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ABSTRACT 
 

The prevalence of Alzheimer’s disease (AD) is expected to increase 

rapidly over the coming decades due to a growing aging population. 

Currently, there are no disease-modifying treatments for AD, and the 

basic underlying mechanism of the disease is still unknown. Therefore, 

it is crucial that we identify novel therapeutic targets based on 

mechanistic studies of the underlying molecular pathways of AD. 

Cognitive deficits, specifically learning and memory impairments, are 

a key pathology of the disease, and are the result of synaptic 

dysfunction. Long-term forms of synaptic plasticity and memory 

formation require de novo protein synthesis (i.e., mRNA translation). 

Post mortem human brain samples and transgenic AD animal models 

show impairments in protein synthesis and associated translational 

machinery. Until recently, most of this work had focused on the role of 

initiation, the first phase of translation, in AD-associated memory and 

synaptic plasticity deficits. Recent evidence suggests an important role 

for elongation dysregulation in AD. Previous work from our lab has 

shown AD-associated dysregulation of a primary facilitator of 

elongation, eukaryotic elongation factor 2 (eEF2). Hippocampal tissue 

from AD patients showed a hyper-phosphorylation of eEF2, which was 

also observed in transgenic AD model mice. Phosphorylation of eEF2 

(Thr 56) inhibits its function and suppresses general protein synthesis. 

Eukaryotic elongation factor 2 kinase (eEF2K) is the only known kinase 
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to perform this specific inhibitory phosphorylation. To determine 

whether suppression of eEF2K activity would impact AD-associated 

deficits, homozygous eEF2K knockout mice were crossed with 

APP/PS1 (APP) AD model mice. I found that genetic knockout of 

eEF2K alleviated hippocampal eEF2 hyper-phosphorylation and 

restored cognitive deficits in APP mice.  

  Moreover, I used two structurally distinct small-molecule 

eEF2K inhibitors, NH125 and A-484954 (AG), to assess their 

therapeutic potential as a novel treatment for AD. Administration of the 

eEF2K inhibitors rescued learning and memory deficits in two strains 

of AD model mice. AD mice treated with AG showed enhanced 

dendritic spine density and maturation, more postsynaptic densities 

(PSDs), rescued translational capacity, and increased formation of 

dendritic polyribosomes. Treatment of acute hippocampal slices from 

APP mice also demonstrated rescued long-term potentiation (LTP) 

after exposure to AG.  In summary, previous studies showed that 

elongation dysregulation contributes to AD pathophysiology, and in the 

current study, I show that genetic knock-out and pharmacological 

inhibition of eEF2K alleviates deficits in memory formation and 

synaptic function in AD model mice. Our results offer critical 

therapeutic implications for AD, and this proof-of-principle study 

indicates a translational implication of inhibiting eEF2K for AD and 

related dementia syndromes. 
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1.1 General Introduction 

 

  As the most prevalent form of dementia, Alzheimer’s disease 

(AD), affects more than 6 million individuals in the United States of 

America, according to the 2021 Alzheimer’s Association Facts and 

Figures. The incidence of AD is poised to rise to approximately 14 

million by 2060 due to a growing aging population (Fig. 1) (Association, 

2021). AD is the 

only disease in 

the top 10 causes 

of death that 

cannot be 

prevented or 

cured, and clinical 

trials to date have 

had limited success. The few medications that are approved to treat 

AD are meant to treat symptoms of the disease, and not the cause of 

the disease. The likely reason for this is that the underlying molecular 

mechanisms of AD pathophysiology have yet to be discovered. As a 

result, development of novel mechanism-based therapeutics for AD 

has been hindered. Recent studies have shown a link between mRNA 

translation elongation dysregulation and AD, but the therapeutic 

potential of elongation as a pharmacological target has yet to be 

investigated.  

 
Figure 1. Projected AD Prevalence by Age Group in 
the US, 2020-2060. Adapted from 2021 Alzheimer’s 
disease facts and figures, Alzheimer’s & Dementia: The 
Journal of the Alzheimer’s Association. 
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History of Alzheimer’s Disease 
 
  Alzheimer’s disease was first characterized nearly 115 years 

ago by Dr. Alois Alzheimer in his landmark paper that detailed his 

observations of an unusual patient (Alzheimer et al., 1995). His 51-

year-old patient exhibited the symptoms we still associate with the 

disease today: profound memory loss, attentional deficits, decline in 

language abilities, and general confusion and disorientation 

(Alzheimer et al., 1995). Upon post mortem analysis of his patient’s 

brain, Alzheimer detailed what are still considered the hallmark 

neuropathologies of AD. He described widespread atrophy and 

degeneration in the brain, signs of glial inflammatory response, 

intracellular fibrillary tangle-like structures within neurons, and deposits 

of an unknown substance throughout the cortex (Alzheimer et al., 

1995). The presence of the extracellular deposits and intracellular 

tangles, termed “senile plaques” and “neurofibrillary tangles” are the 

foundation of AD diagnosis. After Alzheimer’s initial observations, 

significant progress in understanding the disease was not made for 

decades. In the 1960s, a large-scale study that was the first of its kind 

in the field of AD linked the pathological cognitive changes to the 

hallmark brain pathology. This study combined standardized 

psychiatric assessment, cognitive testing of patients, and subsequent 

post mortem quantitative neurohistology to further characterize the 

disease (Blessed et al., 1968). Further, in the 1970s, investigators 
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discovered that these hallmark pathologies were identical between the 

senile form of the disease and the rare pre-senile presentation, now 

referred to as early-onset and late-onset Alzheimer’s disease, 

respectively (Katzman, 1976). These studies set the stage for the 

explosion of AD-related discoveries that would occur in the 1980s.  

  Firstly, the development of standardized tests specific to AD 

and other dementia syndromes, such as the Folstein Mini-Mental State 

Exam and Blessed-Roth Information-Memory-Concentration Test, 

were developed. These tests, combined with the inclusion of AD in the 

third version of the Diagnostic and Statistical Manual of Mental 

Disorders (DSM-III) allowed for increased reliability of clinical 

diagnoses (American Psychiatric Association, 1980). Secondly, the 

unknown substances forming Alzheimer’s plaques and tangles were 

finally identified. Two seminal papers reported a protein known as 

amyloid beta (Aβ) composed the extracellular plaques, while the 

intracellular fibrils were comprised of tau protein (Glenner & Wong, 

1984; Kosik et al., 1986). These crucial discoveries allowed for further 

studies into the pathological processing and accumulations of these 

two proteins.  

  Both Aβ and tau contribute to normal cellular function, but 

dysregulations in processing lead to their pathological states in AD 

(Johnson & Stoothoff, 2004; Dawkins & Small, 2014). Tau is a soluble 

microtubule-associated protein that promotes microtubule assembly 
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and structural stability within the cell (Johnson & Stoothoff, 2004; Šimić 

et al., 2016). However, pathological hyper-phosphorylation of tau 

causes it to tangle and aggregate, forming the classic fibrils (Johnson 

& Stoothoff, 2004; Šimić et al., 2016). These tangles sequester normal 

tau, disrupt normal microtubule assembly, and contribute to organelle 

dysfunction throughout the neuron (Johnson & Stoothoff, 2004). This 

dysregulation of tau is not unique to AD, and it has been observed in 

several types of neurodegenerative disease, including frontotemporal 

dementia (FTD) and dementia associated with Parkinson’s disease 

(PD) (Johnson & Stoothoff, 2004). There is a wide variety of kinases 

that can perform this abnormal phosphorylation of tau, but one crucial 

extracellular signal known to induce tau hyper-phosphorylation is Aβ 

(Zheng et al., 2002; Roberson et al., 2007; Nygaard et al., 2014). The 

past few decades have produced a plethora of information regarding 

the production and accumulation of Aβ. The peptide is cleaved from 

the transmembrane protein amyloid precursor protein (APP) through a 

series of secretases. First, APP is cleaved by β-secretase (also known 

as BACE1), and then by γ-secretase (O’Brien & Wong, 2011; Zhang 

et al., 2014). The resulting Aβ peptides lead to several neurotoxic 

effects, including synapto-toxicity and mitochondrial dysfunction that 

causes an increase of reactive oxygen species (ROS) within the cell 

(Bubber et al., 2005; Shankar et al., 2015; Scheff et al., 2016; Mucke 

& Selkoe, 2012). It should be noted that APP can also produce non-
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pathological peptides that participate in normal cellular functions, such 

as metabolism (Guo et al., 2021), neuronal development and migration 

(Young-Pearse et al., 2007), and normal synaptic function (Del Prete 

et al., 2014). However, certain genetic mutations predispose an 

individual to increased pathological “amyloidogenic” processing 

(O’Brien & Wong, 2011).  

  A series of genetic studies from families affected by 

generational AD have produced a wealth of data regarding how various 

mutations in the genes coding for APP (APP) produce pathological Aβ 

(Kay, 1987; Scheltens et al., 2016). Other key mutations have been 

identified in the subunits of γ-secretase, specifically presenilin-1 and -

2 (PS1, PS2) (Kay, 1987; Scheltens et al., 2016). These mutations 

have been well-characterized and have been observed in various 

populations globally (Jia et al., 2020; Giau et al., 2019; Lanoiselee et 

al., 2017; Velez et al., 2020). These human studies have allowed for 

the creation of dozens of transgenic mouse models of AD that mimic 

human pathology and cognitive deficits (Bryan et al., 2009). One 

limitation of these mouse models is that they are only representative 

of familial AD (FAD), or early-onset AD, which comprises 10% of AD 

cases. There are currently no widely accepted animal models for 

sporadic AD (SAD), or late-onset AD, which makes up the remaining 

90% of cases that have no clear genetic basis (Campion et al., 1999; 

Zhang et al., 2019).  
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  As a result of these studies into Aβ and tau, it was thought 

these dysregulated proteins caused the learning and memory deficits 

in SAD. This line of reasoning stemmed from studies of FAD and the 

transgenic models produced from the known genetic mutations in 

human APP, PS1, PS2, and tau (Herrup, 2015). Both preclinical and 

clinical studies were dominated by experimental treatments targeting 

BACE1 and γ-secretase inhibitors, tau aggregation inhibitors, and 

more recently, antibodies to aid with Aβ clearance (Holmes et al., 2008; 

Herrup et al., 2013; Vellas et al., 2013; Doody et al., 2014; Salloway et 

al., 2014; Scheltens et al., 2016; Cummings et al., 2017). Nearly all 

these treatments, including others, have shown limited success in 

treating or preventing AD. In June 2021, the US food and drug 

administration (FDA) approved Biogen and Eisai’s monoclonal 

antibody aducanumab, whose brand name is Aduhelm, to treat 

Alzheimer’s disease in early-stage patients. The treatment is an 

injectable antibody that has been shown to reduce brain levels of Aβ 

in both transgenic mouse models as well as patients with prodromal or 

mild AD (Sevigny et al., 2016; Tolar et al., 2020). This approval marks 

the first FDA-approved drug for the treatment of AD in 17 years, but 

the decision has been hotly debated by those in the field of AD. The 

approval of this treatment is conditional on further Phase 4 studies to 

continue testing to demonstrate clinical benefit, so future reports on the 

drug’s efficacy will determine if the treatment remains on the market. 



10  

Excluding this recent development, the overwhelming failure of these 

treatments has brought non-tau/amyloid disease mechanisms and 

treatments to the forefront (Herrup et al., 2013). In addition to tau and 

Aβ accumulation, nearly every other cellular process is affected by AD, 

including mitochondrial function, oxidative stress regulation, 

inflammation, insulin resistance, and synaptic function (Ma & Klann, 

2012; Wang et al., 2014; Heppner et al., 2015; Willette et al., 2015; 

Neth & Craft, 2017; Tonnies & Trushina, 2017; Swerdlow, 2018). 

These functions are critical for normal cellular function, and AD-

associated dysregulation can affect learning and memory. 

 

1.2 Memory & Synaptic Plasticity: Two Key Processes 

Dysregulated in AD 

  One of the most well-known characteristics of AD is the 

disruption of memory formation and maintenance. Both human 

patients and transgenic mouse models demonstrate significant deficits 

in tasks meant to assess learning and memory (Scheff et al., 2006; 

Bryan et al., 2009). These cognitive functions require activity in the 

hippocampus and neocortex, which also happen to be key brain 

regions that experience a high degree of degeneration and Aβ plaque 

deposition in AD (Burgess et al., 2002; Serrano-Pozo et al., 2011). 

However, it has been reported that not all individuals with a high plaque 

load within the brain display the profound cognitive deficits associated 
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with AD (Aizenstein et al., 2008). One study found that there was a 

significant correlation between performance on the Mini Mental State 

Examination and amyloid β burden in mild cognitive impairment (MCI) 

patients, but no correlation was observed in cognitively normal 

individuals, FTD patients, or patients with AD (Villemagne et al., 2011). 

Instead, cognitive decline in AD patients correlated more with synaptic 

dysfunction (Villemagne et al., 2011). A growing amount of evidence 

considers AD to be a disease of synaptic dysfunction, with synaptic 

disruption being a key early event (Selkoe, 2002; Querfurth & LaFerla, 

2010; Chen, Fu, & Ip, 2019; Elder et al., 2021). Recent studies have 

shown numerous signs of synaptic dysfunction in the brains of both 

human patients and transgenic mouse models of AD. A correlation has 

been reported between low scores on cognitive tests and number of 

synapses and dendritic spines in post mortem brain tissue (Scheff et 

al., 2006). Additionally, human AD patients demonstrated fewer 

synapses than age-matched cognitively normal controls (de Wilde et 

al., 2016). Transgenic animal models of AD demonstrate neuronal 

loss, decreased spine density, and reduced number of postsynaptic 

densities (Sheng, Sabatini, & Sudhof, 2012; Pozueta et al., 2013; 

Forner et al., 2017). Taken together, there appears to be a strong 

relationship between synaptic dysfunction and AD-associated memory 

deficits. 

  This type of neuronal dysfunction leads to impairments in 
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synaptic plasticity, the ability of neurons to modify the strength of their 

synaptic connections over time. Hebbian plasticity is the idea that 

lasting modifications of synaptic strength link two cells, creating an 

associative link (Lamprecht & LeDoux, 2004). This plasticity is the 

premise for the notion of “cells that fire together, wire together,” and is 

the basis of memory. Synaptic plasticity comes in many forms, with 

long-term potentiation (LTP) being one of the most well-studied (Bliss 

& Lomo, 1973; Ma & Klann, 2012; Nicoll, 2017). LTP is widely 

considered to be a cellular model of learning and memory and 

describes the strengthening of synaptic connections due to a 

potentiation, or enhanced signal transmission between neurons 

(Whitlock et al., 2006; Ma & Klann, 2012; Nicoll, 2017). Studies using 

transgenic rodent models of AD demonstrate that hippocampal LTP 

disruption is an early event in AD, often impaired long before the onset 

of plaque pathology or cognitive deficits (Selkoe, 2002; Ma & Klann, 

2012; da Silva et al., 2016). For example, studies show that in the 

APP/PS1 mouse model of AD, hippocampal LTP is significantly 

impaired by 9 months old, which is typically before cognitive deficits 

are observed (Radde et al., 2006; Gengler, Hamilton, & Holscher, 

2010). Additionally, exogenous application of Aβ (either synthetic or 

derived from human brain tissue) leads to LTP failure in mouse acute 

hippocampal slices (Walsh & Selkoe, 2004; Shankar et al., 2008). 

These observations reinforce the idea that dysregulation of synaptic 
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plasticity, specifically LTP, is a key event in AD pathology. 

 

1.3 Role of De Novo Protein Synthesis in Memory and Synaptic 

Plasticity 

  In order to better understand the relationship between AD 

and its associated cognitive impairments, we must first understand the 

mechanisms of learning and memory. Memory can be classified into 

two subsets: short-term and long-term memory. Similarly, there are two 

functionally distinct subsets of LTP, early and late (E-LTP and L-LTP, 

respectively), which are fundamentally separated by the requirement 

of de novo protein synthesis, or mRNA translation (Klann & Sweatt, 

2008; Costa-Mattioli et al., 2009; Zimmermann et al., 2018). In E-LTP, 

synaptic changes are induced independently of protein synthesis. 

Rather, these changes occur through covalent modifications of ion 

channels to alter membrane excitability (Kandel, 2001). E-LTP is 

facilitated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor activation and depolarization via high frequency 

stimulation (HFS) and baseline potassium and sodium channel 

activation (Nicoll, 2017). The other major excitatory amino acid 

receptor, N-Methyl-D-aspartate (NMDA), is important for calcium influx 

into the cell. At resting membrane potentials, calcium flow through the 

receptor is blocked by magnesium. This blockage can only be removed 

when two events occur simultaneously: 1) glutamate from the pre-
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synaptic neuron binds to the NMDA receptor and 2) The post-synaptic 

neuron becomes depolarized by inputs at other synapses. It is only 

under these conditions that the magnesium block is released, allowing 

calcium entry into the cell (Lamprecht & LeDoux, 2004). Calcium can 

also enter the cell through voltage-gated calcium channels (VGCCs). 

VGCCs facilitate dendritic depolarization, which amplifies excitatory 

post-synaptic potentials (EPSPs) at specific synapses that were 

recently active (Lamprecht & LeDoux, 2004). When calcium levels 

inside the cell are sufficiently elevated, numerous processes 

necessary for lasting synaptic plasticity occur. Consequent 

phosphorylation of calcium/calmodulin-dependent protein kinases 

(CaMKs) and protein kinase C (PKC) leads to phosphorylation of 

membrane receptors, as well as activation of gene transcription and 

protein synthesis.  

  This translation and protein synthesis is necessary for the 

maintenance of L-LTP, as evidenced by numerous studies (Sutton & 

Schuman, 2006; Costa-Mattioli et al., 2009).  Rodents given injections 

of anisomycin, a general protein synthesis inhibitor, directly into the 

brain exhibit significant impairments in tasks assessing contextual fear 

conditioning and object recognition memory (Schafe et al., 1999; 

Rossato et al., 2007; Remaud et al., 2014). Similarly, acute 

hippocampal slices treated with anisomycin demonstrate L-LTP failure 

(Mochida et al., 2001; Tsokas et al., 2005). Additionally, indicators of 



15  

active protein synthesis are observed after LTP induction. 

Polyribosomes are structures comprised of multiple ribosomes, the 

organelle at which the translation step of protein synthesis occurs. 

Clusters of 3 or more ribosomes can translate different regions of the 

mRNA strand, leading to more efficient translation. Hippocampal 

polyribosomes migrate from the dendritic shafts to spine heads 

following tetanic stimulation and LTP induction in rat acute 

hippocampal slices, leading to the formation of synapse-associated 

polyribosome complexes (SPRCs) (Ostroff et al., 2002; Steward & 

Levy, 1982). Following aversive conditioning tasks, polyribosomes 

translocated to dendritic spine heads in the amygdala, and treatment 

with a translation initiation inhibitor 4EGI-1 prevented this movement, 

which ultimately impaired memory consolidation (Ostroff et al., 2017). 

Localized protein synthesis in the dendrite is necessary for the long-

term changes in synapse structure required for memory consolidation 

(Glock, Heumuller, & Schuman, 2017; Sossin & Costa-Mattioli, 2018; 

Bramham, 2008). Dendritic protein synthesis allows the neuron to meet 

the local demand for new proteins on the short time scale needed for 

synaptic plasticity, while also assisting in development, 

synaptogenesis, and survival in the neuron (Holt, Martin, & Schuman, 

2019).  

