (F) ratio of miR-181a and pri-miR-181-a-2 ± std. 

mean error: Control = 1.70 ± 0.410, AD = 2.70 ± 0.748 (p = 0.622).  Each symbol represents 1 human sample with an 

ID corresponding to the number next to the symbol (ntotal = 5 – 8 samples).  p ≤ 0.05 considered significant by 

unpaired t-test.  Immature miR-181a corresponds to primary miR-181a. 

 
Table 1. Human samples information 

Neuropathology Dx Mean age MMSE Plaque Stage Tangle Stage 

Control 83 – 87 22 – 30 A-C 3-5 

AD 80 – 90 10 – 17 A-C 4-6 

 

3.5 Discussion 
 

In this study, we report that inflammatory cytokines control GLT-1 translation in astrocytes 

via miR-181a.  Recombinant IL-1β or TNF-α, but not IL-6, showed marked increase of 

GLT-1 levels in the primary neuron and astrocyte co-culture, and screening of microRNAs 

identified miR-181a as a regulator of GLT-1 particularly via IL-1β.  Application of miR-

181a mimics effectively decreased GLT-1 steady-state levels.  Lastly, in agreement with 

previous studies146,147,149, GLT-1 levels decreased in the hippocampus from AD patients 

compared to age-matched non-demented individuals.  Furthermore, we found a trend 

towards increasing ratio of mature miR-181a over primary miR-181 in AD brains when 

compared to age-matched control brains.   

 

Cytokine-mediated GLT-1 regulation elicits varying effects because of the involvement of 

various pathways and duration of exposure.  In accordance with some of our results, 

application of recombinant 20 ng/mL TNF-α upregulate the steady-state levels of GLT-1 

in primary astrocytes214.  On the other hand, others have shown that IL-1β or TNF-α 

decreases GLT-1 mRNA levels acting on pathways through NF-κB155,156,215.  This 

dichotomous effect of cytokines on GLT-1 may further be in part owing to the 

concentration of cytokines209, diversity of models (single versus co-cultures)216, exposure 

time209,216, serum use217, and differential regulation between protein and mRNA.  In 

addition, the binding of IL-1β to the IL-1 receptor 1 (IL-1R1) followed by recruitment of 

accessory protein subunit expressed on astrocytes can ultimately activate transcription 

factors including NF-κB 218-220.  NF-κB in turn can bind to multiple binding sites available 

on the GLT-1 promoter however distinct pathways can repress or activate GLT-1 

expression depending on the co-factors present135,156.  Similarly, TNF-α receptor subtype 

2 activation during neuroinflammation can activate either caspases or transcription factors 

including NF-κB214.  Further complicating a succinct conclusion among reports but 

indicating a need to explore other regulatory pathways mediated by cytokines. 

  

The duration of our experimental conditions performed in our in vitro studies is acute and 

not in the chronic state of IL-1β treatment that mimics the disease state commonly observed 

in AD.  In this regard, our experimental condition may represent in part a physiological 
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state with transient elevation of IL-1β and other local cytokines.  Such acute treatment of 

cytokines, specifically IL-1β, may relay essential signals from local microenvironment to 

astrocytes to adapt their functions.  In the presence of astrocytes, GLT-1 upregulation can 

be a compensatory mechanism to prevent sustained NMDAR activity indicating a neuron-

glia crosstalk.  As others have demonstrated that IL-1β increases activity of NMDAR in a 

manner sufficient to increase neuronal cell death in neuronal cultures221.  The effect of IL-

1β seen in our treatment paradigm on astrocytes and neurons may be to control glutamate 

levels by modulating astrocytic GLT-1 expression at the synapse.   

 

At the tripartite synapse, we hypothesize that IL-1β can act as a local messenger to both 

neurons and astrocytes to modulate LTP and synaptic plasticity through GLT-1 expression.  