 

Regulation of de novo protein synthesis via translation initiation 
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  Translation occurs over three steps: initiation, elongation, 

and termination. (Costa-Mattioli et al., 2009). Recent work has 

identified a fourth stage in which the ribosomal subunits are recycled 

for the next round of translation (Pelletier & Sonenberg, 2019). The 

initiation step is arguably the most intricate step and has traditionally 

been regarded as the “rate-limiting step” of mRNA translation. There 

are three main objectives for the initiation step: 1) prepare the 40S 

ribosomal subunit for mRNA binding, 2) recruit mRNA to the 40S 

ribosomal subunit, and 3) relocate the 40S subunit to the initiation 

codon and allow binding of the 60S ribosomal subunit (Pelletier & 

Sonenberg, 2019). Eukaryotic initiation begins with the formation of a 

ternary complex (TC), which is comprised of eukaryotic initiation factor 

2 (eIF2), guanosine triphosphate (GTP), and a methionyl-initiator 

transfer RNA (Met-tRNAi). Along with the formation of the TC, 

eukaryotic elongation factors (eIFs) 1, 3, and 5 bind to the 40S 

ribosomal subunit to form the 43S preinitiation complex (PIC) (Costa-

Mattioli et al., 2009; Pelletier & Sonenberg, 2019). The 43S PIC then 

works with the eIF4F complex to promote translation of 5’-capped 

mRNAs (Proud, 2015). Once the 43S PIC binds to the mRNA, GTP is 

hydrolyzed and the PIC scans along the 5’ untranslated region (UTR) 

until an initiation codon is detected. At this point, eIF1A and the eIF2-

GDP-eIF5 complex are released, which allows eIF5B-GTP to bind to 

the 40S ribosomal subunit, allowing the 60S ribosomal subunit to join 
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the complex. Lastly, GTP hydrolysis leads to the discharge of eIF5B 

and eIF1A. Once this process is complete, the newly formed 80S 

ribosomal complex is ready for the transition to the elongation step of 

translation (Pelletier & Sonenberg, 2019). This cap-dependent 

mechanism is the main form of mRNA recruitment to the complex, but 

there is a less common cap-independent mechanism via an internal 

ribosome entry site (IRES) within the mRNA’s 5’ untranslated region 

(UTR) (Proud, 2007; Komar & Hatzoglou, 2011).  

  Numerous studies delve into the roles of initiation factors and 

their roles in memory and synaptic plasticity. Specifically, eIF2 has a 

critical rate-limiting function in initiation and subsequent mRNA 

translation. The 60S ribosomal subunit cannot associate with the 40S 

subunit while eIF2 is bound to it. eIF2B serves as a guanine nucleotide 

exchange factor (GEF) for eIF2, which catalyzes the exchange of GDP 

for GTP (Costa-Mattioli et al., 2009). Phosphorylation at the Ser 51 site 

on the alpha subunit of eIF2 (eIF2α) prevents the GEF activity of 

eIF2B. In the absence of the GTP hydrolysis, eIF2 cannot dissociate 

from the 40S ribosomal subunit, which blocks the binding of the 60S 

subunit, thus preventing the transition to the elongation step (Costa-

Mattioli et al., 2009; Trinh & Klann, 2013). There are four principal 

kinases that can perform this inhibitory phosphorylation on eIF2, and 

all become active under different cellular circumstances: RNA-

activated protein kinase r (PKR), heme-regulated inhibitor (HRI), 
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general non-derepressible-2 (GCN2), and PKR-like endoplasmic 

reticulum protein kinase (PERK) (Mellor et al., 1994; Costa-Mattioli et 

al., 2009; Trinh & Klann, 2013). All four kinases may be activated by 

different cellular stressors, but they all share a conserved kinase 

domain, and all phosphorylate eIF2’s α subunit on the Ser51 site, 

which then leads to a suppression of general protein synthesis (Wek 

et al., 2006; Wek & Cavener, 2007).  

  Regarding memory and synaptic plasticity, eIF2α 

phosphorylation plays a regulatory role via mechanisms other than 

general protein synthesis. eIF2α phosphorylation decreases global 

protein synthesis levels, but it also upregulates transcript-specific 

translation of certain mRNAs containing upstream open reading 

frames (uORFs) (Costa-Mattioli et al., 2009). uORFs are small, 

translated regions that lie upstream of about half of all mammalian 

genes, and their translation typically leads to a disruption of the 

translational machinery and reduction of protein expression (Calvo, 

Pagliarini, & Mootha, 2009). One of these is activating transcription 

factor 4 (ATF4), a negative regulator of cyclic adenosine 

monophosphate (cAMP) response element binding protein (CREB) 

(Trinh & Klann, 2013; Kandel et al., 2014). CREB is an important 

regulator of learning and memory processes, and it has been shown 

to increase transcription and gene expression in the hippocampus 

following LTP induction (Impey et al., 1998; Amidfar et al., 2020). This 
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gene expression is required for the maintenance of long-term memory 

and synaptic plasticity (Bourtchuladze et al., 1994; Won & Silva, 2008). 

Specifically, CREB facilitates the expression of brain-derived 

neurotrophic factor (BDNF), a protein that plays a key role in synaptic 

plasticity and has been correlated with cognitive status (Kandel et al., 

2014; Amidfar et al., 2020). Additionally, CREB interacts with PERK to 

mediate the cell’s unfolded protein response (UPR). When misfolded 

proteins are detected in the endoplasmic reticulum (ER), PERK blocks 

the synthesis of new polypeptides, which gives the ER time to refold 

the misfolded proteins and dispose of terminally misfolded 

polypeptides (Donnelly et al., 2013). The UPR is neuroprotective by 

repressing translation, increasing ER stress protective factors, and 

prompting degradation of misfolded proteins (Bollo et al., 2010; 

Donnelly et al., 2013). However, prolonged ER stress leads to cellular 

homeostasis disruptions and drives apoptosis through expression of 

pro-apoptotic factors and pathways (Kadowaki & Nishitoh, 2013). 

PERK’s role in the UPR serves to promote cellular survival in acute 

stress, but over a prolonged period, it may lead to activation of cellular 

death mechanisms. As a result, PERK has been studied in a various 

neurodegenerative diseases including Alzheimer’s disease, prion 

disease, and fronto-temporal dementia (Moreno et al., 2012; Trinh et 

al., 2012; Ma et al., 2013; Radford et al., 2015; Yang et al., 2016; 

Zimmermann et al., 2018).  Since PERK is a direct kinase of eIF2α, 
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these studies provide a basis for eIF2α’s role in the dysregulation of 

neuronal processes in disease states. 

  Another major upstream regulator of mRNA translation is 

mammalian target of rapamycin complex 1 (mTORC1) (Hoeffer et al., 

2008). mTORC1 is mediated by phosphoinositide 3-kinase 

(PI3K)/pyruvate dehydrogenase kinase 1 (PDK1)/Akt signaling, and its 

activity is increased via synaptic activation or calcium influx into the cell 

(Proud, 2007; Ma & Blenis, 2009). The critical role of mTORC1 in the 

processes underlying learning and memory is highlighted in studies 

using rapamycin. Rapamycin inhibits mTORC1, which leads to a 

decrease in general protein synthesis and subsequent disruptions in 

synaptic plasticity (Parsons et al., 2006; Jobim et al., 2011; Stoica et 

al., 2011; Jobim et al., 2012). Activation of mTORC1 phosphorylates 

4E-binding protein 1 (4E-BP1), which modulates its affinity to bind to 

eIF4E. When 4E-BP1 is bound to eIF4E, the eIF4F complex cannot be 

completed, which leads to a failure of translation initiation (Costa-

Mattioli et al., 2009; Trinh & Klann, 2013). Phosphorylation of 4E-BP1 

impairs its binding ability, which enhances protein synthesis (Costa-

Mattioli et al., 2009). Negative regulators of mTORC1, such as AMP-

activated protein kinase (AMPK), glycogen synthase 3β (GSK3β), and 

tuberous sclerosis complex 2 (TSC2) inhibit mTORC1 activity, leading 

to a decrease in the phosphorylated 4E-BP1 and subsequent 

downregulation of mRNA translation (Proud, 2007). While mTORC1 
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can regulate the initiation step of mRNA translation, it also regulates 

targets involved in the elongation phase that are critical to learning and 

memory. 

 

Role of translation elongation in learning and memory  

  As discussed previously, initiation is often considered to be 

the rate-limiting step of mRNA translation. Comparatively, elongation’s 

role in learning and memory is far less understood. Elongation is far 

more energetically costly to the cell than initiation (Browne & Proud, 

2002). The majority (upwards of 95%) of cellular energy and amino 

acids utilized in the whole of mRNA translation are consumed in the 

elongation phase alone (Browne and Proud, 2002; Kenney et al., 

2014). As a result, this process needs to be tightly regulated to not 

waste these cellular resources. There are two primary elongation 

factors: eukaryotic elongation factor 1 (eEF1) and eukaryotic 

elongation factor 2 (eEF2) (Browne & Proud, 2002). eEF1 is comprised 

of multiple subunits and has two main forms: eEF1A and eEF1B 

(Dever & Green, 2012). eEF1A binds to aminoacyl-tRNA and directs 

the tRNA to the A site of the ribosomal complex after initiation has 

completed (Dever & Green, 2012). eEF1B functions as a GEF for 

eEF1A and assists in nucleotide exchange by facilitating GTP 

hydrolysis (Le Sourd et al., 2006; Wu et al., 2015). During elongation, 

codon recognition by tRNA triggers eEF1A to hydrolyze GTP, which 
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releases eEF1A and allows the aminoacyl-tRNA to enter to A site. 

Once in the A site, peptide bonds with the P site peptidyl-tRNA rapidly 

form, and then the tRNA moves into the transitional A/P site. 

Translocation of the tRNA into the P site requires eEF2. eEF2 is a 

GTPase, and when it binds with GTP, rapid hydrolysis “unlocks” the 

ribosome to allow tRNA and mRNA movement to the P site via 

ribosomal movement (Belardinelli et al., 2016). In the post-

translocation state of the ribosome, the A site is vacant and available 

for the binding of the next aminoacyl-tRNA via eEF1A (Dever & Green, 

2012) (Fig. 2).  

  eEF1A belongs to a subclass of mRNAs known as terminal 

oligopyrimidine (TOP) mRNAs (Gobert et al., 2008). TOP mRNAs are 

regulated by mTORC1 activity, and they are synthesized when there 

 

Figure 2. Elongation step of mRNA 
translation. A) eEF1A binds to aminoacyl-
tRNA with GTP and shuttles the complex to 
the A site of the ribosome. B) Codon 
recognition by tRNA allows for initial docking 
of the aminoacyl-tRNA to the A site of the 
ribosome. C) GTP hydrolysis by eEF1A 
causes release of eEF1A and allows 
aminoacyl-tRNA to be fully accommodated 
into A site. D) eEF2 and GTP bind to 
ribosomal complex and subsequent GTP 
hydrolysis by eEF2 initiates ribosomal 
conformational changes to facilitate 
movement of tRNA and mRNA to the 
ribosomal P site. E) In the post-translocation 
step, the deacetylated tRNA moves to the 
ribosomal E site and tRNA with newly formed 
peptidyl-bonded amino acids (peptidyl-tRNA) 
occupy the P site, leaving the A site ready for 
the next aminoacyl-tRNA.  
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is a high availability of amino acids to produce new proteins (Gobert et 

al., 2008). There are numerous studies implicating an important role of 

eEF1A for synaptic function and plasticity. One bioinformatics study 

found that mRNAs coding for eEF1A were localized to the dendritic 

stratum radiatum layer of the CA1 area of the hippocampus compared 

to the cell body layer, or the stratum pyramidale (Zhong, Zhang, & 

Bloch, 2006). Upon synaptic activation, these mRNAs are translated 

locally, increasing levels of eEF1A, thus promoting additional protein 

synthesis at the synapse (Huang et al., 2005; Tsokas et al., 2005). 

Administration of rapamycin prevented this eEF1A upregulation in 

dendrites (Tsokas et al., 2005). Additionally, intracellular injections of 

antisense oligonucleotides and antibodies against eEF1A did not affect 

synaptic function in the short term, but impaired maintenance beyond 

24 hours in Aplysia, suggesting that eEF1A activity is required for long-

term memory formation and maintenance (Giustetto et al., 2003). 

While eEF1A seems to be a key regulator of protein synthesis and 

synaptic function, numerous studies have shown non-translational 

roles including cytoskeletal organization, nuclear export, cell adhesion, 

and apoptosis (Ejiri, 2002; Mateyak & Kinzy, 2010; Sasikumar et al., 

2012; Itagaki et al., 2012). One study found that eEF1A knockout mice 

demonstrated postnatal wasting and extensive neurodegeneration, 

and most had died by postnatal day 28, suggesting eEF1A is 

necessary for survival and development (Khalyfa et al., 2001). 
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Regarding eEF1B, its role as a GEF in GTP hydrolysis for eEF1A is 

well-characterized, but the role of the protein specifically in synaptic 

function remains to be elucidated. One study found that eEF1B 

contains a phosphorylation site for mitotic cyclin-dependent kinase 1, 

and activity at this site is required for its post-translational modification 

during mitosis. These modifications lead to a diminished affinity for 

eEF1A, and a subsequent reduction in tRNA delivery to ribosomes 

(Sivan, Aviner, & Elroy-Stein, 2011). A variety of studies have 

implicated eEF1B to have non-translational roles such as cytoskeletal 

regulation and stress responses (Negrutskii, 2020; Liu et al., 2014; Le 

Sourd et al., 2006). Further research into eEF1B is warranted to fully 

investigate the role of this protein, specifically its function in synaptic 

plasticity, learning, and memory.  

  eEF2, the other major elongation factor, is necessary for the 

peptidyl-tRNA translocation within the ribosome from the A- to the P-

site (Browne & Proud, 2002) (Fig. 3). When eEF2 is phosphorylated at 

its Thr 56 site by its main kinase, eukaryotic elongation factor 2 kinase 

(eEF2K), it is unable to associate with the ribosomal complex and the 

protein synthesis mechanism is disrupted (Browne & Proud, 2002; Liu 

& Proud, 2016). Interestingly, there is a specific one-to-one relationship 

between eEF2 and eEF2K in that eEF2 is the only known substrate for 

eEF2K, and eEF2K is the only kinase known to perform this inhibitory 

phosphorylation (Browne & Proud, 2002). This unique relationship 
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makes the eEF2/eEF2K pathway an attractive target for investigation. 

eEF2 has been studied in neuronal systems as it is phosphorylated in 

a calcium/calmodulin-dependent manner, and eEF2K is alternatively 

known as Ca2+/calmodulin-dependent kinase III (CamKIII) (Ryazanov, 

1987). Since calcium influx plays a major role in synaptic function and 

plasticity, eEF2 has been described as a biochemical sensor in 

dendrites, which leads to the regulation of local protein synthesis in 

response to synaptic activity (Kaul, Pattan, & Rafeequi, 2011). Several 

studies have shown that following synaptic stimulation, levels of 

phosphorylated eEF2 decrease rapidly, allowing for de novo protein 

synthesis to occur (Heise et al., 2014; McCamphill et al., 2015, 2017). 

Given that de novo protein synthesis is required for the maintenance 

of synaptic plasticity, it is unsurprising that eEF2 appears to be 

involved in regulating at least three well-established forms of synaptic 

plasticity: metabotropic glutamate receptor mediated long-term 

depression (mGluR-LTD), chemically induced LTP, and BDNF-

induced LTP (Chotiner et al., 2003; Kanhema et al., 2006; Davidkova 

& Carroll, 2007; Park et al., 2008). eEF2/eEF2K signaling appears to 

play a critical role in both excitatory and inhibitory synaptic plasticity. 

Inhibition of eEF2K was shown to enhance potentiation of CA1 

synaptic transmission via a microtubule-associated protein kinase 

(MAPK)-dependent mechanism in rodent hippocampi (Kenney et al., 

2015b). Additionally, knockdown of eEF2K in excitatory neurons of the 
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dentate gyrus (DG) was shown to promote neurogenesis and enhance 

performance in behavioral tasks associated with the DG (Taha et al., 

2020). Conversely, eEF2 phosphorylation promotes the translation of 

Arc, which is an early gene implicated in both LTP and LTD (Kandel et 

al., 2014). Dihydroxyphenylglycine (DHPG)-induced mGluR LTD 

requires the rapid translation of Arc, and eEF2K knockout mice 

exhibited impaired LTD due to reduced Arc expression (Park et al., 

2008). Both hippocampal neurons and acute hippocampal slices taken 

from eEF2K knockout mice showed normal excitatory synaptic activity 

as well as enhanced GABAergic transmission (Heise et al., 2017). 

These studies suggest that eEF2/eEF2K signaling play an important 

role in the regulation of de novo protein synthesis and subsequent 

synaptic plasticity, both inhibitory and excitatory. 

  While phosphorylated eEF2 via eEF2K activity is generally 

thought to inhibit general protein synthesis, it has been linked to the 

increased translation of synaptic proteins thought to have 

neuroprotective functions, such as BDNF and tripartite motif containing 

3 (TRIM3) (Knight et al., 2020; Ma, 2021). Additionally, memory-related 

proteins such as BDNF, Ca2+/calmodulin kinase II alpha (CaMKIIα), 

and Arc seem to be upregulated after eEF2 phosphorylation (Chotiner 

et al., 2003; Park et al., 2008; Verpelli et al., 2010). This paradoxical 

activity may be due to a variety of factors, one of which being mRNA 

codon decoding speed as well as availability of certain tRNAs. Proteins 
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that require fast decoding due to the usage of highly abundant tRNAs 

are more responsive to different rates of translocation than those 

decoded more slowly. Thus, the slowly decoding transcripts can 

surpass the suppression of translocation observed when eEF2 is 

phosphorylated (Bastide et al., 2017). Also, eEF2K may initially slow 

general protein synthesis to preferentially translate proteins necessary 

for cellular survival and memory. In this case, eEF2 may serve as a 

molecular sensor for synaptic activity, so its phosphorylation state may 

adapt to the cell’s protein synthesis needs depending on synaptic 

activity and cellular resources (Sutton et al., 2007; Knight et al., 2020). 

Another possible explanation for this phenomenon may be the activity 

of upstream regulators of the eEF2/eEF2K pathway, which may lead 

to a compensatory mechanism to account for translation of certain 

proteins. In response to energy depletion and increased reactive 

oxygen species (ROS), AMPK will activate eEF2K to suppress mRNA 

translation, a process that uses a large amount of energy (Horman et 

al., 2002; Proud, 2015). mTORC1 can also regulate eEF2 and eEF2K 

via its downstream effector P70 ribosomal protein S6 kinase 1 

(p70S6K1) (Redpath et al., 1996; Wang et al., 2001). One study 

theorized that a coordinated effort between calcium, ERK/MAPK, 

mTORC1, and AMPK helped regulate the synaptic activity-dependent 

changes in eEF2K activity (Kenney et al., 2015). Multiple regulatory 

pathways converge onto eEF2 (Fig. 3), and this may help to explain 
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the seemingly paradoxical roles of eEF2 phosphorylation in synaptic 

plasticity, neuronal function, and cellular survival. 

 

 

 

 

  One final aspect of eEF2 to note is its role in various learning 

and memory-related tasks. The behavioral output of eEF2 

phosphorylation is dependent on several factors (Taha et al., 2013). 

Among differing learning paradigms, eEF2 phosphorylation depends 

on the brain regions involved. Learning and memory tasks related to 

taste, such as conditioned taste aversion and novel taste learning, are 

 

Figure 3. Structural layout of eukaryotic elongation factor 2 kinase (eEF2K). Adapted from Liu 
and Proud (2016) Acta Pharmacol Sin. The illustration includes the major structural and functional 
features of eEF2K, the main known sites of phosphorylation, and the signaling pathways or kinases 
that regulate them. Green denotes active sites of phosphorylation, red denotes inhibitory sites, and 
grey indicates sites that are not known to affect activity. Solid lines show direct links and dashed lines 
indicate indirect links. 
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dependent on eEF2 phosphorylation in the insular cortex and 

amygdala, and eEF2 has been identified as a potential “molecular 

switch” for taste memory consolidation (Rosenblum et al., 1993; Gal-

Ben-Ari & Rosenblum, 2012; Belelovsky et al., 2005). Within 20 

minutes of associative novel taste learning, eEF2 phosphorylation is 

observed in the insular cortex (Belelovsky et al., 2005). Additionally, 

eEF2K knock-in mice that demonstrated significant eEF2 

hyperphosphorylation were impaired in a conditioned taste aversion 

task but performed normally in a novel taste learning paradigm (Gildish 

et al., 2012). Other memory tasks that are dependent on hippocampal 

input also show interesting patterns of eEF2 phosphorylation. After 

mice underwent a fear conditioning task, eEF2 was rapidly 

dephosphorylated in the hippocampus (Im et al., 2009). eEF2K knock-

in mice showed impaired performance in freezing behavior in a fear 

conditioning task, suggesting that eEF2 dephosphorylation and 

subsequent protein synthesis are required for learning and the 

formation of new memories (Im et al., 2009). Interestingly, 

homozygous knockout mice exhibited normal learning in the Morris 

Water Maze (MWM) and auditory fear conditioning, but impaired 

performance in contextual and trace fear conditioning paradigms 

(Heise et al., 2017). All these studies suggest that the eEF2/eEF2K 

signaling mechanism plays a dynamic role in the processes underlying 

learning and memory, mirroring its complex involvement in synaptic 
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plasticity.  

  The final steps of mRNA translation, termination and 

ribosomal recycling, play an important role in regulating the process, 

but there is little known about the roles they play in synaptic plasticity. 

mRNA translation termination is facilitated by two eukaryotic release 

factors (eRFs): eRF1 and eRF3 (Dever & Green, 2012). eRF1 and 

eRF3 associate together with GTP to recognize stop codons once they 

enter the A site of the ribosome. The eRF1/eRF3 complex hydrolyzes 

the bond between the newly formed polypeptide chain and the tRNA 

(Salas-Marco & Bedwell, 2004). eRF3 then dissociates from the 

ribosome and eRF1 remains bound to the ribosome in a post-

termination complex (Dever & Green, 2012). After termination is 

completed, ribosomal recycling begins with the separation of the 40S 

and 60S ribosomal subunits (Dever & Green, 2012). These subunits 

will then prepare for future rounds of mRNA translation. Following 

mRNA translation termination, post-translational modifications may 

occur to the mRNA itself. These processes include the nonsense-

mediated decay (NMD) mechanism, as well as activity of numerous 

RNA-binding proteins (RBPs) (Raimondeau, Bufton, & Schaffitzel, 

2018; Brinegar & Cooper, 2016; Ravanidis, Kattan, & Doxakis, 2018). 

These changes to the mRNA have been shown to influence cognitive 

processes, and they may play a role in various neuro-psychiatric 

disorders, such as schizophrenia, major depression, bipolar disorder, 
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and addiction (Laguesse & Ron, 2020). While these post-translational 

modifications may affect future mRNA translation, there is little 

information known about the specific roles of the release factors 

themselves when it comes to synaptic plasticity. Future studies are 

warranted to elucidate any impact these eRFs may have on cognitive 

and neuronal processes. 

 

1.4 Dysregulation of mRNA Translational Machinery in AD 

  Given that mRNA translation plays such a critical role in the 

formation and maintenance of long-term memory, it is suggested that 

it plays a pivotal role in Alzheimer’s disease pathology. Two of the first 

studies that examined the possible role of mRNA translation in AD 

found that the translational machinery was altered in post-mortem 

tissue taken from AD patients. Levels of total cellular RNA were 

reduced in cortex tissue from AD patients compared to age-matched 

controls, suggesting an abnormality in the ribonuclease-inhibitor 

complex (Sajdel-Sulkowska & Marotta, 1984). Additionally, AD human 

cortical tissue demonstrated impairments in translational capacity and 

ribosomal function. Specifically, polyribosome assembly was altered in 

the tissue from AD patients when compared to age-matched controls, 

which is indicative of decreased active mRNA translation that could 

lead to cognitive deficits (Langstrom et al., 1989; Ostroff et al., 2002; 

Ostroff et al., 2017). Multiple studies have found deficits in ribosomal 



32  

function and RNA levels in Alzheimer’s disease human tissue as well 

as mouse models. Cortical post-mortem samples from both mild 

cognitive impaired (MCI) individuals and AD patients had decreased 

ribosomal function, impaired translational capacity, lower levels of 

ribosomal RNA (rRNA), and increased RNA oxidation (Ding et al., 

2005). Further studies have shown these ribosomal deficits are also 

present in both human and AD model rodent hippocampi, a brain 

region that is critically affected by AD (Hernandez-Ortega et al., 2016; 

Elder et al., 2021). Translational capacity has been extensively studied 

in human tissue, with translational efficiency of polyribosomes taken 

from MCI and end-stage AD patients reduced by over 60% in cortical 

areas compared to age-matched controls (Hernandez-Ortega et al., 

2016). This trend is repeated in the APP/PS1 mouse model, with 

surface sensing of translation (SUnSET) assays showing a 30% 

decrease in levels of de novo protein synthesis in APP/PS1 

hippocampi compared to wildtype littermates (Ma et al., 2013). 

Notably, a recent study shows that dysregulation of ribosomal proteins, 

specifically those related to the 40S and 60S ribosomal subunits, are 

disrupted in APP/PS1 AD model mice (Elder et al., 2021). Similar 

results have been observed in a tauopathy mouse model, suggesting 

that both amyloid beta deposition and dysregulated tau can lead to 

ribosomal deficits (Evans et al., 2019). Interestingly, disruptions in 

ribosomal proteins can be observed in APP/PS1 AD model mice as 
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young as 4 months old, which is before symptom onset, suggesting 

that ribosomal dysregulation and subsequent impairments in mRNA 

translation are an early event in AD pathogenesis (Elder et al., 2021). 

When these young mice were compared to older 12-month-old 

APP/PS1 mice, there was an approximately 20% decrease in the level 

of de novo protein synthesis occurring, as measured by biorthogonal 

on-canonical amino acid tagging (BONCAT), suggesting that the 

protein synthesis disruptions seen at a young age worsen as the mice 

age and the disease progresses (Elder et al., 2021). This builds on 

previous findings that show significant LTP impairments in APP/PS1 

mice as early as 9 months old, which is also before symptom onset 

(Radde et al., 2006; Gengler, Hamilton, & Holscher, 2010). Overall, 

ribosomal function and translational capacity are impaired in AD 

patients as well as AD model mice, and the specific kinases involved 

in the initiation and elongation phases of mRNA translation may 

contribute to these deficits. 

 

mRNA Translation Initiation Deficits in Alzheimer’s Disease 

  Over the past couple of decades, there has been extensive 

research into the role of the initiation step of mRNA translation in 

Alzheimer’s disease, as it is commonly thought to be the “rate-limiting 

step” of protein synthesis. As discussed previously, this step requires 

the coordination of numerous factors in order to occur, and any 
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disturbance can lead to disastrous effects on de novo protein 

synthesis. Abnormal hyperphosphorylation of eIF2α and increased 

eIF4E have been reported in both post mortem hippocampal tissue 

taken from AD patients and AD model mice, while expression of eIF2B 

is decreased (Li et al., 2004; Ma et al., 2013; Hernandez-Ortega et al., 

2015). Of the four main kinases for eIF2α, three have been shown to 

be dysregulated in AD, leading to this abnormal phosphorylation of 

eIF2α (Lourenco et al., 2013; Chang, Wong, & Ng-Huyan, 2002; Page 

et al., 2006; Tible et al., 2019; Hoozemans et al., 2005; Ma et al., 2013; 

Lourenco et al., 2013; Zimmermann et al., 2018). Additionally, in states 

of chronic stress, the integrated stress response (ISR) is activated, 

leading to alterations in translation initiation (Oliveira et al., 2021; 

Donnelly et al., 2013). The ISR attenuates global cap-dependent 

protein synthesis while favoring a specific subset of mRNAs to attempt 

to restore cellular homeostasis (Pakos-Zebrucka et al., 2016). 

Activation of the ISR has been implicated in a variety of cognitive 

disorders, including tauopathies, traumatic brain injury (TBI), prion 

diseases, Down syndrome, and AD (Abisambra et al., 2013; Moreno 

et al., 2012; Lourenco et al., 2013; Ma et al., 2013; Chou et al., 2017; 

Cheng et al., 2018; Zhu et al., 2019). Use of ISRIB, an inhibitor of the 

ISR, stimulated eIF2B activity and led to an increase in protein 

synthesis levels, as shown by the SUnSET assay (Halliday et al., 2015; 

Oliveira et al., 2021). AD model mice treated with ISRIB demonstrated 
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restored learning and memory, as well as improved LTP traces, 

suggesting that inhibition of the ISR in AD may be an effective 

treatment for the translation initiation deficits associated with the 

disease (Wong et al., 2019; Oliveira et al., 2021).  

 

1.5 Dysregulation of mRNA Translation Elongation in AD 

  Due to the complex nature of initiation, it is unsurprising that 

most of the literature concerning translational deficits in AD has 

centered around its role. While the role of elongation in AD 

pathophysiology is less studied, recent evidence suggests that this 

phase is also disrupted. It would make sense that as one phase of 

translation is negatively affected by AD, the others should also show 

disruptions. Both eukaryotic elongation factors, eEF1 and eEF2, 

appear to have some level of dysregulation in both human post mortem 

tissue as well as transgenic mouse models. Levels of eEF1A are 

significantly reduced in post mortem hippocampi of AD patients, 

specifically in the CA1 region (Beckelman et al., 2016a). This trend was 

also observed in acute mouse hippocampal slices that were exposed 

to amyloid β (Aβ) oligomers as well as slices taken from AD model 

mice (Beckelman et al., 2016b). Additionally, Aβ-induced hippocampal 

LTP defects were alleviated by the upregulation of eEF1A via a brain-

specific knockdown of the gene that encodes tuberous sclerosis 2 

(TSC2) (Beckelman et al., 2016a). This study also showed that levels 
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of total eEF2 were not affected in the hippocampi of either AD patients 

or AD model mice (Beckelman et al., 2016a), but more recent literature 

shows a robust increase in the levels of phosphorylated eEF2 in both 

human post mortem samples and AD transgenic mouse models 

(Beckelman et al., 2019).  

  eEF2, and its inhibitory kinase eEF2K, have emerged as 

interesting targets for novel therapeutics in AD and other 

neurodegenerative diseases (Beretta et al., 2020; Delaidelli et al., 

2019). As stated previously, increased eEF2K activity, and subsequent 

hyperphosphorylation of eEF2, are observed in the hippocampi of 

human AD patients and transgenic AD model mice (Beckelman et al., 

2019). Additionally, levels of phosphorylated eEF2 are observed in 

both the hippocampi and cortex of AD patients near areas of tau 

deposition (Knight et al., 2020; Jan et al., 2017). Interestingly, 

hyperphosphorylation of eEF2 is observed in cell culture and mouse 

models of Parkinson’s disease (PD) (Jan et al., 2018). Genetic 

reduction of eEF2K in two strains of AD transgenic mice alleviated 

recognition and spatial behavioral deficits, and electrophysiological 

experiments revealed improved LTP traces in the AD mice expressing 

heterozygous eEF2K repression (Beckelman et al., 2019). 

Additionally, genetic eEF2K repression in AD model mice led to 

improved levels of de novo protein synthesis, as measured by the 

SUnSET assay and analysis of polyribosome assembly in the CA1 
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region of the hippocampus. Synapse formation was also increased in 

the AD mice with the genetic eEF2K reduction, as measured by Golgi-

Cox stain dendrite analysis and PSD morphology (Beckelman et al., 

2019). These results were mirrored in a cell culture neuronal model of 

PD when siRNA was administered to reduce eEF2K expression (Jan 

et al., 2018; Jan et al., 2017). Finally, recent work in our lab has shown 

that eEF2 phosphorylation plays an important role in behavioral 

flexibility and aging-related learning and memory deficits. When young 

and aged mice were tested on the Morris water maze (MWM), novel 

object recognition (NOR), and Y-maze tasks, the older mice 

consistently demonstrated impaired performance, and further analysis 

of hippocampal tissue showed there was a significant hyper-

phosphorylation of eEF2 in the older mice compared to their younger 

counterparts (Yang, Zhou, & Ma, 2019). When aged 21–23-month-old 

eEF2K knock-out mice underwent the NOR task, they demonstrated 

improved performance compared to the wildtype mice, suggesting that 

eEF2K inhibition alleviated aging-related declines in learning and 

memory (Gosrani et al., 2020). All these studies together suggest that 

pharmacological inhibition of eEF2K could be a promising therapeutic 

for aging-related memory deficits as well as neurodegenerative 

diseases such as AD and PD. The development of eEF2K inhibitors 

has been a popular topic in cancer literature, as eEF2K is also 

implicated in various cancers, but the mechanism by which eEF2K 
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activation contributes to disease state is slightly different. 

 

Development of eEF2K Inhibitors in Cancer Research 

  eEF2K has gained popularity in cancer literature, and its 

various roles in a wide array of cancers have been well-reported. 

eEF2K appears to play a wide variety of roles in cancer 

pathophysiology, ranging from tumor proliferation and invasion to 

regulation of apoptosis and autophagy (Li, Li, & Bai, 2019). In general, 

eEF2K is overexpressed and over-activated in tumor cells related to 

various cancer types (Pott et al., 2017; Bircan et al., 2018; Bayraktar 

et al., 2017; Russnes & Caldas, 2014). In a study performed on 

hepatocellular carcinoma (HCC), in vitro kinase assays found that 

eEF2K activity was four times higher than that in non-tumorous tissue 

(Pott et al., 2017). While the role of eEF2K in cancer has yet to be fully 

elucidated, recent studies suggest that eEF2K overexpression has a 

protective effect on tumor cells under hypoxic and nutrient-deprived 

environments, thus allowing the tumor cells to survive (Kameshima, 

Okada, & Yamawaki, 2019). This protective effect of eEF2K is believed 

to be a result of a decrease in levels of protein synthesis, a process 

that utilizes a large amount of energy and cellular resources (Leprivier 

et al., 2013). Preliminary studies into genetic and pharmacological 

inhibition of eEF2K have had promising results in cancer literature. In 

vivo targeting of eEF2K via nano-liposomal eEF2K siRNA resulted in 
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a significant inhibition of lung cancer xenografts in nude mice (Bircan 

et al., 2018). The use of eEF2K 

inhibitors has been well-

explored in the field of cancer 

biology, and there have been 

promising results in a wide 

array of cancers. Two 

particularly interesting 

compounds, NH125 and A-

484954, were originally 

developed for the treatment of 

cancer. Both are structurally distinct small-molecule inhibitors of 

eEF2K inhibitors (Fig. 4). When applied to P388 cell bearing mice, a 

leukemia model, administration of NH125 significantly reduced levels 

of phosphorylated eEF2 and increased survival of the mice by 129% 

compared to the vehicle-treated group (Arora et al., 2004). Similarly, 

A-484954 decreased cancer cell mobility and spread of A549 lung 

cancer and MDA-MB-231 breast cancer cells in vitro and decreased 

the number of metastatic lung cancer nodules in nude mice injected 

with A549 cells (Xie et al., 2018). Both studies show the efficacy of 

these inhibitors as a potential cancer treatment in both cell culture and 

mouse studies.  

  While it may seem counterintuitive to treat AD and cancer 

 

Figure 4. Chemical structures of two 
eEF2K inhibitors. A) Chemical structure of 
NH125 (tocris.com). B) Chemical structure 
of A-484954 (sigmaaldrich.com). 
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with the same therapeutic agent, use of eEF2K inhibitors in cancer 

treatment target carcinogenic cells, which thrive in hypoxic and 

nutrient-deprived conditions. When these cells are forced to resume 

mRNA translation, energy sources become depleted, and autophagic 

markers are produced, leading to subsequent autophagy of the tumor 

cells (Kameshima, Okada, & Yamawaki, 2019; Wang, Xie, & Proud, 

2017). In the current study, however, I am aiming to target neurons in 

a pathological environment. Neurons subjected to hypoxic and 

nutrient-deprived conditions, such as those in AD brains, cellular 

functions are altered in order to conserve valuable energy and 

resources.  

  This strategy is effective for the short-term, but in a long-

lasting disease such as AD, the neurons eventually undergo cellular 

death and apoptosis (Querfurth & LaFerla, 2010). When eEF2K activity 

is inhibited in these neurons, normal cellular processes, namely protein 

synthesis, are rescued and the cell is more likely to survive. Cancer 

and AD are similar in the inhibition of protein synthesis via eEF2K 

inhibition due to environmental conditions, but they diverge in the 

survival of affected cells long-term. While eEF2K inhibition leads to 

apoptosis and autophagy in carcinogenic cells, it should lead to 

survival in neurons. As a result, the use of eEF2K inhibitors originally 

developed for cancer may pose an intriguing option for the treatment 

of neurodegenerative disorders such as AD.  
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Use of eEF2K inhibitors in Alzheimer’s disease 

  There are a few studies that used eEF2K inhibitor NH125 to 

treat electrophysiological deficits associated with AD. NH125 rescued 

LTP deficits seen in wildtype acute hippocampal slices that had been 

exposed to Aβ oligomers, creating an artificial AD environment (Ma et 

al., 2014). More recently, NH125 was shown to ameliorate 

metabotropic glutamate receptor 5-dependent long-term depression 

(mGluR-LTD) in aged APP/PS1 AD model mice (Yang et al., 2021). 

These in vitro studies are a promising start into the investigation of 

eEF2K inhibitors in AD, but more work needs to be done to elucidate 

the efficacy and safety of these inhibitors in animal models, and 

ultimately human AD patients. The current study aims to treat two 

strains of AD model mice with two structurally distinct pharmacological 

inhibitors of eEF2K, NH125 and A-484954 (AG), and assess various 

aspects of AD pathophysiology (Fig. 5). 
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1.6 Conclusion 

  As the 21st century progresses, it is expected that cases of 

AD will dramatically increase with a growing elderly population. Clinical 

trials for therapeutics for AD have been met with limited success, with 

the few FDA-approved medications aimed at treating symptoms of the 

disease, and not the underlying mechanism. Therefore, it is imperative 

to explore novel mechanisms of AD, and de novo protein synthesis 

seems like a promising avenue for an effective therapeutic. Protein 

 

Figure 5. Graphical hypothesis of results following treatment with eEF2K inhibitors 
NH125 and A-484954 (AG). A) Depiction of the AD-associated overactivity of eEF2K and 
subsequent hyperphosphorylation of eEF2 (Thr56 site). This leads to suppressed protein 
synthesis and cognitive deficits. B) Depiction of eEF2K inhibition following treatment with 
NH125 and AG, leading to a decrease in the levels of phosphorylated eEF2 (Thr56 site). This 
decrease in p-eEF2 would result in increased protein synthesis and ultimately improved 
cognition, learning, and memory. 
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synthesis plays an integral role in learning and memory, two neuronal 

functions greatly impacted by AD. There appears to be dysregulation 

at various points in the protein synthesis pathway in both human AD 

patients as well as AD transgenic mouse models. Both the initiation 

and elongation steps of mRNA translation are negatively affected in 

AD, but elongation may prove to be a better therapeutic target due to 

its relative simplicity and specific regulatory processes. Previous work 

has shown that genetic knockdown of eEF2K alleviated various 

aspects of AD pathophysiology in AD model mice, and there is some 

evidence to show that eEF2K inhibitors have a rescue effect in 

electrophysiological studies. Th following chapters of this dissertation 

will examine total genetic knockout of eEF2K as well as the therapeutic 

potential of two pharmacological eEF2K inhibitors, NH125 and AG, in 

two mouse models of AD in detail. 
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Abstract 

 
Maintenance of memory and synaptic plasticity depends on de novo 

protein synthesis, and accumulating evidence implicates dysregulation 

of mRNA translation in Alzheimer’s disease (AD). Recent studies have 

shown dramatic hyper-phosphorylation of translation factor eukaryotic 

elongation factor 2 (eEF2) in the hippocampi of human AD patients as 

well as transgenic AD model mice. Phosphorylation of eEF2 (at the Thr 

56 site) by its only known kinase, eEF2K, leads to inhibition of general 

protein synthesis. Previous work from our lab revealed that 

heterozygous genetic reduction of eEF2K improved protein synthesis 

capacity and alleviated AD-associated cognitive and synaptic 

impairments. In this brief communication, I report that genetic knockout 

of eEF2K alleviates AD-associated learning and memory deficits 

assessed by the novel object recognition (NOR) and Morris water 

maze (MWM) tasks. Our results indicate that suppression of eEF2K 

activity may be a beneficial therapeutic option for AD. 
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Introduction 

 
Recent evidence has suggested that Alzheimer’s disease (AD) 

is a disease of synaptic failure (Ma and Klann, 2012; Selkoe, 2002). 