While IL-1β has been shown to suppress LTP on primary neuronal cultures and 

hippocampal slices125,209,222,223, other studies show that IL-1β is important and essential for 

LTP.  Specifically, IL-1R1 deficient mice develop memory impairment and/or LTP 

inhibition224,225.  This impairment was rescued by introducing wildtype astrocytes in the 

IL-1R1 deficient mice226.  In addition, GLT-1 is responsible for glutamate uptake during 

(late) LTP and pharmacological inhibition of astrocytic GLT-1 activity reduced LTP and 

prevented induction of additional LTP in hippocampal slices and cell culture experiments 
227, suggesting that GLT-1  plays an important role in synaptic plasticity. MiR-181a is 

enriched in neurons and astrocytes particularly in the hippocampus and is critically 

involved in synaptic plasticity and memory processing162,210,211,228,229.  Mature microRNA 

is generated from the sequential processing of the primary microRNA in the nucleus to a 

precursor microRNA in the cytoplasm.  Recent growing bodies of evidence strongly 

implicate spatiotemporal maturation of precursor microRNA to mature miR-181a during 

low-frequency stimulation, which subsequently down-regulates CAMKII (Sambandan et 

al., 2017).  Other critical synaptic proteins regulated by miR-181a include cFos and SIRT1 
210,228.  Thus, at the tripartite synapse, miR-181a appears to negatively modulate plasticity, 

while inhibition of miR-181a may promote to strengthen synapses and LTP.  We speculate 

that IL-1β-mediated upregulation of GLT-1 via downregulation of miR-181a is part of the 

mechanisms involved in enhanced LTP and synaptic plasticity.  Augmented levels of GLT-

1 would be required to deal with the increased activity associated with strengthened 

synapses and avoid neurotoxicity.  Further studies, however, are needed to validate our 

results under relevant physiological conditions using appropriate in vivo models. 

 

In addition to its role in dynamic physiological mechanisms, microRNAs are increasingly 

recognized as important biomarker for various diseases230.  In AD, reduction of miR-181a 

was initially reported in the cerebrospinal fluid compared to the age-matched controls231.  

More recently, as a part of identification of plasma biomarkers for AD, miR-181a appeared 

as one of the novel microRNAs that are significantly different when compared between 

control and MCI or early-stage AD, but not established AD232, suggesting that miR-181a 

may be involved in the prodromal or early stages of AD pathogenesis, possibly when 

synaptic abnormalities are being triggered.  We attempted to determine the levels of mature 

miR-181a in post-mortem AD brains.  Although we detected an increasing trend of mature 

miR-181a ratio in AD, it failed to show statistical significance, possibly because these 

brains were from relatively advanced stages of AD.  Further studies will be needed to 
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extensively analyze the microRNA profile in brain tissues from MCI and early stages of 

AD patients.   

 

3.6 Conclusion 
 

Insurmountable evidence of GLT-1’s importance in maintaining a healthy 

microenvironment in normal aging brains and the consequences that may result from its 

dysfunction has led to GLT-1 being a potential target for therapeutic interventions for AD.  

Our approach simplifies a very complex system but has allowed us to focus on important 

components that unveil a potential molecular mechanism that affect GLT-1 steady state 

level expression.  Our in vitro study is a primary step to unveiling a potential and important 

molecular mechanism that regulates GLT-1 steady state levels.  Further studies are needed 

to extrapolate our results and apply them in a more complex model.  In conclusion, we 

provide a beneficial role of inflammatory cytokines and suggest that this may be a defense 

mechanism against a possible neurotoxic environment. 
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Chapter 4: Future projects  
 

4.1 Abstract 
 

The pharmacological or genetic restoration of GLT-1 by our lab and others markedly 

ameliorates the development of AD-like neuropathology and rescues cognition in AD 

mouse models, suggesting that GLT-1 is a molecular link between Aβ and downstream tau 

pathology.  To further determine the molecular action of GLT-1 in AD, we genetically 

decreased GLT-1 in established AD mouse models that express either Aβ or tau pathology 

and examine the temporal progression of pathology.  We hypothesized that the loss of 

GLT-1 will accelerate the buildup of Aβ and tau pathology, synaptic loss, and cognitive 

impairment in these mice.  Unexpectedly, mice with heterozygous knock-down of GLT-1 

gene and APP or tau transgene significantly lowered survival rate.  We managed to run 

several qualitative assessments on 7 months old mice and showed that haplotype 

insufficient GLT-1 exhibited an increasing trend of Aβ and tau pathology.  Despite the low 

sample size, the preliminary results suggest a possible increase in pathology due to GLT-1 

reduction which encourages our hypothesis and provides preliminary data for future 

projects.    
 