AD is characterized by profound deficits in learning and long-term 

memory, two cognitive functions that are associated with regulation of 

synaptic plasticity (Cooke & Bliss, 2006; Sutton and Schuman, 2006). 

Mounting evidence suggests that synaptic failure is an early event in 

AD, and impairments of synaptic function are usually observed before 

neuronal death and symptom onset (Ma and Klann, 2012; Selkoe, 

2002). A substantial body of literature demonstrates that long-term 

synaptic plasticity requires de novo protein synthesis, i.e., active 

mRNA translation (Costa-Mattioli et al., 2009; Remaud et al., 2014; 

Buffington, Huang, and Costa-Mattioli, 2014). Impaired translational 

capacity and ribosomal function have been observed in the brains of 

AD patients (Langstrom et al., 1989; Ding et al., 2005; Hernandez-

Ortega et al., 2015), and recent studies have shown similar disruptions 

of protein synthesis in the brains of transgenic AD model mice (Ma et 

al., 2013; Beckelman et al., 2016; Beckelman et al., 2019; Elder et al., 

2021).  

 Growing evidence implicates the elongation step of mRNA 

translation in AD pathogenesis, specifically eukaryotic elongation 

factor 2 (eEF2) (Ma et al., 2014; Beckelman et al., 2019; Taha et al., 

2013; Heise et al., 2014). eEF2 mediates the translocation step of 
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elongation, catalyzing movement of amino-acyl tRNA from the A-site 

to the P-site within the ribosome via GTP hydrolysis (Browne and 

Proud, 2002; Proud, 2015). When eEF2 is phosphorylated at its Thr 56 

site by its only known kinase, eEF2K, general protein synthesis is 

repressed (Proud, 2015). Previous work from our lab reported hyper-

phosphorylation of eEF2 in both post mortem hippocampal tissue from 

AD patients and transgenic mouse models (Beckelman et al., 2019). 

Suppression of eEF2K activity via pharmacological inhibitors or siRNA 

alleviated amyloid β (Aβ)-induced synaptic failure and neurotoxicity 

(Ma et al., 2014; Jan et al., 2016). Additionally, genetic heterozygous 

suppression of eEF2K activity prevented AD-associated cognitive and 

synaptic deficits in two strains of AD model mice (Beckelman et al., 

2019). However, there was only a partial rescue in the Morris water 

maze (MWM) task in the APP/PS1 mice with heterozygous eEF2K 

knockdown (Beckelman et al., 2019). This partial rescue could be due 

to an incomplete suppression of eEF2K activity and raises the 

possibility that complete genetic suppression of this kinase could lead 

to a full restoration of performance in this behavioral task. 

In the current study, I investigated whether prenatal genetic 

knockout of eEF2K would produce improved effects to those seen 

previously in a heterozygous knockdown model. Here, I show that 

genetic knockout of eEF2K led to a restoration of behavioral 

performance in APP/PS1 (referred to as APP hereafter) AD model 
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mice, as measured by two assays. Moreover, these improvements 

were observed independently of Aβ and tau pathology, suggesting that 

complete suppression of eEF2K does not affect these hallmark 

pathologies of AD. Interestingly, performance in the probe trial of MWM 

was not improved in the APP mice with eEF2K knockout, suggesting 

that while some aspects of AD may be prevented by the suppression 

of eEF2K, others may require some level of eEF2K activity to produce 

positive results. 

Materials & Methods 

 
Mice 
 

All mice were housed at the Wake Forest School of Medicine 

barrier facility under the supervision of the Animal Research Program, 

in compliance with the NUH Guide for the Care and Use of Laboratory 

Animals. Mice adhered to a 12-hour light/12-hour dark cycle, with 

regular feeding, cage cleaning, and 24-hour food and water access. 

Both male and female mice were used for experimentation. 

APP/PS1/eEF2K+/- (APP/eEF2K+/-) mice were generated as previously 

described (Beckelman et al., 2019). APP/eEF2K+/- mice were 

crossbred with the eEF2K+/- mice to generate littermate groups: WT, 

APP/PS1, eEF2K+/-, eEF2K-/-, APP/eEF2K+/-, and APP/PS1/eEF2K-/- 

double-mutant mice (APP/eEF2K-/-). All genotyping was done by 

polymerase chain reaction (PCR). All protocols involving animals were 

approved by the Institutional Animal Care and Use Committee of Wake 
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Forest University School of Medicine. 

 

Western blot assay 

Mouse hippocampal tissue was flash-frozen on dry ice and 

sonicated as previously described in lysis buffer with protease and 

phosphatase inhibitors (Ma et al., 2014). Samples containing equal 

amounts of protein lysate were loaded on 4-12% Tris-glycine SDS-

PAGE (Bio-Rad) gels for standard gel electrophoresis. Following 

transfer, nitrocellulose membranes were blocked for 10 min in 

SuperBlock TBS Blocking Buffer (Thermo Fisher Scientific). All primary 

and secondary antibodies were diluted in 5% milk/TBST or 5% 

BSA/TBST. Blots were probed with primary antibodies for: phospho-

eEF2 (Thr56) (1:1000, Cell Signaling Technology, catalog 2331), eEF2 

(1:1000, Cell Signaling Technology, catalog 2332), phospho-tau 

(Ser396) (1:1000, Thermo Fischer, catalog 44-752G), tau (1:1000, 

Sigma-Aldrich, catalog T5530), GAPDH (1: 10,000, Cell Signal, 

catalog 2118). Following primary antibody incubation, secondary 

antibodies were applied, either goat anti-rabbit IgG (H+L)-HRP 

conjugate (1:5000, Bio-Rad, catalog 170-6515) or goat anti-mouse IgG 

(H+L)-HRP conjugate (1:5000, Bio-Rad, catalog 170-6516).  Proteins 

were visualized using the ChemiDoc Imaging System (Bio-Rad). 

Densitometric analysis was performed using ImageJ software (NIH). 

Phospho-proteins were normalized to levels of total protein, and total 
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proteins were normalized using housekeeping protein GAPDH. 

 

Mouse tissue immunohistochemistry 

Following euthanasia, mouse brains were hemisected and fixed 

overnight in ice-cold PFA and transferred to 70% EtOH. Paraffin-

embedding was performed by Wake Forest Pathology core service. 

Paraffin-embedded sections (5 μm) mounted on charged slides were 

cleared in xylene and rehydrated through a graded ethanol series. 

Sections were pre-treated in boiling citrate buffer for 10 min, and 

blocking was done for 2 hours with 10% NGS in 1% BSA/TBS. Slides 

were incubated in a humidified chamber in primary antibody for 

amyloid-β (6E10) (mouse monoclonal; 1:200; BioLegend) overnight at 

4°C. Negative controls were incubated in 1% BSA with mouse IgG as 

the primary antibody (Cell Signaling). Following a 15-minute blocking 

in 3% hydrogen peroxide, sections were incubated in biotinylated anti-

mouse secondary antibody (1:200, Vector Labs) for 1 hour at room 

temperature, followed by Vectastain Elite ABC Reagent (Vector Labs) 

for another 30 minutes. Primary and secondary antibodies as well as 

ABC reagent were diluted in 1% BSA/TBS. Sections were developed 

in DAB (Vector Labs) for 30 seconds to 3 minutes with monitoring. 

Slides were counterstained using Mayer’s hematoxylin for 60 seconds 

and stained blue with 0.2% lithium carbonate for 20 seconds. In 

between each step of immunohistochemistry, sections were rinsed 
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using distilled water or TBSTX (pH 7.4). Negative controls were 

incubated in 1% BSA with no primary antibody. Sections were 

dehydrated in an alcohol series and cleared with xylene, coverslipped, 

and dried overnight. Slides were imaged at 2X, 20X, and 60X on a 

Keyence BZ-X710 All-in-One Fluorescent Microscope (Keyence). 

Densitometric analysis was performed using 2X images and ImageJ 

software. 

 

Aβ ELISA 

Frozen mouse forebrain samples were sonicated as previously 

described (Ma et al., 2014). Samples were centrifuged at 16,000 x g 

for 20 min at 4 ºC, and supernatant was collected for ELISA. Aβ 1-42 

(Thermo Fisher Scientific) and Aβ 1-40 (Thermo Fisher Scientific) 

ELISAs were performed according to the manufacturer’s instructions. 

96-well plates were read at 450 nm using an iMark™ microplate reader 

(Bio-Rad). 

 
Mouse behavioral assays 

Open field assay (OF) 

Mice were handled for at least five days prior to behavioral 

testing and habituated to the testing facility for an hour prior to 

experimentation. Animals were placed in an opaque plastic open field 

chamber (40 cm x 40 cm x 40 cm) and allowed to explore for 15 min. 

Time spent in the center and periphery of the chamber were measured 
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and calculated as a percent of total time. Distance moved and velocity 

were measured using Ethovision XT tracking software (Noldus 

Information Technology, Leesburg, VA). Data collection and analysis 

were performed blinded. 

 
Novel object recognition (NOR) 

 Mice underwent a 2-day familiarization protocol in which they 

were placed in an opaque, plastic arena (40 cm x 40 cm x 40 cm) with 

2 identical objects and allowed to explore for 5 minutes. Twenty-four 

hours after familiarization, animals were tested in the arena for 5 

minutes with one object replaced with a novel object. All objects were 

randomly assigned to mice, and placement of novel objects was 

counterbalanced. Time spent with each object was measured and 

calculated as a percentage of the total interaction time. Novel object 

preference of less than 50% indicates memory impairment. Time with 

objects was measured both manually and using EthoVision XT tracking 

software. Mice with a total interaction time of less than 10 seconds 

were excluded from analysis. Data collection and analysis were 

performed blinded. 

 
Morris Water Maze (MWM) 
 

Morris Water Maze was performed as previously described (Ma 

et al., 2013). Briefly, animals were trained to find an escape platform 

(10 cm diameter) submerged in an opaque pool of water (135 cm 
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diameter) surrounded by visuospatial cues. The escape platform was 

covered by 2 cm of water containing non-toxic white paint. Training 

consisted of 4 trials (60 s maximum, 15 min intertrial interval) per day 

for 5 consecutive days. Escape latency was measured each training 

day. A probe trial was performed 2 h following training on the fifth day. 

The visible platform task consisted of 4 trials per day for two 

consecutive days with the escape platform marked by a visible cue and 

moved randomly between four locations. Trajectories, time spent in 

each maze quadrant, velocity, and distance moved were recorded 

using Ethovision XT software. Data collection and analysis were 

performed blinded. 

 

Statistical analyses 

Data are presented as mean + SEM. Summary data are 

presented as group means with SE bars. For comparisons between 

two groups, a two- tailed independent Student’s t test was performed 

using Prism 6 statistics software (GraphPad Software, San Diego, CA). 

For comparisons between more than two groups, one-way ANOVA 

was used with Tukey’s post hoc tests for multiple comparisons. Error 

probabilities of p<0.05 were considered statistically significant. 

Results 

 
Knockout of eEF2K alleviates eEF2 hyper-phosphorylation without 

affecting amyloid pathology 
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  To investigate whether knockout of eEF2K could alleviate 

AD-associated hippocampal eEF2 hyper-phosphorylation, a genetic 

approach was used to completely suppress eEF2K activity in AD by 

crossing APP/PS1 AD model mice with homozygous eEF2K knockout 

mice (eEF2K-/-). Four genotype groups were generated including: WT, 

APP/PS1 (APP), eEF2K-/-, and APP/PS1/eEF2K-/- double mutant 

(APP/eEF2K-/-) (Fig. 1A). Consistent with previous studies 

(Beckelman et al., 2019), levels of eEF2 phosphorylation in 

hippocampal lysates were increased in APP mice compared to WT 

littermates (Fig. 1B-D). Knockout of eEF2K drastically reduced eEF2 

phosphorylation in APP mice (Fig. 1B and C) without affecting levels 

of total eEF2 (Fig. 1D).  

 To determine the effects of genetic eEF2K knockout on AD-

associated pathology, I first examined amyloid beta (Aβ) with an 

immunohistochemical approach and found similar levels of Aβ plaque 

deposition in the hippocampi of APP and APP/eEF2K-/- mice (Fig. 1E 

and F). I also utilized ELISA to measure levels of brain Aβ 1-40 and Aβ 

1-42 and found no differences between APP and APP/eEF2K-/- mice 

(Fig. 1G and H). Furthermore, genetic knockout of eEF2K did not affect 

levels of phosphorylated tau in APP and APP/eEF2K-/- mice (Fig. S1A-

C). Together, these findings suggest that genetic knockout does not 

affect AD-associated Aβ and tau pathology.  
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Genetic knockout of eEF2K alleviates cognitive deficits in APP/PS1 AD 

model mice 

  Next, I subjected the mice to a series of behavioral tasks to 

test learning and memory. First, I performed the open field (OF) task 

to assess baseline anxiety-like behavior and locomotor activity. I 

observed no significant differences among the four genotypes in OF 

performance, including time spent in the peripheral area, travel 

 

Figure 1. Genetic eEF2K knockout alleviates AD-associated eEF2 hyper-phosphorylation without 
affecting amyloid β (Aβ) pathology in APP/PS1 mice. A) Breeding schematic showing generation of 
APP/eEF2K-/- double mutant mice. B) Representative Western blot showing p-eEF2 and eEF2 levels in 
hippocampal lysates. C) Levels of phosphorylated eEF2 are significantly lower in eEF2K-/- mice than WT 
mice and are significantly lower in APP/eEF2K-/- mice than APP. (WT, n = 6; APP, n = 5; eEF2K-/-, n = 
4; APP/eEF2K-/-, n = 6). WT vs eEF2K-/-, *P < 0.0001; APP vs APP/eEF2K-/-, *p = 0.03, unpaired t tests. 
D) No differences in levels of total eEF2 were detected. E) Representative images of hippocampal plaque 
deposition in WT, APP, and APP/eEF2K-/- mice. Insets are shown at 60X magnification. Scale bars: 100 
μm (x20); 20 μm (x60). F) No differences in percentage of hippocampal area covered in amyloid plaques 
in APP (n = 10 sections), and APP/eEF2K-/- (n = 8) were detected. G) ELISA showed no differences in 
levels of Aβ 1-40 or H) Aβ 1-42 in APP and APP/eEF2K-/- forebrain tissue. (APP, n = 6; APP/eEF2K-/-, 
n = 6). 
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distance, and velocity (Fig. 2A, Fig. S2A and B). I then performed the 

novel object recognition (NOR) task to evaluate long-term recognition 

memory (Zimmermann et al., 2020). WT mice exhibited a preference 

for the novel over the familiar object (Fig. 2B). In contrast, APP mice 

did not show a preference for either object, indicating a cognitive deficit 

(Fig. 2B). Notably, both eEF2K-/- and APP/eEF2K-/- mice showed 

performance like WT mice, spending more time with the novel than the 

familiar objects (Fig. 2B). 

 I then used the hidden-platform Morris water maze (MWM) 

task to assess spatial learning and memory (Zimmermann et al., 2020). 

Both WT and eEF2K-/- mice exhibited normal learning and memory, 

indicated by marked day-to-day decreases in escape latency during 

the acquisition phase (Fig. 2C and D). APP mice demonstrated longer 

escape latency times, indicating a cognitive impairment (Fig. 2C and 

D). Importantly, impairments observed in APP mice were alleviated in 

the APP/eEF2K-/- mice, indicated by decreased escape latency, and 

there were no differences between APP/eEF2K-/- and WT mice on Day 

5 (Fig. 2C and D). Interestingly, I did not see any differences between 

the four genotypes in the target quadrant (TQO) assay during the 

MWM probe trial (Fig. 2E). Distance traveled and velocity of movement 

during the probe trial were not altered across the four genotypes (Fig. 

S2C and D). I also examined potential memory-independent effects of 

eEF2K knockout (e.g., swimming ability, vision, and motivation) 
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through the visible maze task. No differences in latency to locate the 

visible platform were observed across the genotypes (Fig. 2F). Taken 

together with the results of the NOR task, these results show that 

genetic eEF2K knockout prevents AD-associated cognitive deficits in 

APP AD model mice. 

 
 

Discussion 

 

 
Figure 2. Genetic suppression of eEF2K prevents AD-associated cognitive deficits in APP mice. A) 
Ratio time spent in periphery in the OF task. (WT, n = 17; APP, n = 9; eEF2K-/-, n = 10; APP/eEF2K-/-, n = 8). 
B) Ratio time spent with familiar (white) and novel (pink) objects in the NOR task during testing phase. (WT, 
n = 17; APP, n = 9; eEF2K-/-, n = 10; APP/eEF2K-/-, n = 8). Statistical preference for novel object: WT, *p = 
0.0002; APP, p = 0.822; eEF2K-/-, *p = 0.0014; APP/eEF2K-/-, *p < 0.0001, unpaired t tests. C) Discrimination 
Index [(time spent exploring novel object – time spent exploring familiar object) / total exploration time] (WT, 
n = 17; APP, n = 9; eEF2K-/-, n = 10; APP/eEF2K-/-, n = 8). WT versus APP, *p < 0.0001; APP versus eEF2K-

/-, *p < 0.0001; APP versus APP/eEF2K-/-, *p < 0.0001, 1-way ANOVA with Tukey’s post hoc test, F (3, 39) = 
18.66, *p < 0.0001. D) Escape latency (s) over 5 days of training in the hidden platform MWM. Four trials/day. 
(WT, n = 16; APP, n = 9; eEF2K-/-, n = 16; APP/eEF2K-/-, n = 9). WT versus APP, *p < 0.0001; APP versus 
APP/eEF2K-/-, *p = 0.04, 1-way ANOVA with Tukey’s post hoc test, F = 8.888. E) Escape latency (s) on day 
5 of MWM training. (WT, n = 16; APP, n = 9; eEF2K-/-, n = 16; APP/eEF2K-/-, n = 9). WT versus APP, *p < 
0.0001; APP versus APP/eEF2K-/-, *p = 0.04, 1-way ANOVA with Tukey’s post hoc test, F = 8.888. F) No 
differences in ratio time spent in target quadrant during probe trial phase of MWM were reported across the 
4 genotypes. (WT, n = 16; APP, n = 9; eEF2K-/-, n = 16; APP/eEF2K-/-, n = 9). G) Escape latency (s) over 2 
days in the visible maze task. (WT, n = 16; APP, n = 9; eEF2K-/-, n = 16; APP/eEF2K-/-, n = 9).  
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  Given the lack of disease-modifying treatments for AD, it is 

imperative we identify novel therapeutic targets based on solid 

mechanistic studies. With recent evidence suggesting AD is a disease 

of synaptic failure, the mechanisms underlying synaptic plasticity 

should be investigated in AD. Our lab previously reported that 

translation factor eEF2 is hyper-phosphorylated in hippocampal tissue 

taken from post mortem AD human and transgenic mouse brains 

(Beckelman et al., 2019). Partial genetic reduction of eEF2K activity 

led to improved AD-associated deficits in synaptic and cognitive 

performance, but some of the behavioral data revealed only a partial 

rescue (Beckelman et al., 2019).  