4.2 Introduction 
 
Astrocytes tightly control glutamate homeostasis in glutamatergic synapses by forming 
tripartite synapses and expressing glutamate transporters128,131,233.  Among these 
transporters, the excitatory amino acid transporter 2 (EAAT-2), or its mouse homologue 
glutamate transporter 1 (GLT-1, herein collectively referred to as GLT-1), is responsible 
for clearing almost 90% of released glutamate in the synapses, allowing precise pulse of 
excitatory neurotransmission to the post-synaptic neuron.  GLT-1 prevents sustained 
excitatory signals and excitotoxicity in the post-synaptic neuron135,140.  A significant 
reduction of GLT-1 activity has been reported in an early stage of AD as well as mild 
cognitive impaired (MCI) patients and correlates well with synaptic loss and cognitive 
decline146.  In addition, protein levels are significantly reduced in the hippocampus of AD 
patients147-149.  Recent studies further support the involvement of GLT-1 in AD by showing 
that the heterozygous knockdown of GLT-1 in an AD mouse model exacerbates cognitive 
decline and that astrocytic GLT-1 dysfunction plays an important role in human AD 
pathogenesis150,151.  In contrast, GLT-1 restoration in AD mice models ameliorates 
cognitive decline126,169.  Thus, the loss of GLT-1 evidently plays an active role in 
exacerbating downstream AD pathology however consequences of GLT-1 reduction on Aβ 
pathology is unclear. 
 
Recent evidence suggests that GLT-1 downregulation can result in a generation of aberrant 

glutamate-induced neuronal excitatory activity that subsequently exacerbates Aβ or tau 

pathology.  Neuronal hyperactivity significantly exacerbates Aβ production234 in 

hippocampal slice cultures and in animal models of AD167 suggesting Aβ can propagate 

through neuronal activity.  Our in vivo study has shown pharmacological restoration of 

GLT-1 ameliorates tau-like pathology in an AD mouse model suggesting GLT-1 
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dyfsunction may contribute to tau pathology126.  In clinical studies, a pattern of high 

neuronal activity in MCI patients, the prodromal phase of AD, is detected164,165,235   

suggesting that abnormal hyperactivity of neurons may be an early disease phenomenon 

and can be triggered by the loss of GLT-1 and subsequent glutamate dyshomeostasis.  In 

cell culture models, we and others found that GLT-1 is downregulated or mislocalized in 

the presence of (synthetic or naturally secreted) Aβ species126,168,169.  Consequently, Aβ-

induced GLT-1 downregulation can result in glutamate-induced excitotoxicity and 

neuronal excitability170,171 further potentiating the spread of Aβ or tau.  Thus, we 

hypothesize that the loss of GLT-1 is an upstream of Aβ and tau propagation and generates 

a vicious feedback loop to increase the production and secretion of toxic Aβ or tau in the 

brain.  Our previous study used pharmacological restoration of GLT-1 in a mouse model 

of AD to show the disease modifying effects.  In this chapter, we used genetic ablation of 

GLT-1 in two mouse models and assess the progression of Aβ and tau pathology in the 

brain.  

 

The loss of GLT-1 was achieved by a conditional knockdown of GLT-1 (NST-GLT1-KD) 

in the forebrain, originally generated by Dr. Ko-ichi Tanaka, Tokyo Medical and Dental 

University.  This mouse model knocked in the Neomycin resistant cassette-STOP 

sequence-TetO (NST) within the endogenous GLT-1 promoter region, achieving over 90% 

of knock-down of GLT-1 in homozygous mouse (K. Tanaka, unpublished observations).  

We crossed this NST-GLT1-KD mice in C57BL/6 background with J20 APP 

overexpressing transgenic mouse model of AD (C57BL/6 background) or human wildtype 

tau overexpressing mouse (htau, C57BL/6 background) from Jackson Laboratories, and 

created APP or tau overexpressed mice with GLT-1 haplotype deficiency.  We observed 

an increasing trend of Aβ and tau pathology in our double transgenic mice at 7 months of 

age.  In addition, initial analysis of dendritic spine morphology in the stratum radiatum 

(s.r.) of the CA1 of the hippocampus was not significant however future studies 

investigating other parts of the hippocampus will confirm if neuronal morphology is 

altered.  These results suggest GLT-1 reduction in part plays a role in Aβ and tau 

exacerbation. 

 

4.3 Methods 
 

4.3.1 Animals 

 

All experiments were carried out in accordance with the Institutional Animal Care and Use 

Committee at the University of California and were consistent with Federal guidelines.  All 

mice were housed on a 12-hour light/dark schedule with ad libitum access to food and 

water.  Mice utilized were commercially available AD transgenic mouse model, J20 and a 

forebrain specific knock-down of GLT-1 (NST-GLT1-KD, a generous gift from Dr. Ko-

ichi Tanaka, Tokyo Medical and Dental University).  WT mice are C57BL/6 strains.   