  Here, I show that genetic knockout of eEF2K led to a full 

restoration of performance in the NOR task and the acquisition phase 

of the MWM task. However, target quadrant occupancy (TQO) during 

the MWM probe trial did not show any improvement between APP and 

APP/eEF2K-/- mice. Interestingly, heterozygous knockdown of eEF2K 

had only a partial rescue in the acquisition phase of MWM, but 

improved performance in the probe trial as measured by TQO 

(Beckelman et al., 2019). Perhaps, total suppression of eEF2K activity 

may alleviate certain aging and AD-related impairments, but not 

others. 

  This finding is interesting as multiple studies have shown that 

animals with a knockout of eEF2K present as phenotypically “normal” 



79  

and do not behave differently than their wildtype littermates, 

suggesting the eEF2/eEF2K pathway is not critical for normal 

development and cellular survival (Ryazanov, 2002). Furthermore, 

mice with a genetic knockout of eEF2 outperform their littermates in 

cognitive tests when aged to over 20 months, and it has been 

suggested that genetic suppression of eEF2K activity confers a 

protective effect against age-related behavioral inflexibility (Gosrani et 

al., 2020; Yang et al., 2019).  

  The results of this study mirror those from another that found 

that eEF2K knockout mice exhibited normal learning in the MWM and 

auditory fear conditioning but showed impairments in contextual and 

trace fear conditioning paradigms (Heise et al., 2017). The same study 

shows that eEF2K knockout mice exhibit normal excitatory synaptic 

transmission, but inhibitory synaptic transmission is significantly 

increased, suggesting that eEF2K modulates the balance of excitatory 

and inhibitory activity. Together with previous findings from our lab, this 

suggests that total knockout may fully restore performance in certain 

behavioral tasks, but some eEF2K activity may be required for certain 

forms of long-term memory. Both studies provide promising 

implications for eEF2K as a pharmacological target for AD, but the 

balance of eEF2K activity would need to be considered. Currently, 

there are several available eEF2K antagonists, and future studies are 

warranted to determine whether pharmacological inhibition of eEF2 is 
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effective in treating AD-associated cognitive impairments (Liu and 

Proud, 2016). 

  In summary, this study expands upon previous work from our 

lab exploring genetic manipulation of eEF2K activity. Here, I confirmed 

previous studies that show eEF2K suppression confers a protective 

effect against cognitive deficits in aged mice, specifically AD model 

mice (Gosrani et al., 2020; Beckelman et al., 2019). Genetic knockout 

of eEF2K restored behavioral performance to wildtype levels in the 

NOR and MWM tasks independently of Aβ and tau pathology. 

However, I did not see any improvements in TQO, suggesting a role 

for eEF2K in some capacity for certain types of memory. Taken 

together with our previous studies, the eEF2/eEF2K pathway may be 

an alluring target for novel pharmacological interventions for AD, but 

the level to which eEF2K is inhibited to produce a therapeutic effect 

will need to be further explored.
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Abstract 
 

It is imperative to develop novel therapeutic strategies for Alzheimer’s 

disease (AD) and related dementia syndromes based on solid 

mechanistic studies. Maintenance of memory and synaptic plasticity 

relies on de novo protein synthesis, which is partially dysregulated by 

phosphorylation of eukaryotic elongation factor 2 (eEF2) via its kinase 

eEF2K. Abnormally increased eEF2 phosphorylation and impaired 

mRNA translation have been linked to AD. Our lab recently reported 

that prenatal genetic suppression of eEF2K can prevent aging-related 

cognitive deficits in AD model mice, suggesting the therapeutic 

potential of targeting eEF2K/eEF2 signaling in AD. Here I tested two 

structurally distinct small molecule eEF2K inhibitors (NH125 and A-

484954) in two different lines of AD model mice after onset of cognitive 

impairments. Our data revealed that treatment with eEF2K inhibitors 

improved AD-associated synaptic plasticity impairment and cognitive 

dysfunction without altering brain amyloid β (Aβ) and tau pathology. 

Furthermore, eEF2K inhibition alleviated AD-associated defects in 

dendritic spine morphology, postsynaptic density formation, protein 

synthesis, and dendritic polyribosome assembly. Our results may offer 

critical therapeutic implications for AD, and the proof-of-principle study 

indicates translational implication of inhibiting eEF2K for AD and 

related dementia syndromes.
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Introduction 

 

Alzheimer’s disease (AD) is an aging-related multifactorial 

neuronal disease characterized by dementia syndrome and distinct 

neuropathology including beta-amyloid (Aβ) deposits and tau tangles 

(Alz. Association, 2019). Currently, there is no effective intervention for 

curing AD, and completed clinical trials to date have seen limited 

success in identifying a viable disease-modifying strategy (Herrup, 

2015). The underlying mechanism of the disease remains unclear, so 

investigation of molecular signaling pathways that go awry in AD may 

shed light on novel therapeutic strategies and diagnostic biomarkers 

for this devastating disease. A substantial body of evidence 

demonstrates that long-lasting forms of memory and synaptic plasticity 

require de novo protein synthesis (mRNA translation) (Klann & Dever, 

2004; Costa-Mattioli et al., 2009). Previous studies have shown 

impaired translational capacity and ribosomal function in the brains of 

human AD patients (Klann & Dever, 2004; Ma & Klann, 2012; Walsh & 

Selkoe, 2004; Selkoe, 2002), and recent works indicate that protein 

synthesis impairments may contribute to cognitive deficits in 

neurodegenerative diseases including AD, prion disease, and 

frontotemporal dementia (Ma et al., 2013; Beckelman et al., 2016; Ma 

et al., 2014). 

Protein synthesis takes place in 3 phases: initiation, elongation, 

and termination. Numerous studies have focused on the initiation 
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process, as it is usually considered the rate-limiting step during protein 

synthesis (Browne & Proud, 2002). Meanwhile, more than 95% of the 

energy and amino acids consumed during mRNA translation are used 

in the elongation phase (Browne & Proud, 2002; Kenney et al., 2014). 

Consistently, the elongation process is subject to tight control in 

modulation of protein synthesis during cellular responses to nutrient 

and energy deficiency, which has been linked to multiple 

neurodegenerative diseases (Lin & Beal, 2006; Ma & Klann, 2012; 

Wang et al., 2019). Further, low mRNA translational capacity in 

neuronal dendrites would require upregulation of both initiation and 

elongation processes to meet the need of new protein synthesis 

associated with maintenance of memory and synaptic plasticity (Sutton 

& Schuman, 2006). One critical mechanism regulating elongation 

involves eukaryotic elongation factor 2 (eEF2), which mediates the 

translocation step of elongation, catalyzing movement of tRNA from 

the ribosomal A-site to the P-site via GTP hydrolysis (Proud, 2015). 

Phosphorylation of eEF2 at Thr56 by its only known kinase eEF2K, 

disrupts peptide chain growth and consequently represses general 

protein synthesis (Proud, 2015; Ryazanov & Davydova, 1989). 

Previous work has demonstrated abnormal hyper-phosphorylation of 

eEF2 in post mortem brain tissue from AD patients and in the brains of 

AD mouse models (Ma et al., 2014; Jan et al., 2017). Further, we 

recently showed that reduction of eEF2K/eEF2 signaling through 
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prenatal genetic manipulation improved translational capacity and 

prevented development of aging-related cognitive deficits in AD model 

mice (Beckelman et al., 2019). Based on these findings, I hypothesized 

that pharmacological inhibition of eEF2K/eEF2 signaling is of 

therapeutic benefit for AD. Here, I tested the hypothesis by applying 

two structurally distinct small-molecule antagonists of eEF2K after 

onset of cognitive deficits in two lines of AD model mice. I took a 

multidisciplinary approach to determine the effects of the eEF2K 

inhibitors on multiple aspects of AD pathophysiology. My findings may 

have critical implications for AD and other aging-related dementia 

syndromes. 

 

Materials & Methods 
 

Mice 
 

All mice were housed at the Wake Forest School of Medicine 

barrier facility under the supervision of the Animal Research Program. 

The facility operates in accordance with standards and policies of the 

US Department of Agriculture’s Animal Welfare Information Center 

(AWIC) and the NIH Guide for Care and Use of Laboratory Animals. 

Mice adhered to a 12-hour light/12-hour dark cycle, with regular 

feeding, cage clearing, and 24-hour food and water access. Mice had 

up to 4 cage companions. Both male and female mice were used for 

experimentation. APP/PS1 mice were purchased from the Jackson 

Laboratory and expressed human transgenes for APP (KM670/671NL) 
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and presenilin-1 (PSEN1 L166P) (Radde et al., 2006). Briefly, 

Tg19959 mice overexpress mutant human amyloid precursor proteins 

(APP KM670/671NL, V717F) (Chishti et al., 2001). Breeders of 

Tg19959 AD model mice were a gift from Dr. George Carlson of 

McLaughlin Research Institute (Great Falls, Montana, USA). All 

genotyping was done by PCR. Tg19959 cohorts underwent all 

experimental protocols at 6 to 9 months of age, while APP/PS1 cohorts 

were evaluated at 12 to 16 months of age (Radde et al., 2006; Chishti 

et al., 2001). In total, 162 mice were used for experimentation, and the 

number of mice per group are as follows: (for NH125 experiments) WT 

+ Veh: 12; APP + Veh: 15; WT + NH125: 8; APP + NH125: 12; (for Tg 

+ AG experiments) WT + Veh: 22; Tg + Veh: 20; WT + AG: 21; Tg + 

AG: 16; (for APP + AG experiments) WT + Veh: 14; APP + Veh: 7; WT 

+ AG: 10; APP + AG: 7. In total, 5 mice were found dead over the 

course of experimentation, 3 showed signs of infection at injection site 

or were wounded by cage mates, and 3 were excluded based off of 

behavioral exclusion criteria. No sample size calculation was 

performed, but sample sizes were based off previous studies of a 

similar nature. Animals were sorted into groups and randomized via 

block randomization to keep sizes of treatment groups similar. Based 

off the number of either wildtype or AD model mice available, animals 

were randomly sorted into treatment groups. After injections or pellet 

placement, experimenters were blinded to treatment condition during 
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experimentation. Behavioral experiments occurred in late morning to 

early afternoon. Animals were monitored for health and euthanized via 

cervical dislocation with secondary decapitation, and a minimum 

number of animals was used in order to meet statistical significance. 

Primary endpoint was after behavior has been finished and within the 

30 days of AG pellet placement. 

A-484954 treatment 

 A-484954 (Millipore, catalog 324516-10MG) was sent to 

Innovative Research of America (Sarasota, Florida), where pellets 

were manufactured. Pellets were stored at room temperature. Mice 

were anesthetized using isoflurane in the “SomnoSuite” anesthesia 

system (Kent Scientific), and sedation of mice were measured with a 

paw pinch. Induction of anesthesia was achieved using 4% isoflurane, 

and maintenance was achieved using 2% isoflurane. Isoflurane was 

utilized because of its efficacy in quickly sedating mice and for its quick 

recovery period. Once mice were adequately sedated, a pellet 

containing either A-484954 or vehicle was placed into a 10-gauge 

trochar. Pellets contained 2.625 mg, a dose previously established to 

induce effects on eEF2K in mice (Kameshima et al., 2015), of either A-

484954 or vehicle. The pellet dissolved over 30 days. The skin was 

pierced with the trochar, and the pellet was placed subcutaneously. 

Antibiotic ointment was applied to injection site following pellet 

placement to avoid infection. No postoperative analgesics were 
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administered, as the injection site was relatively small, and mice did 

not show signs of pain or distress following pellet placement. Following 

placement, mice were monitored for negative side-effects of the drug 

and to ensure lack of injury from surgery. Two weeks after placement, 

behavior tasks began. 

 

Mouse behavioral assays 

Open Field (OF) 

        Mice were handled for at least 5 days prior to behavioral testing 

and habituated to the testing facility for an hour prior to 

experimentation. Animals were placed in an opaque plastic OF 

chamber (40 cm x 40 cm x 40 cm) and allowed to explore for 15 

minutes. Time spent in the center and periphery of the chamber was 

measured and calculated as a percentage of total time. Distance 

moved and velocity were measured using Ethovision XT Tracking 

Software (Noldus Information Technology). Mice were excluded if they 

did not swim or exhibited freezing behavior for the duration of the task. 

Data collection and analysis were performed blinded. 

 

Novel object recognition (NOR) 

        Mice underwent a 2-day familiarization protocol in which they 

were placed in an opaque plastic arena (40 cm x 40 cm x 40 cm) with 

two identical objects and allowed to explore for 5 minutes. 24 hours 
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after familiarization, animals were tested in the arena for 5 minutes with 

one object replaced with a novel object. All objects were randomly 

assigned to mice, and placement of novel objects was 

counterbalanced. Time spent with each object was measured and 

calculated as a percentage of the total interaction time. Novel object 

preference of less than 50% indicates memory impairment. Time with 

objects was measured both manually and using EthoVision XT 

Tracking Software. Mice with a total interaction time of less than 10 

seconds were excluded from analysis. Data collection and analysis 

were performed blinded. 

 

Morris Water Maze (MWM) 

       Morris Water Maze was performed as previously described (Ma 

et al., 2013). Briefly, animals were trained to find an escape platform 

(10 cm diameter) submerged in an opaque pool of water (135 cm 

diameter) surrounded by visuospatial cues. The escape platform was 

covered by 2 cm of water containing non-toxic white paint. Training 

consisted of 4 trials (60 s maximum, 15 min intertrial interval) per day 

for 5 consecutive days. Escape latency was measured each training 

day. A probe trial was performed 2 h following training on the fifth day. 

The visible platform task consisted of 4 trials per day for two 

consecutive days with the escape platform marked by a visible cue and 

moved randomly between four locations. Trajectories, time spent in 
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each maze quadrant, velocity, and distance moved were recorded 

using Ethovision XT software. Data collection and analysis were 

performed blinded. 

 

Western blot assay 

        Mouse hippocampal tissue was flash-frozen on dry ice and 

sonicated as previously described (Zimmermann et al., 2018) in lysis 

buffer with protease and phosphatase inhibitors. Samples containing 

equal amounts of protein lysate were loaded on 4%-12% Tris-glycine 

SDS-PAGE (Bio-Rad) gels for standard gel electrophoresis. Following 

transfer, nitrocellulose membranes were blocked for 10 minutes in 

SuperBlock TBS Blocking Buffer (Thermo Fischer Scientific). All 

primary and secondary antibodies were diluted in 5% milk/TBST or 5% 

BSA/TBST. Blots were probed with primary antibodies for phospho-

eEF2 (Thr56) (1:1000, Cell Signaling Technology, catalog 2331), eEF2 

(1:1000, Cell Signaling Technology, catalog 2332), phospho-tau 

(Ser396) (1:1000, Thermo Fischer, catalog 44-752G), ), tau (1:1000, 

Sigma-Aldrich, catalog T5530), phospho-p70 S6 Kinase (1:1000, Cell 

Signaling Technology, catalog CS9204), p70 (1:1000, Cell Signal, 

catalog 2708) , phospho-eIF2a (Ser51) (1:1000, Cell Signaling 

Technology, catalog CS3398), eIF2a (1:1000, Cell Signaling 

Technology, catalog CS9722), phospho-AMPKa (Thr172) (1:1000, 

Cell Signaling Technology, catalog CS2535), AMPKa (1:1000, Cell 
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Signaling Technology, catalog CS5832), phospho-mTOR (Ser2448) 

(1:1000, Cell Signaling Technology, catalog CS5536), phospho-mTOR 

2481 (1:1000, Cell Signaling Technology, catalog CS2974), mTOR 

(1:1000, Cell Signaling Technology, catalog CS2983), β-actin 

(1:10,000, MilliporeSigma, catalog A2228), GAPDH (1:10,000, Cell 

Signal, catalog 2118). Following primary antibody incubation, blots 

were then exposed to secondary antibodies, either goat anti-rabbit IgG 

(H+L)-HRP conjugate (1:5000, Bio-Rad, catalog 170-6515) or goat 

anti-mouse IgG (H+L)-HRP conjugate (1:5000, Bio-Rad, catalog 170-

6516). Proteins were visualized using the ChemiDoc Imaging System 

(Bio-Rad). Densitometric analysis was performed using ImageJ 

software (NIH). Phospho-proteins were normalized to levels of total 

protein, and total proteins were normalized using housekeeping 

protein GAPDH. 

 

High performance liquid chromatography 

  Tissue samples were weighed into homogenization tubes 

(Thermo Fisher Scientific, Waltham, MA, USA) containing 1.4 mm 

ceramic beads and homogenized after the addition of 500 μL of 

methanol (Optima, Thermo Fisher Scientific, Waltham, MA, USA) 

using a Bead Ruptor 24 (OMNI International, Kennesaw, Georgia). 

The homogenates were then centrifuged at 16,000 x g for 15 minutes. 

The resulting supernatant was removed and dried under vacuum 
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before being reconstituted in 5% acetonitrile in water (Optima, Thermo 

Fisher Scientific, Waltham, MA, USA) for LC-MS/MS analysis. 

  Samples were analyzed using a Shimadzu Nexera UHPLC 

coupled with a Shimadzu LCMS 8050 triple quadrupole mass 

spectrometer (Shimadzu, Kyoto, Japan). Ionization in the DUIS source 

used the following parameters: nebulizing gas flow of 2 L/min, heating 

gas flow of 10 L/min, interface temperature of 350°C, DL temperature 

of 200°C, heat block temperature of 400°C, and a drying gas flow of 

10 L/min. A484954 was monitored using the following MRM 

transitions: 290.10 > 273.10, 202.10, 219.10. The 290.10 > 271.10 

transition was used for analyte quantification and the other transitions 

were monitored as references. Samples were quantified using a 

standard curve created using a genuine standard. LabSolutions data 

review software (Version 5.72; Shimadzu, Kyoto, Japan) was used for 

processing data. 

  A484954 was retained on a Zorbax C18 (100 x 2.1 mm, 1.8 

µm; Agilent, Santa Clara, CA USA) and eluted with a flow rate of 0.4 

ml/minute and mobile phases consisting of 0.1% formic acid for mobile 

phase A and acetonitrile for mobile phase B. The mobile phase 

gradient began at 5% B and held there for 0.75 minutes. The gradient 

was then increased to 95% B at 6.0 minutes. This percentage was held 

for 1.5 minutes before being decreased to 5% B at 8.0 minutes and 

then held at that final percentage until 10.0 minutes. 
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Mouse tissue immunohistochemistry 

        Following euthanasia via cervical dislocation, mouse brains 

were hemisected and fixed overnight in ice-cold PFA and transferred 

to 70% EtOH. Paraffin embedding was performed by Wake Forest 

Pathology core service. Paraffin-embedded sections (5 μm) mounted 

on charged slides were cleared in xylene and rehydrated in a graded 

ethanol series. Antigen retrieval used citrate buffer (pH 6.0) in a 

standard 10-minute microwave procedure. Blocking was done for 2 

hours with 10% NGS in 1% BSA/TBS. Slides were incubated in a 

humidified chamber in primary antibody for amyloid-β (6E10) (1:200) 

overnight at 4°C. Following a 15-minute blocking in 3% hydrogen 

peroxide, sections were incubated in biotinylated anti-mouse 

secondary antibody (1:200, Vector Labs) for 1 hour at room 

temperature, followed by Vectastain Elite ABC Reagent (Vector Labs, 

catalog PK-6100) for another 30 minutes. Primary and secondary 

antibodies as well as ABC reagent were diluted in 1% BSA/TBS. 

Sections were developed in ImmPACT DAB Substrate Kit, Peroxidase 

(Vector Labs, catalog SK-4105) for 30 seconds to 3 minutes with 

monitoring. Slides were counterstained using Mayer’s hematoxylin for 

60 seconds and stained blue with 0.2% lithium carbonate for 20 

seconds. In between each step of immunohistochemistry, sections 

were rinsed using distilled water or TBSTX (pH 7.4). Negative controls 
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were incubated in 1% BSA with no primary antibody. Sections were 

dehydrated in an alcohol series and cleared with xylene, coverslipped, 

and dried overnight. Imaging was performed using BZ-X710 All-in-One 

Fluorescent Microscope (Keyence). 

 

Aβ ELISA 

        Frozen mouse forebrain samples were sonicated as previously 

described (Ma et al., 2014). Samples were centrifuged at 16,000 g for 

20 minutes at 4°C. The supernatant was collected for ELISA. Aβ 1-42 

(Thermo Fischer Scientific, catalog KMB3441) and Aβ 1-40 (Thermo 

Fischer Scientific, catalog KMB3481). ELISAs were performed 

according to the manufacturer’s instructions. Ninety-six-well plates 

were read at 450 nm using an iMark microplate reader (Bio-Rad). 

 

SUnSET assay 

        Acute 400 μm transverse hippocampal slices were prepared 

using a Leica VT1200S vibratome as described previously (Ma et al., 

2014). Slices were maintained before experimentation at room 

temperature for at least 2 hours in ACSF containing the following (in 

mM): 118 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.25 NaH2PO4, and 

15 glucose, bubbled with 95% O2 / 5% CO2. Slices were incubated in 

puromycin (1 μg/ml) for 1 hour at 32°C in bubbling ACSF. Slices were 

then flash-frozen on dry ice, and area CA1 was microdissected for 
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Western blot analysis. Puromycin-labeled proteins were identified 

using the mouse monoclonal antibody (1:10,000, Millipore, catalog 

MABE343). Protein synthesis levels were determined by analyzing 

total lane density from 10 kDa to 250 kDa. Densitometric analysis was 

performed using ImageJ software (NIH). 

 

Mass spectrometry-based proteomic analysis 

        Whole prefrontal cortices were flash-frozen on dry ice, 

dissected in ice-cold PBS, and lysed in 500 μL of PBS with 

protease/phosphatase inhibitors using a Bead Mill Homogenizer (Bead 

Ruptor, Omni International); 500 μL of 2X RIPA buffer was added, and 

the mixture was incubated on ice for 30 minutes before centrifugation 

at 18,000 g for 10 minutes. The protein concentration was measured 

in the supernatant, and 50 μg of protein was subjected to tryptic 

digestion. 

Reducing alkylation was performed in the presence of 10 mM 

dithiothreitol and 30 mM iodoacetamide. Four times the sample volume 

of cold acetone was added to the tube containing the 50 μg of protein 

followed by incubation at -20°C overnight. The samples were 

centrifuged at 14,000 g for 10 minutes to obtain pellet, which was 

resuspended in 50 mM ammonium bicarbonate; 1 μg of sequencing-

grade modified trypsin was added (1:50 enzyme to substrate) and 

incubated at 37°C overnight. The tryptic digest was purified using a 
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C18 desalting spin column and then prepared in 5% (v/v) acetonitrile 

containing 1% (v/v) formic acid for liquid chromatography-tandem MS 

(LC-MS/MS) analysis. 

  Samples were analyzed on a Orbitrap Velos Pro Mass 

Spectrometer (Thermo Scientific, Waltham, MA) coupled with a Dionex 

Ultimate3000 nano-UPLC system (Thermo Scientific, Waltham, MA). 

An Acclaim PepMap 100 (C18, 5 μm, 100 Å, 100 μm x 2 cm) trap 

column and an Acclaim PepMap RSLC (C18, 2 μm, 100 Å, 75 μm x 50 

cm) analytical column were employed for peptide separation. MS 

spectra were acquired by data dependent scans consisting of MS/MS 

scans of the ten most intense ions from the full MS scan with dynamic 

exclusion option enabled for 30 seconds. Spectra were searched using 

Sequest HT algorithm within the Proteome Discoverer v2.5 (Thermo 

Scientific, Waltham, MA) in combination with the combined UniProt 

mouse protein FASTA (16,747 annotated entries, Dec 2015). For 

relative quantitation, protein abundance was assessed by label free 

quantification where total peak intensities of identified peptides were 

measured and normalized to the total ion current. Search parameters 

were as follows; FT-trap instrument, parent mass error tolerance of 10 

ppm, fragment mass error tolerance of 0.6 Da (monoisotopic), variable 

modifications of 16 Da (oxidation) on methionine and fixed modification 

of 57 Da (carbamidomethylation) on cysteine.  

  Normalized peak intensity (protein abundance) was analyzed 
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for relative comparison of all samples. Using R coding software, 1-way 

ANOVA was performed for each protein reported, and those with 

general significance were further investigated. Tukey’s post hoc tests 

were performed, and the final proteins chosen had to meet two criteria: 

(1) significant difference between WT + Veh and Tg + Veh and (2) 

significant difference between Tg + Veh and Tg + AG. The proteins 

that matched these criteria were then entered into the UniProt online 

database (https://www.uniprot.org/) to determine functional category of 

each protein.  

 

Transmission electron microscopy (TEM) 

        Brains were removed, and 1 mm thick transverse slices were 

cut using a Leica VT1200S vibratome. The CA1 was dissected and 

immediately fixed in 2.5% glutaraldehyde/1% paraformaldehyde in 

0.1M Millonig’s phosphate buffer (pH 7.3) overnight. The samples were 

washed in buffer and post-fixed with 1% osmium tetroxide in 

phosphate buffer for 1 hour. After washing, samples were dehydrated 

through a graded series of ethanol solutions. For preparation of resin 

infiltration, the samples were incubated in propylene oxide for two 15-

minute changes. Finally, the samples were gradually infiltrated with 

1:1, 1:2, and pure solutions of Spurr’s resin and cured in a 70°C oven 

overnight. Sections of 90 nm were obtained with a Reichert-Jung Ultra-

cut E ultramicrotome, stained with lead citrate and uranyl acetate, and 
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viewed with a Tecnai Spirit transmission electron microscope 

operating at 80 kV (FEI Co.). Images were obtained with a 2Vu CCD 

camera (Advanced Microscopy Techniques) at 11,000. Analysis for 

PSDs and polyribosomes was performed as previously described 

(Beckelman et al., 2019). Imaging and analysis were done blinded to 

animal groups. 

 

Golgi-Cox stain and spine morphology analysis 

        Brains were processed using the FD Rapid GolgiStain Kit in 

accordance with the manufacturer’s instructions (FD 

Neurotechnologies, catalog PK401). Transverse sections (100 μm) 

were made using a Leica VT1200S vibratome and mounted onto 

gelatin-coated slides. Development was performed according to kit 

instructions. Sections were dehydrated through a graded ethanol 

series and cleared in xylene. Slides were coverslipped with Vecta-

Mount Permanent Mounting Medium (Vector Labs, catalog H-5000) 

and imaged at x100 on a Keyence BZ-X710 microscope. Area CA1 

stratum radiatum apical dendrites were quantified. For spine analysis, 

images were blinded, and spines were manually counted and sorted 

as previously described (Risher et al., 2014). 

 

Hippocampal slice preparation and electrophysiology 

Acute 400 μm transverse hippocampal slices were prepared 
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using a Leica VT1200S vibratome (Wetzlar, Germany), as previously 

described (Zimmermann et al., 2018). Slices were maintained before 

experimentation at room temperature for at least 2 hours in artificial 

cerebrospinal fluid (ACSF) containing the following (in mM): 118 NaCl, 

3.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.35 NaH2PO4, and 15 glucose, 

bubbled with 95% O2/5% CO2. For electrophysiology, monophasic, 

constant-current stimuli (100 μs) was delivered with a bipolar silver 

electrode placed in the stratum radiatum of area CA3. Field excitatory 

post-synaptic potentials (fEPSPs) were recorded using a glass 

microelectrode from the stratum radiatum of area CA1. Long-term 

potentiation (LTP) was induced using high-frequency stimulation 

consisting of two 1-sec 100 Hz trains separated by 60 secs, each 

delivered at 70-80% of the intensity that evoked spiked fEPSPs. Data 

collection and analysis were not performed blinded. 

 

NH125 treatment 

       NH125 (Millipore, catalog 324515-5MG) stock solution was 

prepared in DMSO to its final concentration of 1 M before use. NH125 

was stored at -20°C. For injections, stock NH125 was diluted in PBS 

to a final concentration of 1 mM. Mice were weighed before injection 

to ensure a dosage of 1 mg/kg. Mice were injected intraperitoneally 

with either NH125 or PBS with an equivalent amount of DMSO on an 

established dosing schedule (Arora et al., 2004) over 11 days as 



104  

follows: Day 1, Day 4, Day 6, Day 8, and Day 11. Mice were monitored 

for negative side-effects of the drug and injuries from injections. 

 

Statistical analysis 

        Data are presented as a mean + SEM. Summary data are 

presented as group means with SE bars. For comparisons between 2 

groups, a 2-tailed independent Student’s t test was performed using 

Prism 9 software (GraphPad Software). Two-tailed paired t tests were 

performed for within-group analyses. For comparisons among more 

than 2 groups, 1-way ANOVA was used with Tukey’s post hoc tests for 

multiple comparisons. 2-way ANOVA was utilized with Tukey’s post 

hoc tests when investigating for an interaction effect of genotype and 

treatment condition. Grubb’s test for outliers was performed on data, 

and any data points identified as significant outliers were excluded. 

Error probabilities of p < 0.05 were considered statistically significant 

unless otherwise noted. 

 

Study approval 

        All protocols involving animals were approved by the 

Institutional Animal Care and Use Committee of Wake Forest 

University School of Medicine (animal protocol number A21-112).  

 

Results 
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Treatment with eEF2K inhibitor A-484954 rescues cognitive deficits in 

AD model mice 

To investigate potential therapeutic effects of eEF2K inhibition 

on AD-associated cognitive deficits, I treated aged APP/PS1 AD model 

mice (referred to as APP mice hereafter) and littermate wildtype (WT) 

mice with A-484954 (referred to hereafter as AG), a selective small-

molecule eEF2K antagonist (Chen et al., 2011). Following a treatment 

dose previously reported (Kameshima et al., 2015), AG was applied 

for two weeks by using subcutaneous pellets containing the inhibitor or 

vehicle (Fig. 1A). The mice were then subjected to a series of 

behavioral tasks to assess cognitive function. First was the open field 

(OF) task to assess baseline anxiety-like behavior and general 

locomotor activity. I observed no significant differences among the four 

treatment groups in OF including ratio time spent in the peripheral area 

of the arena and velocity of movement (Fig. 1B, Fig. S1B). APP mice 

treated with AG exhibited higher rates of locomotion than WT mice 

treated with vehicle or AG in the OF task (Fig. S1A). Next, was the 

novel object recognition (NOR) task to evaluate long-term recognition 

memory (Zimmermann et al., 2020). WT mice treated with either 

vehicle or AG exhibited a preference for the novel object over the 

familiar object (Fig. 1C). In contrast, the APP mice treated with vehicle 

spent more time with the familiar than the novel object, indicating a 

cognitive deficit (Fig. 1C). I also performed a discrimination index on 
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the NOR data: [(time spent with novel object – familiar object) / total 

time]. APP mice treated with vehicle had a significantly lower 

discrimination index than WT mice treated with either vehicle or AG, 

as well as APP mice treated with AG (Fig. 1D).   
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 Figure 1. Treatment with eEF2K inhibitor A-484954 (AG) rescues cognitive deficits in APP/PS1 and 
Tg19959 AD model mice. A) Treatment schematic showing placement of pellet containing AG or vehicle 
and subsequent behavioral tasks. B) Ratio of time spent in the periphery for the OF test. (WT + Veh, n = 
12 mice; APP + Veh, n = 6 mice; WT + AG, n = 8 mice; APP + AG, n = 7 mice). 1-way ANOVA, F (3, 26) 
= 1.162, p = 0.3430. C) Ratio of time spent with familiar (white) and novel (blue) objects in the NOR task 
during the testing phase. Preference of less than 0.5 indicates cognitive impairment. (WT + Veh, n = 12 
mice; APP + Veh, n = 6; WT + AG, n = 8 mice; APP + AG, n = 7 mice). Statistical preference for novel or 
familiar object: WT + Veh, *p < 0.0001, t = 7.142, df = 22; APP + Veh, *p = 0.0107, t = 3.132, df = 12; WT 
+ AG, *p = 0.0002, t = 5.043, df = 14; APP + AG, *p < 0.0001, t = 7.650, df = 12, unpaired t tests. D) 
Discrimination index [(time spent exploring novel object – time spent exploring familiar object) / total 
exploration time]. 2-way ANOVA with Tukey’s post hoc test. Interaction, F (1, 29) = 8.713, p = 0.0062; 
Treatment, F (1, 29) = 10.42, p = 0.0031; Genotype, F (1, 29) = 7.275, p = 0.0115. (E) Ratio of time spent 
in the periphery for the OF test (WT + Veh, n = 11 mice; Tg + Veh, n = 10 mice; WT + AG, n = 13 mice; Tg 
+ AG, n = 10 mice). 1-way ANOVA, F (3,39) = 2.053, p = 0.1223. (F) Ratio of time spent with familiar (white) 
and novel (purple) objects in the NOR task during the testing phase. Preference of less than 0.5 indicates 
cognitive impairment. (WT + Veh, n = 6 mice; Tg + Veh, n = 6 mice; WT + AG, n = 6 mice; Tg + AG, n = 9 
mice). Statistical preference for novel or familiar object: WT + Veh, *p < 0.0001; Tg + Veh, p = 0.2753; WT 
+ AG, *p < 0.0001; Tg + AG, *p < 0.0001, unpaired t tests. (G) Discrimination Index. 2-way ANOVA with 
Tukey’s post hoc test. Interaction, F (1, 23) = 7.311, p = 0.0127; Treatment, F (1, 23) = 11.28, p = 0.0027; 
Genotype, F (1, 23) = 7.831, p = 0.0102. (H) Escape latency (s) over 5 days of training in the hidden 
platform MWM. Four trials/day, 5 days. (WT + Veh, n = 13 mice; Tg + Veh, n = 11 mice; WT + AG, n = 16 
mice; Tg + AG, n = 12 mice. 1-way ANOVA with Tukey’s post hoc test. F (3, 48) = 24.08, p < 0.0001. (I) 
Escape latency on day 5 of MWM training. 1-way ANOVA with Tukey’s post hoc test, F (3, 48) = 24.08, p 
< 0.0001 (J) Ratio of time spent in target quadrant during probe trial phase of MWM task. (WT + Veh, n = 
13 mice; Tg + Veh, n = 11 mice; WT + AG, n = 16 mice; Tg + AG, n = 12 mice). 2-way ANOVA revealed 
significant interaction between genotype and treatment group, F (1,47) = 4.893, p = 0.0319; Tg + Veh 
versus Tg + AG, p = 0.1478 with Tukey’s post hoc test. Box and whisker plots represent the interquartile 
range, with the line across the box indicating the median. Whiskers show the highest and lowest values 
detected (K) Escape latency (s) over 2 days in the visible maze task. (WT + Veh, n = 13 mice; Tg + Veh, 
n = 11 mice; WT + AG, n = 16 mice; Tg + AG, n = 12 mice). Tg + Veh mice took longer to find the platform 
than the other treatment groups on both days. Day 1, 1-way ANOVA with Tukey’s post hoc test, F (3, 30) 
= 4.756, p = 0.0079. Day 2, 1-way ANOVA with Tukey’s post-hoc test, F (3,30) = 4.023, p = 0.0161. Error 
bars represent + SEM. 
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I further examined whether the rescuing effects of eEF2K 

inhibition described above can be replicated in a different rodent model 

of AD. Thus, I applied the AG compound or vehicle to Tg19959 

(referred to as Tg hereafter) AD model mice (Chishti et al., 2001). I did 

not observe any differences among the four treatment groups in the 

OF task for time spent in periphery or distance moved (Fig. 1E, Fig. 

S1D). I did observe that Tg mice treated with AG had a higher velocity 

of movement than WT mice treated with AG (Fig. S1E). Consistent with 

the results from the experiments with the APP mice, impairments of 

recognition memory displayed in Tg mice (assessed by NOR test) were 

significantly improved with AG treatment (Fig. 1F). It is worth 

mentioning that Tg mice treated with vehicle, unlike vehicle-treated 

APP mice, did not spend more time with familiar objects, which might 

be due to aging effects (see method section). Tg mice treated with 

vehicle had a significantly lower discrimination index than WT mice 

treated with either vehicle or AG and Tg mice treated with AG (Fig. 

1G). Further, I used the hidden-platform Morris water maze (MWM) 

task to assess the performance of spatial learning and memory 

(Zimmermann et al., 2020). Compared to WT mice treated with vehicle 

or AG, Tg mice treated with vehicle exhibited longer escape latency 

times, indicative of a cognitive impairment (Fig. 1H and I). Importantly, 

impairments of spatial learning and memory associated with Tg mice 

were alleviated by treatment with AG, as indicated by decreased 
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escape latency (Fig. 1H and I). Target quadrant occupancy (TQO) 

during the probe trial was not significant between groups, but a 

significant interaction effect between genotype and treatment condition 

was observed (Fig. 1J). Distance traveled during the probe trial of 

MWM was not altered across all groups (Fig. S1F). Tg mice treated 

with vehicle moved at a higher velocity than WT mice treated with 

vehicle, but no other significant differences were reported (Fig. S1G). 

Additionally, I examined potential memory-independent effects of AG 

(e.g., swimming ability, vision, and motivation) through the visible maze 

task. Tg mice treated with vehicle spent more time to get to the platform 

than WT mice treated with either vehicle or AG on both days of the task 

(Fig. 1K). I also did not observe alterations in weight and gross 

morphology of the hippocampus among treatment groups (Fig. S1H 

and I). Biochemical experiments demonstrated that increased levels of 

hippocampal eEF2 phosphorylation in AD model mice were blunted 

with AG treatment (Fig. S1J-L). Additionally, brain tissue was subjected 

to high-performance liquid chromatography (HPLC) for measurement 

of AG concentration. AG-treated mice demonstrated the presence of 

AG in the brain, suggesting that the compound can cross the blood-

brain barrier (Fig. S1M). Taken together, these results show that 

treatment with small-molecule eEF2K inhibitor AG rescues AD-

associated learning and memory deficits. 

Aβ deposition and tau phosphorylation are not affected by A-484954 
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treatment 

  Next, I investigated potential mechanisms through which 

pharmacological inhibition of eEF2K might confer protective effects on the 

AD model mice. I examined Aβ pathology with an immunohistochemical 

approach and found similar levels of Aβ plaque deposition in the 

hippocampus of Tg mice treated with vehicle or AG (Fig. 2A-C). I also 

utilized ELISA to measure the level of brain Aβ 1-40 or Aβ 1-42 and found 

no differences in Tg mice treated with AG or vehicle (Fig. 2D and E) or 

between APP mice treated with AG or vehicle (Fig. 2F and G). 

Furthermore, inhibition of eEF2K with AG did not affect levels of 

phosphorylated tau in either APP or Tg mice (Fig. S2A-F). Together, these 

results suggest that pharmacological eEF2K inhibition may improve 

cognitive function in AD model mice independently of 
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regulation on Aβ or tau pathology.  

Treatment with A-484954 mitigates protein synthesis deficits in the 

hippocampus of AD model mice 

  Previous work has shown a marked decrease in translational 

capacity in the brains of AD patients and AD model mice (Langstrom 

et al., 1989; Ding et al., 2005; Hernandez-Ortega et al., 2016; 

Beckelman et al., 2019). I measured levels of de novo protein 

synthesis in mouse hippocampus using the surface sensing of 

translation (SUnSET), a non-radioactive puromycin end-labeling assay 

(Schmidt et al., 2009; Ma et al., 2013; Beckelman et al., 2019). 