 

To identify the genotype of the animals, we used the polymerase chain reaction on tail 

samples with their respective primers. 
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Table 2. Mouse acronym 

Acronym Meaning 
C57BL/6J = B6 Background recipient mouse strain name; B6 

widely used and characterized.  

B6.Cg-

Tg(PDGFBAPPSwInd)20Lms/2Mmjax 

Also known as “J20”   

. = Backcrossed to recipient inbred strain for 

more than 5 generations 

Cg = Donor strain 

Tg = Transgenic  

PDGFB = human platelet derived growth 

factor, B polypeptide promoter  

APPSwInd = mutant human amyloid protein 

precursor APPSwInd, which bears both the 

Swedish (K670N/M671L) and the Indiana 

(V717F) mutations 

20 = Founder line 

Lms = creator lab code (Lennart Mucke 190) 

2Mmjax = Holding site lab code 

B6.Cg-

Mapt tm1(EGFP)Klt Tg(MAPT)8cPdav/J  

Also known as “hTau” 

Mapt = microtubule associated protein tau, 

homolog in mouse 

Tm = targeted mutation 

1 = allele# 

EGFP = mutant allele 

Klt = creator lab code 

MAPT=  microtubule associated protein tau, 

human (transgenic) 

8c = Founder line 

Pdav = Creator lab code 

/J = holding site code 

APPsw/ind(Tg/0). Also known as “J20”   Overexpresses human APP with two familial 

AD mutations – the Swedish (APP 

KM670/671NL) and Indiana (APP 

V717F)190.  The Swedish mutation is located 

next to the β-secretase site in APP 

consequently increasing total Aβ levels; 

Swedish mutation increases overall Aβ 

production49,52,236.  Indiana mutation 

consequently increases Aβ42/Aβ40 ratio thus 

increasing Aβ’s propensity to aggregate53,54.   

hTau 

 

Overexpression of human tau; hemizygous 

for the transgene express all six isoforms 

(including both 3R and 4R forms) of human 

MAPT.  Hyperphoshorylated tau in soma and 

dendrites237. 

http://www.alzforum.org/mutation/app-v717f-indiana
http://www.alzforum.org/mutation/app-v717f-indiana
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4.3.2 Immunostaining 

 

Each half brain was cut into 40 μm slices using a microtome and stored in PBS with 0.05% 

sodium azide.  Free-floating sections were washed with TBS, permeablized with 0.1% 

triton X-100 and blocked with 3% BSA in TBS.  For Aβ plaque burden, free-floating 

sections were pre-treated with 90% formic acid for 3 minutes prior to the incubation with 

primary antibodies.  Sections were then incubated with antibodies against 82E1 

(1:200).  Sections were washed the following day and incubated with 3% BSA and 1% 

triton X-100 in TBS then 1 hr incubation with corresponding secondary antibody 

conjugated with Alexa Fluor 488, Alexa Fluor 555 and/or Alexa Fluor 633 with DAPI for 

nuclear staining.  

 

4.3.3 Thioflavin S staining 

 

Thioflavin S For immunofluorescent staining with thioflavin S (Sigma, St. Louis, MO), 

free-floating sections were mounted on a Superfrost Plus™ microscope slide (Fisher 

Scientific, Waltham, MA) to dry overnight. To hydrate, fixed sections were immersed 

twice in 100% ethanol for 2 minutes, twice in 95% ethanol for 2 minutes, once in 70% 

ethanol for two minutes then once in 50% ethanol for two minutes. Sections were then 

incubated with 0.5% thioflavin S in 50% ethanol for 10 minutes (in the dark). Sections 

were washed twice with 50% ethanol for 3 minutes and twice with water for 3 minutes. 

Staining was visualized using a digital inverted microscope (EVOS-fl, Advanced 

Microscopy Group). 

 

4.3.4 Golgi Staining 

 

For Golgi staining, mice were perfused transcardially with 0.1 M phosphate-buffered saline 

(pH 7.4) and brains were processed using superGolgi Kit (Bioenno Tech LLC, Santa Ana, 

CA, USA).  According to the manufacturer’s and collaborators protocol, brains were 

incubated for 11 days in impregnation solutions, followed by 2 days incubation in post-

impregnation solution.  Once impregnation of neurons was complete, thick (150 μm) free-

floating sections were obtained using a HA752 vibratome (Campden Instruments Ltd, 

Lafayette, IN, USA) and serially collected in a mounting buffer (provided by the kit).  

Sections mounted on coated slides were stained and post-stained, respectively for 20 

minutes, dehydrated in graded ethanol, cleared with xylene and coverslipped with 

dibutylphthalate polystyrene xylene (DPX) mounting medium238. 

 

NST-GLT1-KD  

 

Knocked in the Neomycin resistant cassette-

STOP sequence-TetO (NST) within the 

endogenous GLT-1 promoter region, 

achieving over 90% of knock-down of GLT-

1 in homozygous mouse (K. Tanaka, 

unpublished observations). 
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NeuronStudio software (NeuronStudio Documentation © CNIC, Mount Sinai School of 

Medicine, New York, NY) was utilized to examine the dendritic spine in the CA1 of the 

hippocampus. Thus, stereological quantifications were performed using Stereo-

Investigator software from Microbrightfield Bioscience (MBF Bioscience, Williston, VT, 

USA) to determine the number of spines in the CA1 region of the hippocampus.  CA1 of 

the hippocampus was defined using a 5× objective and spines were counted using a 

100x/1.4 objective.  NeuronStudio software was utilized to determine the number of spines 

per dendritic length.  Briefly, 10–13 images stacks were collected from J20, WT, J20/GLT-

1KD and GLT-1KD.  The images were collected, using 100x/1.4 oil objective from a Zeiss 

AxioImager M2 microscope (Zeiss, Thornwood, NY, USA). Next, images were modified 

to greyscale with 8 bit-depth using Image J (NIH, Bethesda, MD) 1.36b software.  Then, 

NeuronStudio software was used to perform unbiased and automatic spines quantification 

per dendritic length238.  

 

4.3.5 Statistics 

 

Based on the normal distribution of t-test power analysis, with the standard deviation of 

25%, power = 0.9 and α error = 0.05, at least 10 mice per group will provide statistical 

significance for this study.  We applied unpaired t-test when comparing two groups or 

ANOVA with post hoc test when comparing more than two groups.  Due to the low 

numbers, no statistical significance was detected.  Graphs are shown as the mean for each 

group ± standard error mean. 

 

4.4 Results 
 

4.4.1 Breeding scheme to generate GLT-1 knockdown with Aβ or tau pathology. 

 

We maintained 2-3 breeding pairs to obtain double transgenic mice expressing either Aβ 

pathology with GLT-1 knockdown or tau pathology with GLT-1 knockdown.  The 

breeding scheme to generate the desired double transgenic mice are depicted in Fig. 4-2 

and 4-3.  Of the 73 total pups, only 7 were GLT-1 knockdown in APP overexpression 

((NST-GLT-1+/-, APPsw/ind(Tg/0)).  From the 7, only 5 survived to 7 months of age – 

9.6% was markedly lower than expected Mendelian inheritance.  Litter size was generally 

less than 5 pups and foster mothers were used for poor breeders.  Although GLT-1 

heterozygous knockdown has been shown to appear phenotypically normal140, the 

overexpression of Aβ or tau with GLT-1 knockdown showed high mortality.  Thus, the 

pups produced were like those reported with GLT-1 homozygous knockout140 suggesting 

glutamate excitotoxicity may play a role with the high mortality rate. 
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Figure 4-1 Aβ and GLT-1 knockdown breeding scheme.  Double transgenic mice were born from heterozygous 

crosses at the frequency predicted by Mendelian ratios.  Expected 25% heterozygous GLT-1 knockdown and 

hemizygous Aβ, 25% wild type, 25% GLT-1 knockdown and 25% hemizygous Aβ.  Tg/0 = hemizygous for the mutated 

APP transgene; 0 = no transgene.  

 

 

Figure 4-2 Tau pathology and GLT-1 knockdown breeding scheme; Double transgenic mice were born from 

heterozygous crosses at the frequency predicted by Mendelian ratios.  Expected 25% heterozygous GLT-1 knockdown 

and hemizygous human tau, 25% wild type, 25% GLT-1 knockdown and 25% hemizygous human tau.  Tg/0 = 

hemizygous for the mutated APP transgene; 0 = no transgene.  