Consistent with previous studies, hippocampal de novo protein 

 

 
Figure 2. Amyloid plaque deposition is not altered with treatment of eEF2K inhibitor AG. (A) 
Representative images of hippocampal plaque deposition in WT + Veh, Tg19959 + Veh, and Tg19959 
+ AG mice at x2 magnification. Scale bar: 50 μm. (B) Representative images of hippocampal plaque 
deposition in WT + Veh, Tg + Veh, and Tg + AG mice. Insets are shown at x60 magnification. Scale 
bars: 100 μm (x20); 20 μm (x60). (C) Percentage of hippocampal area covered in amyloid plaques in 
Tg+ Veh (n = 10 sections) and Tg + AG (n = 8 sections). (D) ELISA showed no differences in levels of 
Aβ 1-40 or Aβ 1-42. (E) in Tg + Veh and Tg + AG forebrain tissue. n = 6 mice. (F) ELISA showed no 
differences in levels of Aβ 1-40 or Aβ 1-42 (G) in Tg + Veh and Tg+ AG forebrain tissue n = 6 mice, 
unpaired t test. Box and whisker plots represent the interquartile range, with the line across the box 
indicating the median.  
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synthesis (indicated by puromycin labeling) was significantly reduced 

in Tg mice compared with the WT group (Fig. 3A and B). Protein 

synthesis defects in the hippocampus of Tg mice were significantly 

improved with AG treatment, as indicated by improved puromycin 

labeling (Fig. 3A and B). 

  Polyribosomes are clusters of ribosomes engaged in active, 

ongoing translation; increased polyribosome count implies greater 

translational capacity and has been associated with the process of 

synaptic plasticity and memory formation (Ostroff et al., 2002; Ostroff 

et al., 2018). I utilized transmission electron microscopy (TEM) to 

investigate whether inhibition of eEF2K activity via AG affected 

polyribosome assembly in area CA1 of the hippocampus. Compared 

with the WT group, Tg mice demonstrated a significant decrease in the 

number of polyribosomes, indicating impaired mRNA translation (Fig. 

3C and D). Notably, Tg mice treated with AG exhibited an increased 

number of hippocampal dendritic polyribosomes compared to the 

vehicle treatment group (Fig. 3C and D). These findings are consistent 

with the SUnSET data, suggesting improvement of de novo protein 

synthesis in AD mice with eEF2K inhibitor treatment.  

  I further examined the potential effects of eEF2K inhibition on 

brain protein expression with unbiased mass spectrometry (MS)-based 

proteomic analysis. I was particularly interested in proteins whose 

expression is dysregulated (increased or decreased) in the brain of AD 
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mice and restored with the eEF2K inhibitor treatment. Briefly, of all the 

proteins identified (1736 in total), 11 proteins in total met these criteria 

with statistical significance (Table 1, see method for details). A heat 

map was generated to summarize alterations of all these proteins (Fig. 

3E). I further entered the protein information into the “UniProt 

consortium” (https://www.uniprot.org) to uncover the functional 

classification of these 11 proteins (Table 1). In brief, levels of 3 proteins 

were decreased in Tg mice (compared to WT) and improved by the 

eEF2K inhibitor treatment. Functionally, these proteins are involved in 

calcium signaling, cytoskeletal dynamics, and synaptic function (Table 

1). On the other hand, there were 8 proteins whose expression levels 

increased in Tg (compared to WT) and were blunted with inhibition of 

eEF2K activity. By function, these proteins belong to 6 broad 

categories: protein homeostasis, cytoskeletal dynamics, RNA binding, 

mitochondrial function, calcium signaling, and cell adhesion (Table 1). 

I performed additional biochemical experiments to examine effects of 

AG treatment on other signaling pathways controlling protein synthesis 

(potentially linked to eEF2/eEF2K signaling and AD) including AMP-

activated protein kinase (AMPK), eukaryotic initiation factor 2α (eIF2α), 

and mammalian target of rapamycin (mTOR) (Ma and Klann, 2014; 

Wang et al., 2019). I did not observe any significant effects by AG (Fig. 

S3). These findings indicate that treatment with the eEF2K inhibitor 

https://www.uniprot.org/
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could rescue AD-associated deficiency in protein synthesis. 

A-484954 alleviates deficiency of spine morphology and synaptic 

structure in AD mice 

  Loss of synapses correlates robustly with memory 

impairments in human AD patients and AD animal models (Scheff and 

 

Figure 3. Fig. 3. Treatment with AG mitigates protein synthesis deficits in hippocampus of an 
AD model mice. (A) Representative images from the SUnSET assay. Image shows 10-250 kDa range. 
(B) Quantification of de novo protein synthesis based on SUnSET assay. (WT + Veh, n = 6 mice; Tg + 
Veh, n = 6 mice; WT + AG, n = 6 mice; Tg + AG, n = 6 mice). WT + Veh versus Tg + Veh, *p = 0.05; 
Tg + Veh versus Tg + AG, *p = 0.02, 1-way ANOVA with Tukey’s post hoc test. F (3, 20) = 7.739, p = 
0.0013. (C) Representative TEM images for CA1 polyribosomes. Arrows indicate polyribosomes. n = 
3 mice per treatment group. Original magnification, x18,500. Scale bar = 500 nm. (D) Number of 
polyribosomes per ROI. n = 3 mice per treatment group. WT + Veh versus Tg + Veh, *p < 0.0001; Tg 
+ Veh versus Tg+ AG, *p < 0.0001, 1-way ANOVA with Tukey’s post hoc test. F (3, 179) = 99.63, p < 
0.0001. Box and whisker plots represent the interquartile range, with the line across the box indicating 
the median. Whiskers show the highest and lowest values detected. (E) Heat map showing patterns of 
protein expression in the brain of WT + Veh, Tg + Veh, WT + AG, and Tg + AG mice, reported as 
normalized deviation from the mean. 
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Price, 2006; Scheff et al., 2006; Koffie et al., 2011). Furthermore, de 

novo protein synthesis can affect spine density, morphology, and 

synapse strength (Sutton and Schuman, 2006; Costa-Mattioli et al., 

2009). Using Golgi-Cox staining protocol (Risher et al., 2014), I 

assessed spine density in apical dendrites of area CA1 of the 

hippocampus. First, I did not observe a significant difference in overall 

spine density across all four groups (Fig. 4A and B). I further analyzed 

differences in spine morphology according to published guidelines on 

classification of “mature” (branched, mushroom, and stubby) and 

“immature” (thin, long thin, and filopodia) spines (Risher et al., 2014). 

Compared to the WT group, APP mice treated with vehicle showed a 

decrease of mature spines and an increase in immature spines (Fig. 

4C and D). Markedly, the spine morphology deficits (for both mature 

and immature spines) were restored with the eEF2K inhibitor AG (Fig. 

4C and D). Furthermore, I utilized TEM to assess post-synaptic 

densities (PSDs), which are located at the heads of spines and are 

critical for synaptic function (Hering and Sheng, 2001; Okabe, 2007). 

Ultrastructural analysis of hippocampal area CA1 revealed decreased 

number of PSDs in Tg mice compared to the WT group (Fig. 4E and 

F). Notably, Tg mice treated with AG demonstrated a significant 

increase in the number of PSDs compared to Tg vehicle-treated mice 

(Fig. 4E and F), suggesting a rescue effect of eEF2K inhibition. 

Additionally, I measured the length of the active zone of the PSDs and 
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found that there was a decrease in the length of PSDs in Tg mice 

treated with vehicle compared to vehicle-treated WT mice (Fig. 4G). 

This deficit was alleviated in Tg mice treated with AG, again suggesting 

a rescue effect of AG treatment (Fig. 4G).  

  Lastly, we performed electrophysiological experiments in the 

form of long-term potentiation (LTP). Hippocampal LTP is a major form 

of synaptic plasticity and cellular model for learning and memory (Bliss 

and Collingridge, 1993). Acute hippocampal slices taken from aged 

WT and APP mice were exposed to either vehicle or AG (5 μM) in a 

bath application. It was observed that at 80 minutes post-HFS, the 

deficits observed in APP slices treated with vehicle were alleviated by 

application of AG (Fig. 4H-J). LTP performance of WT slices treated 

with AG was not significantly different from those treated with vehicle 

(Fig. 4H-J). Taken together, these results suggest treatment with 

eEF2K inhibitor AG rescues defects of dendritic spine morphology, 

PSD formation and length, and long-term synaptic plasticity in AD 

model mice. 
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Treatment with eEF2K inhibitor NH125 alleviates cognitive dysfunction 

and LTP impairments in APP/PS1 AD model mice 

 
Figure 4. Treatment with eEF2K inhibitor AG alleviates defects in spine morphology and 
synaptic structure in AD model mice.  (A) Representative images from Golgi-Cox stain of area 
CA1. Original magnification, x100. Scale bar: 12 μm. (B) Analysis of the total CA1 spine density per 
10 μm. WT + Veh, n = 52 dendrites; APP + Veh, n = 73 dendrites; WT + AG, n = 73 dendrites; APP + 
AG, n = 55 dendrites. (C) Measurement of mature spine density. APP + Veh mice had a significantly 
lower density of mature spines than WT + Veh, WT + AG, and APP + AG. 1-way ANOVA with Tukey’s 
post hoc test. F = 91.70. (D) Measurement of immature spine density. APP + Veh mice had a 
significantly higher density of immature spines than WT + Veh, WT + AG, and APP + AG. 1-way 
ANOVA with Tukey’s post-hoc test. F = 91.70.  (E) Representative TEM images for CA1 PSDs. n = 3 
mice per treatment group. Original magnification, x18,500. Scale bar: 500 nm. (F) Number of PSDs 
per ROI. n = 3 mice per treatment group. 1-way ANOVA with Tukey’s post hoc test. F (3, 182) = 43.31, 
p < 0.0001. (G) Length of active zone of PSD in nm. n = 3 mice per treatment group. 1-way ANOVA 
with Tukey’s post hoc test. F (3, 174) = 30.34, p < 0.0001. (H) WT and APP/PS1 slices were treated 
with vehicle (DMSO; WT, n = 8; APP/PS1, n = 8) or AG (5 µM; WT, n = 6; APP/PS1, n = 7) stimulated 
with HFS to induce LTP. Arrow indicates HFS. 1-way ANOVA with Tukey’s post hoc test, F (3,25) = 
9.621, p = 0.0002. (I) fEPSP slope 80 minutes after HFS stimulation. 1-way ANOVA with Tukey’s post 
hoc test, F (3,25) = 9.621, p = 0.0002. (J) Representative fEPSP traces. Box and whisker plots 
represent the interquartile range, with the line across the box indicating the median. Whiskers show 
the highest and lowest values detected. Error bars represent + SEM. 
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  To further investigate whether pharmacological eEF2K 

inhibition could alleviate AD-associated cognitive impairments, I 

administered NH125 (or vehicle control) to aged APP mice followed by 

a series of behavioral assays to evaluate their cognitive performance. 

Following previous studies, NH125 (or vehicle) was delivered 

intermittently through intraperitoneal (IP) injections at a dose of 1 

mg/kg (Arora et al., 2004) (Fig. 5A). I observed no significant 

differences among the four treatment groups in OF performance, 

including ratio time spent in the peripheral/central area of the arena 

and velocity (Fig. 5B, Fig. S4B). I did observe that APP mice treated 

with either vehicle or AG had increased locomotion compared to WT 

mice treated with NH125 (Fig. S4A). Next, I performed the NOR task 

to evaluate long-term recognition memory (Zimmermann et al., 2020). 

Consistent with the experiments described above (Fig. 1C), the APP 

mice treated with vehicle spent more time with the familiar object than 

the novel object, indicating a cognitive deficit (Fig. 5C). APP mice 

treated with vehicle had a significantly lower discrimination index than 

WT mice treated with either vehicle or NH125 (Fig. 5D). Notably, the 

APP mice treated with NH125 spent significantly more time with the 

novel than the familiar objects and showed an improved discrimination 
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index, indicative of normal recognition memory (Fig. 5C and D). 

  In the hidden-platform MWM task, WT mice treated with 

 
Figure 5. Treatment with eEF2K inhibitor NH125 rescues LTP and cognitive deficits in APP/PS1 
AD model mice.  (A) Treatment schematic showing NH125 injections (1 mg/kg) and subsequent 
behavioral tasks. (B) Ratio of time spent in the periphery for the OF test. (WT + Veh, n = 9 mice; APP 
+ Veh, n = 10 mice; WT + NH125, n = 8 mice; APP + NH125, n = 8 mice). 1-way ANOVA, F (3, 31) = 
1.510, p = 0.2312. (C) Percentage of time spent with familiar (white) and novel (red) objects in the 
NOR task during the testing phase. Preference of less than 50% indicates cognitive impairment.  (WT 
+ Veh, n = 9 mice; APP + Veh, n = 10 mice; WT + NH125, n = 8 mice; APP + NH125, n = 8 mice). 
Statistical preference for novel or familiar object: WT + Veh, *p < 0.0001, t = 6.065, df = 16; APP + 
Veh, P = 0.0008, t = 4.029, df = 18; WT + NH125, *p = 0.0002, t = 5.038, df = 14; APP + NH125, *p = 
0.0072, t = 3.141, df = 14, unpaired t tests. (D) Discrimination Index [(time spent exploring novel object 
– time spent exploring familiar object) / total exploration time] (WT + Veh, n = 10 mice; APP + Veh, n 
= 10 mice, WT + NH125, n = 7 mice; APP + NH125, n = 8 mice). WT + Veh versus APP + Veh, *p < 
0.0001; APP + Veh versus WT + NH125, *p = 0.0017; APP + Veh versus APP + NH125, *p = 0.0203, 
2-way ANOVA with Tukey’s post hoc test. Interaction, F (1, 31) = 9.049, p = 0.0052; Treatment, F (1, 
31) = 1.668, p = 0.2060; Genotype, F (1, 31) = 20.73, p < 0.0001. (E) Escape latency (s) over 5 days 
of training in the hidden platform MWM. Four trials/day, 5 days. (WT + Veh, n = 13 mice; APP + Veh, 
n = 18 mice; WT + NH125, n = 16 mice; APP + NH125, n = 16 mice). (F) Escape latency (s) on Day 4 
of training. WT + Veh versus APP + Veh, *p = 0.0015; WT + Veh versus APP + NH125, p = 0.6916; 
APP + Veh versus WT + NH125, *p < 0.0001; APP + Veh versus APP + NH125, *p = 0.0247, 1-way 
ANOVA with Tukey’s post hoc test. F (3, 59) = 6.335, p < 0.0001. (G) Frequency of crossing where 
platform used to be during probe trial phase of MWM task. (WT + Veh, n = 13 mice; APP + Veh, n = 
18 mice; WT + NH125, n = 16 mice; APP + NH125, n = 16 mice). WT + Veh versus APP + Veh, *p = 
0.0460; APP + Veh versus WT + NH125, *p = 0.0041; APP + Veh versus APP + NH125, *p = 0.0309, 
1-way ANOVA with Tukey’s post hoc test. F (3, 56) = 4.879, *p = 0.0044. (H) Escape latency (s) over 
2 days in the visible maze task. (WT + Veh, n = 13 mice; APP + Veh, n = 11 mice; WT + NH125, n = 
16 mice; APP + NH125, n = 12 mice). Day 1, 1-way ANOVA, F (3, 59) = 0.8603, p = 0.4668; Day 2, 1-
way ANOVA, F (3, 59) = 1.272, p = 0.2922. Box and whisker plots represent the interquartile range, 
with the line across the box indicating the median. Whiskers show the highest and lowest values 
detected.  
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vehicle or NH125 exhibited normal learning and memory as indicated 

by marked day-to-day decreases in escape latency during the 

acquisition phase (Fig. 5E and F). APP mice treated with vehicle took 

longer to find the platform, indicative of cognitive impairment (Fig. 5E 

and F). During the probe trial, APP mice crossed the “platform” less 

frequently compared to WT mice, indicating memory deficits (Fig. 5G). 

Importantly, impairments of spatial learning and memory associated 

with APP mice were alleviated by treatment with NH125, as indicated 

by decreased escape latency and improved “platform” crossings in the 

probe trial (Fig. 5E-G). Distance traveled and velocity of movement 

during the probe trial of MWM were not altered across all groups (Fig. 

S4C and D). Additionally, I examined potential memory-independent 

effects of NH125 through the visible maze task and did not find 

differences in latency to locate the visible platform across all treatment 

conditions (Fig. 5H). Taken together with the findings of the NOR test, 

these results show that treatment with NH125 rescues cognitive 

deficits in APP/PS1 AD model mice. 

 We previously showed that NH125 was able to rescue hippocampal 

LTP deficits induced by exogenous Aβ (Ma et al., 2014). Here, we 

further demonstrated that application of NH125 (1 μM) on acute 

hippocampal slices reversed the LTP impairments displayed in aged 

APP AD model mice (Fig. S4E). LTP performance in hippocampal 

slices taken from WT mice treated with NH125 was not altered 
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compared to the vehicle-treated group (Fig. S4E). These results 

suggest that pharmacological inhibition of eEF2K via NH125 rescues 

AD-associated long-term synaptic plasticity deficits. 

Discussion 

  It is urgent to identify alternative therapeutic strategies for AD 

based on thorough mechanistic studies. In the current study, we have 

shown that suppression of eEF2K activity with two structurally distinct 

small-molecule inhibitors rescued aging-related cognitive deficits in 

two different strains of AD model mice. Our studies demonstrated that 

systemic application of small-molecule inhibitors of eEF2K rescues 

multiple pathologies characteristic of AD. Together with our studies 

using genetic approaches, these findings support the concept that 

eEF2K suppression and perhaps restoration of overall translational 

elongation capacity could be a feasible therapeutic strategy for AD and 

related dementia syndromes. 

  Mounting evidence indicates a role of eEF2K in human 

diseases including solid cancer, cardiovascular diseases, and 

neuronal disorders (Liu and Proud, 2016). Interestingly, both NH125 

and A-484954 were originally developed for cancer treatment (Arora 

et al., 2003; Chen et al., 2011; Liu and Proud, 2016). From a 

perspective of translational medicine, several attractive features of 

eEF2K could make it an ideal target of intervention for AD treatment. 
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First, mounting evidence demonstrates that eEF2K activity is not 

required for development or cell survival under physiological 

conditions. Mice with knockout of the eEF2K gene appear normal 

during different stages of development as demonstrated in multiple 

studies (Ryazanov, 2002; Beckelman et al., 2019; Gosrani et al., 

2020). I also did not observe any adverse effects in WT mice treated 

with the eEF2K inhibitor AG, including weight changes and gross 

morphology of hippocampus (Fig. S1C, H, and I). Thus, it is promising 

for future studies in a clinical setting that eEF2K inhibitors can be safely 

given without causing serious side effects. This (the safety issue) is 

critically important for AD patients who usually need to keep taking 

medicine over a long period of time. Second, eEF2K belongs to a small 

group of kinases, termed “alpha-kinases,” whose catalytic domains are 

distinct from those in the conventional protein kinases (e.g., 

serine/threonine kinases and tyrosine kinases), which consists of the 

vast majority of the eukaryotic protein kinase superfamily (Drennan 

and Ryazanov, 2004). Therefore, compounds targeting eEF2K are 

unlikely to affect activities of other conventional kinases that play 

important roles for a broad spectrum of biological processes. Third, 

eEF2K is the only known kinase for eEF2 and eEF2 is the only known 

substrate for eEF2K (phosphorylation at the Thr56 site) (Ryazanov and 

Davydova, 1989; Proud, 2015). This one-to-one relationship can 

further strengthen the specificity and selectivity of the eEF2K 
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antagonists if they are properly designed for therapeutic use. 