 

4.4.2 Pathological analyses of NST-GLT-1(+/-)/APPsweind(Tg/0) mice 

 

We qualitatively assessed Aβ pathology through immunostaining of the cortex and 

hippocampus.  We observed the presence of amyloid fibrils and Aβ specific plaques using 

Thioflavin S and 82E1 antibody respectively at 7 months of age.  Thioflavin S binds to 

amyloid fibrils and gives a distinct fluorescence emission.  We found an increasing trend 

of Aβ plaque pathology in the double transgenic based in our analysis.  These results 

suggest that GLT-1 knockdown may increase Aβ however the limited number of mice 

prevents us from making a definitive conclusion.   
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Figure 4-3  Effect of GLT-1 knock down on Aβ pathology in double transgenic mice.  Qualitative representation of 

the immunostaining with (A) Thioflavin S (green) and (b) 82E1 antibody (red) to detect Aβ plaques in the cortex and 

hippocampus. n = 4-5 mice per group; blind experiment to detect plaques.  GLT1KD = NST-GLT-1(+/-) and J20 = 

APPsweind(Tg/0) 

 

The density of dendritic spines in the stratum radiatum (s.r.) area of the CA1 pyramidal 

cells were investigated in the current study.  We started with the s.r. region because it is 

one of the initial positions in the hippocampus affected in AD239.  Dendritic spines are 

protrusions from neuronal dendrites that represent the post-synaptic compartment; these 

spines receive synaptic input from an axon at the synapse240.  We identified the dendritic 

spines based on anatomical studies of fixed brain tissues that report shapes as thin, stubby, 

mushroom, filopodia and branched241-243.  We found no significant differences in the total 

dendritic spine density between our single and double transgenic animals in the s.r. of the 

CA1 in the hippocampus.  

 

      J20  J20/GLT1KD 
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Figure 4-4 Spine densities (spines/100µm) in stratum radiatum area of CA1. (A) Light microscopy 

images of dendritic spines on pyramidal cells in CA1 subfield of in wildtype, GLT-1 knockdown, J20 

and GLT-1 knockdown with Aβ mice at 6-7 months of age.  (B) Quantification of spine density 
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(spines/µm) based on types of spines (including mushroom, thin and stubby).  The framed area is 100x. 

sr = stratum radiatum.  GLT1KD = NST-GLT-1(+/-) and J20 = APPsweind(Tg/0)   

 

4.4.3 Tau pathology in NST-GLT-1(+/-)/htau(Tg/0)  

 

We assessed tau pathology through immunohistochemical staining using phospho-specific 

tau antibodies.  Our results indicated very low tau-positive staining in all areas of the 

hippocampus and in all groups at 7 months of age which suggests age of assessment may 

be too early in age.  Detection of tau was only limited to certain areas of the hippocampus.  

Specifically, we found an increasing trend in tau pathology using the PHF-1 specific 

antibody in the dentate gyrus. 
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Figure 4-5 Tau pathology preliminary assessment using PHF-1 antibody found in the dentate gyrus.  Phosphorylation 

at serine 396 and 404237. n = 2 mice per group (indicated by symbol). GLT-1KD = NST-GLT-1(+/-) Scale bar: 200µm.  

 

4.5 Discussion 
 

The purpose of this study is to validate the mechanism of GLT-1 dysfunction regarding Aβ 

and tau pathology.  Independent generation of Aβ or tau with GLT-1 knockdown 

eliminated potential interactions between Aβ and tau that may cover the effect of GLT-1 

on these pathologies.  In this study, we provide preliminary observations of the double 

transgenic mice expressing Aβ or tau with GLT-1 knockdown.  We find an increasing trend 

of Aβ and tau pathology.  Further studies however are needed to confirm our hypothesis 

but our preliminary results are encouraging in this direction.  

 

GLT-1 reduction can exacerbate Aβ pathology through aberrant neuronal activity.  

Currently, the pathological buildup of Aβ in the brain is thought to be mediated by 

increased production and aggregation of Aβ species and/or impaired clearance of Aβ from 

brain parenchyma.  The former mechanism is particularly true in early-onset familial AD 

cases as all known disease-causing mutations promote increased Aβ production or 

aggregation13,49,52.  In late-onset sporadic AD cases, certain known risk factors, such as 

history of traumatic brain injuries, are found to increase the APP expression, hence Aβ 

production may be enhanced.  However, a recent in vitro study concluded that the APP 
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processing was virtually unaltered when AD susceptible genes, which were identified by 

the genome-wide association studies, were knocked-out244.  In addition, examining 

patients’ cerebral spinal fluid confirmed a significant reduction of Aβ clearance in AD95.  

Interestingly, increased neuronal activity could also facilitate the secretion and deposition 

of Aβ.  When channel rhodopsin was expressed in cortical projection neurons in the lateral 

entorhinal cortex that are projecting to dentate gyrus through the perforant pathway, 

repeated light stimulation caused a long-lasting neuronal activity in these neurons.  This 

resulted in an increased (~24%) Aβ deposition in its presynaptic projection area167,  

suggesting activity-dependent buildup of Aβ.  This finding is particularly exciting as 

hyperexcitability of neurons, seizures, and latent epileptic activity are reported in early AD 

or MCI patients164,245.  These clinical signs may further foster AD neuropathology.  Thus, 

we hypothesized that the increase of glutamatergic input due to the loss of GLT-1 would 

exacerbate Aβ pathology.  We observed an increasing trend of Aβ plaques in mice with 

GLT-1 knockdown, however, more studies are required to draw a solid conclusion.  In 

addition, we need to evaluate any potential selection bias of these mice due to the high 

mortality of the target transgenic mice.  

 

Glial dysfunction can result in cognitive loss associated with AD.  Mookherjee and 

colleagues demonstrated that partial loss of GLT-1 resulted in cognitive spatial deficits in 

young AD mouse model exhibiting Aβ pathology150.  In the same study, they show that 

cognitive deficits were not associated with changes in overall APP expression or 

processing as indicated from their western blots utilizing 22C11 (APP N-terminal 

ectodomain), 6E10 (human specific Aβ domain) and C-term (intracellular APP C-terminal 

domain) but rather by the loss of GLT-1.  Other glutamate transporters expressed on 

astrocytes (GLAST) and neurons (EAAC1) were not changed further implicating GLT-1 

loss specifically expressed on astrocytes as the primary culprit.  These results support our 

pharmacological approach that GLT-1 restoration restored cognitive decline in 3xTg-

AD126.  Furthermore, their study showed that insoluble Aβ42/40 ratio increased because of 

GLT-1 loss supporting our results that neuronal activity caused by GLT-1 downregulation 

can exacerbate Aβ pathology.  

  

GLT-1 reduction can exacerbate tau propagation through aberrant neuronal activity.  

Human autopsy observations note that NFTs appear in the entorhinal cortex (EC) then the 

hippocampus and spread to the limbic and association cortices33 suggesting a synaptically 

connected pattern of tau pathology.  In animal models, propagation of tau through 

synaptically connected neurons was reported using mouse models overexpressing human 

tau (P301L) under the control of a EC specific promoter showing that hyper-

phosphorylated tau can be present from the EC to neighboring neurons then to the 

hippocampal neurons (not expressing the transgene) or extend to the neocortex in an age 

dependent manner118,246.  The exact mechanism by which tau can propagate through 

synapses is unknown.  It’s been suggested that tau can be internalized by endocytosis and 

transported through neurons in anterograde or retrograde manner247.  Furthermore, models 

show stimulating action potentials in channel rhodopsin expressing neuronal cells by blue 

light for 30 minutes increased tau levels in the media and later in neighboring cells 

indicating neuronal activity can induce tau release and propagation in vitro248.  From these 
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studies, we hypothesized that mice with GLT-1 haplotype insufficiency would exacerbate 

tau pathology.  We found an increasing trend of tau pathology in mice with GLT-1 

haplotype insufficiency however more studies are required to draw a solid conclusion.   

 

The double transgenic mice expressing Aβ or tau with GLT-1 knockdown was obtained by 

crossing commercially available transgenic mice with knock in mice provided by our 

collaborators.  Thus, the breeding pairs of our mice consisted of the very well established, 

characterized and utilized J20, hTau and GLT1-NST-KD mice.  It is important to note that 

generation of the double transgenic mice is a slow process because of the small litter size 

and high mortality rate.  Despite of this, our strategy was straightforward and encompassed 

the necessary phenotypes to test our hypothesis.   

  

4.6 Conclusion 
 

We hypothesized that GLT-1 expression will exacerbate AD-like pathology in AD mouse 

models.  Our major findings indicate that GLT-1 reduction shows an increasing trend of 

Aβ and tau pathology.  However, the above results remain inconclusive as there were not 

enough pups to compare pathologies.  Though the models explored here are at a 

preliminary stage, they encourage a new line of inquiry that will help future studies to 

determine whether the loss of GLT-1 in astrocytes is the key factor to trigger and 

exacerbate tau pathology and cognitive decline in vivo. 
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Chapter 5: Conclusion  
 

The excitatory amino acid transporter 2, or its mouse homologue glutamate transporter 1 

(GLT-1), is a major glutamate transporter primarily expressed on astrocytes and plays an 

essential role in maintaining the glutamate homeostasis in the synaptic cleft.  The levels 

and activity of GLT-1 have been shown to be significantly decreased in AD brains.  Its loss 

is evident even in early or prodromal stages of AD and correlates well with cognitive 

impairment.  It remains unclear, however, whether the loss of the glutamate transporter 

directly contributes to the pathological buildup of amyloid β (Aβ) and neurofibrillary tau 

tangles (NFTs) - two key pathological hallmarks of AD.  The established amyloid cascade 

hypothesis posits Aβ, in oligomeric form, as the initiator of AD.  Along with this, glutamate 

excitotoxicity is one of the potential mechanisms hypothesized to result in synapse and 

neuronal loss.  Since the glutamate transporter is the major regulator of glutamate at the 

synapse, its loss compromises the surrounding cellular environment. Thus, I hypothesized 

that an Aβ-induced GLT-1 decrease leads to downstream AD pathology including synapse 

loss, tau pathology and cognitive decline.   

 

To test my hypothesis, we first determine the temporal change of GLT-1 in the 3xTg-AD 

mouse model, a well-established and widely used AD mouse model with plaques and 

tangles.  GLT-1 was significantly downregulated as 3xTg-AD mouse aged, recapitulating 

the phenomenon occurring in AD brains.  However, this finding alone did not support the 

role of GLT-1 in AD neuropathology.  Thus, we restored GLT-1 in 3xTg-AD mice with 

ceftriaxone, a β-lactam antibiotic that has been well documented to upregulate GLT-1 in 

rodent models 126,179,201,249.  Chronic treatment with ceftriaxone 1) ameliorated cognitive 

deficits as seen from the Morris Water maze test, 2) preserved synaptic proteins as seen 

from quantitative analysis of immunostaining with synaptophysin and post-synaptic 

density protein, and 3) decreased phosphor-specific tau proteins representing AD-like 

pathology in the 3xTgAD mouse model.  There were no significant differences in Aβ 

pathology which suggested Aβ may be upstream of GLT-1 dysfunction.  Interestingly, 

another group reported that the pharmacological and genetic restoration of GLT-1 in 

another transgenic mouse model of AD rescued cognition and Aβ pathology169.  While this 

particular mouse model does not develop tau pathology, it would be important to examine 

any alterations of phosphorylation state of tau as even mouse endogenous tau could 

contribute to the cognition and dysfunction of neuronal activity250.  Collectively, these 

findings strongly support the link between the loss of GLT-1 and AD neuropathology and 

cognitive decline.  The exact mechanism, however, by which GLT-1 is down-regulated in 

AD remains to be determined.

 

To determine the underlying molecular and cellular mechanisms of GLT-1 regulation 

during the disease course, we performed a series of in vitro experiments.  We identified Aβ 

species to decrease GLT-1 expression while several inflammatory cytokines surprisingly 

upregulated GLT-1 in primary murine astrocyte and neuronal co-cultures.  Aβ-induced 

GLT-1 downregulation support our hypothesis and results from the in vivo model.  

However, cytokine-mediated upregulation of GLT-1 was initially puzzling since pro-
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inflammatory cytokines are implicated to play pivotal roles in the neuropathological 

hallmarks of AD101.  These discrepancies however may be due to chronic and acute 

exposure of pro-inflammatory cytokines that can be a consequence or a benefit to cells.  

Our co-culture exhibits acute exposure compared to the chronic exposure seen in AD.   

 

IL-1β may play a role in neuroprotection via microRNA-181a.  This idea stems from 

Chapter 3 that shows IL-1β upregulates GLT-1 steady state levels post-transcriptionally 

via downregulation of microRNA-181a.  microRNA-181a is enriched in astrocytes162,229 

and decreased in microRNA-181a increases astrocyte survival251 thus explained why IL-

1β decreases miR-181a to increase GLT-1.  Whether IL-1β directly acts on miR-181a 

remains to be elucidated.   

 

In conclusion, this dissertation provides compelling evidence that GLT-1 is a key player in 

AD pathogenesis but further clinical or in vivo studies are needed to confirm our results. 

We show that GLT-1 steady state levels decrease in human hippocampal samples from AD 

patients and their age-matched controls (Chapter 3).  These findings support our in vivo 

findings (Chapter 2) that show GLT-1 decrease in an AD mouse model.  Furthermore, we 

quantitatively assess changes in pathology to show the importance of GLT-1 in AD 

(Chapter 2 and 4).  Thus, GLT-1 restoration may be an effective therapeutic strategy for 

AD.   
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