  What are the potential molecular mechanisms underlying the 

rescue effects of the eEF2K inhibitors on AD-related cognitive 

impairments? Repression of eEF2K leads to de-phosphorylation of 

eEF2 and consequently increases overall protein synthesis (Kenney et 

al., 2014). Impaired protein synthesis has been demonstrated in AD 

brains (Proud, 2015; Ma, 2020). Thus, the parsimonious explanation 

would be an improvement of protein synthesis, which raises another 

significant question: are the rescued phenotypes by the eEF2K 

inhibitors associated with alterations or restoration of any specific 

proteins controlled by eEF2K/eEF2 signaling? As a starting point to 

address this question, we used an unbiased proteomics approach and 

identified multiple proteins whose levels are dysregulated (increased 

or decreased) in the brain of AD mice and restored with treatment of 

eEF2K inhibitor AG (Fig. 3E; Table 1). Interestingly, for most (8 out of 

11) of the identified proteins based on the aforementioned criteria, the 

protein expression levels are increased in the brain of AD mice and 

reduced with eEF2K inhibition (Fig. 3E, Table 1). Such findings seem 

counterintuitive given that overall protein synthesis capacity is 

decreased in AD mice and that inhibition of eEF2K improves general 

protein synthesis (Fig. 3A-D). Future in-depth studies including those 

at the functional levels shall help determine the association of the 

dysregulation of these proteins and AD pathogenesis and their 
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relationship (e.g., direct or indirect substrates) with eEF2K/eEF2 

signaling. Moreover, decades of research have not yet reached a 

consensus with regards to the identities of “memory proteins” or 

“plasticity-related proteins (PRPs)” (Okuda et al., 2020). It is 

reasonable to speculate that, instead of regulation on specific proteins 

(e.g., PRPs), an improvement of “general” protein synthesis through a 

boost of translational capacity (e.g., eEF2K inhibition) can account for 

alleviation of AD-associated cognitive deficits and synaptic failure. 

  It needs to be cautioned that previous studies conducted in 

non-neuronal cell lines argued the specificity and inhibition potency of 

NH125 on eEF2K, as well as the actual effects on eEF2 

phosphorylation (Chen et al., 2011; Devkota et al., 2012). Elucidation 

of potential eEF2K-independent mechanisms underlying the rescuing 

effects of NH125 on AD-associated synaptic failure and cognitive 

impairments warrants further in-depth studies. There are other caveats 

to be considered before the translation of this strategy into human 

patients. I studied the effects of eEF2K inhibitors in two mouse models 

of AD, both are models for familial Alzheimer’s disease (FAD), which 

accounts for <5% of all AD cases. We anticipate validating our findings 

with eEF2K inhibition in sporadic AD (SAD) models once they are 

established. I observed that the treatment with eEF2K inhibitors does 

not alter Aβ pathology, which is consistent with previous studies using 

a genetic approach to suppress eEF2K in AD models (Beckelman et 
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al., 2019). Meanwhile, pharmacological inhibition of eEF2K in both 

models significantly improved cognitive impairments, synapse loss, 

and protein synthesis defects, which are exemplified in both FAD and 

SAD. Moreover, I am glad to see, from a therapeutic point of view, that 

application of these eEF2K inhibitors is effective at the late, 

symptomatic stage of AD model mice. It is also worth mentioning that 

activation of eEF2K and increased eEF2 phosphorylation may function 

as a beneficial cellular stress response in situations such as nutrient 

starvation or hypoxia (Kenney et al., 2014). Thus, it is possible that 

hyper-phosphorylation of eEF2 and protein synthesis inhibition are 

actually neuroprotective at the very early stage of AD. It would be 

informative in the future to characterize the effects of eEF2K 

intervention at different stages of AD pathogenesis to provide insights 

for a more accurate design of clinical studies. 
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Table 1. Top proteins dysregulated in Tg brains that are normalized with AG treatment. 
#p < 0.08 in Tukey’s post-hoc test between Tg + Veh and Tg + AG 

 

 

 

 

 

 

 

 

 

Ascension 
ID 

Protein name Function Fold change 
(Tg v WT) 

Fold change  
(Tg + AG v 

WT) 

Q9JKD3 
Secretory carrier-associated membrane 

protein 5 
Calcium 
Signaling 

0.76 1.24 

Q61644 
Protein kinase C and casein kinase 

substrate in neurons protein 1# 
Cytoskeletal 
Dynamics 

0.82 1.92 

Q6P9K8 
Caskin-1# 

Synaptic 
Function 

0.71 0.94 

Q9R1PO 
Proteasome subunit alpha type 4 

Protein 
Homeostasis 

1.61 1.13 

P48428 
Tubulin-specific chaperone A 

Cytoskeletal 
Dynamics 

3.49 1.13 

P29699 
Alpha-2-HS-glycoprotein 

Protein 
Homeostasis 

1.98 0.95 

P63276 40S ribosomal protein S17 RNA Binding 1.39 0.94 
Q9D3D9 ATP synthase subunit delta, 

mitochondrial 
Mitochondrial 

Function 
2.48 0.93 

Q8BGZ1 
Hippocalcin-like protein 4 

Calcium 
Signaling 

1.20 0.99 

Q640R3 Hepatocyte cell adhesion molecule Cell Adhesion 1.60 1.03 
P60766 

Cell division control protein 42 homolog 
Cytoskeletal 
Dynamics 

1.27 0.98 
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Supplemental Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
Figure S1. Characterization of phenotypes in AD model mice treated with AG. (A) Distance traveled in cm 
of mice in open field assay (WT + Veh, n = 12 mice; APP + Veh, n = 6 mice; WT + AG, n = 8 mice; APP + AG, n 
= 7 mice. WT + Veh versus APP + AG, *p = 0.0208; WT + AG versus APP + AG, *p = 0.0264. 1-way ANOVA with 
Tukey’s post hoc tests, F (3, 29) = 4.491, *p = 0.0105. (B) Velocity of movement in cm/s for open field assay (WT 
+ Veh, n = 12 mice; APP + Veh, n = 6 mice; WT + AG, n = 8 mice; APP + AG, n = 7 mice). 1-way ANOVA, F (3, 
29) = 1.862, p = 0.1582. (C) Baseline and endpoint weight in grams for WT + Veh (n = 12 mice), APP + Veh (n = 
5 mice), WT + AG (n = 7 mice), and APP + AG (n = 7 mice) experimental mice. (D) Distance traveled in cm in 
open field assay (WT + Veh, n = 11 mice; Tg + Veh, n = 10 mice; WT + AG, n = 13 mice; Tg + AG, n = 10 mice). 
1-way ANOVA, F (3,40) = 1.386, p = 0.2610. (E) Velocity of movement in cm/s for open field assay. (WT + Veh, 
n = 11 mice; Tg + Veh, n = 10 mice; WT + AG, n = 13 mice; Tg + AG, n = 10 mice). WT + Veh versus WT + AG, 
p = 0.0659; Tg + Veh versus WT + AG, p = 0.0644; WT + AG versus APP + AG, *p = 0.0430, 1-way ANOVA, F 
(3, 40) = 3.669, *p =0.0200. (F) Distance traveled in cm for MWM probe trial assay (WT + Veh, n = 13 mice; Tg + 
Veh, n = 11 mice; WT + AG, n = 16 mice; Tg + AG, n = 12 mice). 1-way ANOVA, F (3, 48) = 1.867, p = 0.1479. 
(G) Velocity of movement in cm/s for MWM probe trial. (WT + Veh, n = 13 mice; Tg + Veh, n = 11 mice; WT + AG, 
n = 16 mice; Tg + AG, n = 12 mice). WT + Veh versus Tg + Veh, *p = 0.021, 1-way ANOVA, F (3, 48) = 3.310, *p 
= 0.0278. (H) Baseline and endpoint weight in grams for WT + Veh (n = 17 mice), Tg + Veh (n = 14 mice), WT + 
AG (n = 20 mice), and Tg + AG (n = 15 mice). (I) Representative images showing hematoxylin & eosin staining in 
hippocampal sections (20X, scale bar 200 μm). (J) Representative Western blot showing p-eEF2 and eEF2 levels 
in hippocampal lysates. (K) Levels of phosphorylated eEF2 were significantly higher in Tg + Veh than WT + Veh 
lysates but were significantly lower in Tg + AG than Tg + Veh lysates. (WT + Veh, n = 6 mice; Tg + Veh, n = 5 
mice; WT + AG, n = 5 mice; Tg + AG, n = 4 mice). WT + Veh versus Tg + Veh, *p = 0.0271; Tg + Veh versus WT 
+ AG, *p = 0.0408; Tg + Veh versus Tg + AG, *p = 0.0550, 1-way ANOVA with Tukey’s post hoc test. F (3, 16) = 
4.502, *p = 0.0179. (L) No difference in the levels of total eEF2 were detected in all groups. 1-way ANOVA, F (3, 
16) = 0.1335, p = 0.9386. (M) AG concentration in the brain (pg AG/mg tissue) measured by HPLC (WT + Veh, n 
= 4 mice; Tg + Veh, n = 4 mice; WT + AG, n = 3 mice; Tg + AG, n = 4 mice). Box and whisker plots represent the 
interquartile range, with the line across the box indicating the median. Whiskers show the highest and lowest 
values detected. 
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Figure S2. Levels of tau phosphorylation are not affected by treatment of eEF2K inhibitor AG. 
(A) Representative Western blots showing levels of phosphorylated tau and tau in hippocampal 
lysates. (B)  No significant differences in levels of phosphorylated tau were detected in hippocampi of 
WT + Veh (n = 6 mice), APP + Veh (n = 5 mice), WT + AG (n = 6 mice), and APP + AG (n = 8 mice). 
1-way ANOVA, F (3, 20) = 2.201, p = 0.1196. (C) No significant differences in levels of total tau were 
detected. (D) Representative Western blots showing levels of phosphorylated tau and total tau in Tg 
+ AG cohort hippocampal lysates. (E) No significant differences in levels of phosphorylated tau were 
detected in WT + Veh (n = 8 mice), APP + Veh (n = 8 mice), WT + AG (n = 6 mice), and APP + AG 
(n = 5 mice). 1-way ANOVA, F (3, 23) = 2.056, p = 0.1340. (F) No significant differences in levels of 
total tau were detected. WT + Veh (n = 9 mice), APP + Veh (n = 8 mice), WT + AG (n = 6 mice), and 
APP + AG (n = 5 mice). 1-way ANOVA, F (3, 24) = 1.869, p = 0.1618. Box and whisker plots represent 
the interquartile range, with the line across the box indicating the median. Whiskers show the highest 
and lowest values detected. 
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Figure S3. Characterization of signaling pathways related to eEF2K in mice treated with the 
eEF2K inhibitor AG. (A) Representative Western blots showing levels of p-AMPKα, AMPKα, and 
GAPDH in hippocampal lysates. (B) No significant differences in levels of p-AMPKα were detected. 
WT + Veh (n = 9 mice), Tg + Veh (n = 6 mice), WT + AG (n = 8 mice), and Tg + AG (n = 6 mice). 1-
way ANOVA, F (3, 25) = 0.3485, p = 0.7905.  (C) No significant differences in levels of AMPKα were 
detected. WT + Veh (n = 10 mice), Tg + Veh (n = 6 mice), WT + AG (n = 8 mice), and Tg + AG (n = 
6 mice). 1-way ANOVA with Tukey’s post-hoc test, F (3, 26) = 2.745, p = 0.0633. (D) Representative 
Western blots showing levels of p-eIF2α, eIF2α, and GAPDH in the hippocampal lysates.  (E) No 
significant differences in levels of p-eIF2α were detected. WT + Veh (n = 9 mice), Tg + Veh (n = 9 
mice), WT + AG (n = 9 mice), and Tg + AG (n = 7 mice). 1-way ANOVA, F (3,30) = 2.330, p = 0.0943. 
(F) No significant differences in levels of eIF2a were detected. WT + Veh (n = 9 mice), Tg + Veh (n = 
9 mice), WT + AG (n = 9 mice), and Tg + AG (n = 7 mice). 1-way ANOVA, F (3, 30) = 0.9011, p = 
0.4522. (G) Representative Western blots showing levels of p-p70S6K, p70S6K, and GAPDH in the 
hippocampal lysates. (H) No significant differences in levels of p-p70S6K were detected. WT + Veh 
(n = 9 mice), Tg + Veh (n = 6 mice), WT + AG (n = 8 mice), and Tg + AG (n = 7 mice). 1-way ANOVA, 
F (3, 26) = 2.286, p = 0.1023. (I) No significant differences in levels of p70S6K were detected. Veh 
(n = 9 mice), Tg + Veh (n = 6 mice), WT + AG (n = 8 mice), and Tg + AG (n = 7 mice). 1-way ANOVA, 
F (3, 26) = 0.6242, p = 0.6058. (J) Representative Western blots showing levels of p-mTOR 
(Ser2448), p-mTOR (Ser2481), mTOR, and GAPDH in the hippocampal lysates. (K) No significant 
differences in levels of pmTOR2448 were detected. WT + Veh (n = 10 mice), Tg + Veh (n = 9 mice), 
WT + AG (n = 9 mice), and Tg + AG (n = 8 mice). 1-way ANOVA, F (3, 32) = 1.871, p = 0.1544. (L) 
No significant differences in levels of p-mTOR (Ser2481) were detected. WT + Veh (n = 10 mice), Tg 
+ Veh (n = 9 mice), WT + AG (n = 9 mice), and Tg + AG (n = 7 mice). 1-way ANOVA, F (3, 31) = 
0.9794, p = 0.4151.  (M) No significant differences in the levels of mTOR were detected. WT + Veh 
(n = 10 mice), Tg + Veh (n = 9 mice), WT + AG (n = 9 mice), and Tg + AG (n = 7 mice). 1-way ANOVA, 
F (3, 31) = 0.3975, p = 0.7557.   Box and whisker plots represent the interquartile range, with the line 
across the box indicating the median. Whiskers show the highest and lowest values detected. 
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Figure S4. Control behavioral data for 
APP/PS1 AD model mice treated with NH125. 
(A) Distance traveled in cm in the open field assay 
(WT + Veh, n = 9 mice; APP + Veh, n = 10 mice; 
WT + NH125, n = 8 mice; APP + NH125, n = 8 
mice). APP + Veh versus WT + NH125, *p = 
0.0290; WT + NH125 versus APP + NH125, *p = 
0.0555, 1-way ANOVA with Tukey’s post hoc test, 
F (3, 31) = 3.795, p = 0.0199. (B) Velocity of 
movement in cm/s for open field assay (WT + Veh, 
n = 9 mice; APP + Veh, n = 10 mice; WT + NH125, 
n = 8 mice; APP + NH125, n = 8 mice). 1-way 
ANOVA, F (3,31) = 1.687, p = 0.1901. (C) 
Distance moved in cm for MWM probe trial (WT + 
Veh, n = 13 mice; APP + Veh, n = 18 mice; WT + 
NH125, n = 16 mice; APP + NH125, n = 16 mice). 
1-way ANOVA, F (3, 59) = 0.6626, p = 0.5784. (D) 
Velocity of movement in cm/s for MWM probe trial. 
(WT + Veh, n = 13 mice; APP + Veh, n = 18 mice; 
WT + NH125, n = 16 mice; APP + NH125, n = 16 
mice). 1-way ANOVA, F (3, 59) = 0.8448, p = 
0.4749. Box and whisker plots represent the 
interquartile range, with the line across the box 
indicating the median. Whiskers show the highest 
and lowest values detected. (E) WT and APP/PS1 
slices were treated with vehicle (DMSO; WT, n = 
8; APP/PS1, n = 5) or NH125 (1 µM; WT, n = 8; 
APP/PS1, n = 10) and stimulated with HFS to 
induce LTP. Arrow indicates HFS. APP + Veh 
slices had significantly impaired LTP compared 
with WT + Veh, WT + NH125, and APP + NH125 
*p < 0.05. 1-way ANOVA with Tukey’s post hoc 
test.   

 



131  

References 
 

Alz. Association (2019) 2019 Alzheimer’s Disease Facts and Figures. 
Alzheimer’s Dement 15: 321-387. 

 
Arora S, Yang JM, Kinzy TG, Utsumi R, Okamoto T, Kitayama T, Ortiz PA, 

Hait WN (2003) Identification and characterization of an inhibitor of 
eukaryotic elongation factor 2 kinase against human cancer cell 
lines. Cancer Res 63: 6894-6899. 

 
Arora S, Yang JM, Utsumi R, Okamoto T, Kitayama T, Hait WN (2004) P-

glycoprotein mediates resistance to histidine kinase inhibitors. Mol 
Pharmacol 66: 460-467. 

 
Beckelman BC, Zhou X, Keene CD, & Ma T (2016) Impaired eukaryotic 

elongation factor 1A expression in Alzheimer’s disease. 
Neurodegener Dis 16: 39-43. 

 
Beckelman BC, Yang W, Kasica NP, Zimmermann HR, Zhou X, Keene 

CD, Ryazanov AG, Ma T (2019) Genetic reduction of eEF2 kinase 
alleviates pathophysiology in Alzheimer’s disease model mice. J Clin 
Invest 129: 820-833. 

 
Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term 

potentiation in the hippocampus. Nature 361: 31-39. 

 
Browne GJ, Proud CG (2002) Regulation of peptide-chain elongation 

in mammalian cells. Eur J Biochem FEBS 269: 5360–5368. 

 
Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N (2009) Translational 

control of long-lasting synaptic plasticity and memory. Neuron 61: 
10– 26. 

 
Chen Z, Gopalakrishnan SM, Bui MH, Soni NB, Warrior U, Johnson EF, 

Donnelly JB, Glaser KB (2011) 1-Benzyl-3-cetyl-2-
methylimidazolium iodide (NH125) induces phosphorylation of 
eukaryotic elongation factor-2 (eEF2): a cautionary note on the 
anticancer mechanism of an eEF2 kinase inhibitor. J Biol Chem 286: 
43951-43958. 

 
Chishti MA, Yang DS, Janus C, Phinney AL, Horne P, Pearson J, Strome 

R, Zuker N, Loukides J, French J, Turner S, Lozza G, Grilli M, 
Kunicki S, Morissette C, Pacquette J, Gervais F, Bergeron C, Fraser 
PE, Carlson GA, George-Hyslop PS, Westaway D (2001) Early-
onset amyloid deposition and cognitive deficits in transgenic mice 
expressing a double mutant form of amyloid precursor protein. J Biol 
Chem 276: 21562-21570. 



132  

 
Devkota AK, Tavares CDJ, Warthaka M, Abramczyk O, Marshall KD, 

Kaoud TS, Gorgulu K, Ozpolat B, Dalby KN (2012) Investigating the 
kinetic mechanism of inhibition of elongation factor 2 kinase by 
NH125: evidence of a common in vitro artifact. Biochemistry 51: 
2100-2012. 

 
Ding Q, Markesbery WR, Chen Q, Li F, Keller JN (2005) Ribosome 

dysfunction is an early event in Alzheimer’s disease. J Neurosci 25: 
9171-9175. 

 
Drennan D, Ryazanov AG (2004) Alpha-kinases: analysis of the family and 

comparison with conventional protein kinases. Prog Biophys Mol 
Biol 85: 1-32. 

 
Gosrani SP, Jester HM, Zhou X, Ryazanov AG, Ma T (2020) Repression 

of eEF2 kinase improves deficits in novel object recognition memory 
in aged mice. Neurobiol Aging 95: 154-160. 

 
Hering H, Sheng M (2001) Dendritic spines: structure, dynamics and 

regulation. Nat Rev Neurosci 2: 880-888. 
 
Hernandez-Ortega K, Garcia-Esparcia P, Gil L, Lucas JJ, Ferrer I (2016) 

Altered machinery of protein synthesis in Alzheimer’s: From the 
nucleolus to the ribosome. Brain Pathol 26: 593-605. 

 
Herrup K (2015) The case for rejecting the amyloid cascade hypothesis. 

Nat Neurosci 18: 794-799. 
 
Jan A, Jansonius B, Delaidelli A, Somasekharan SP, Bhanshali F, Vandal 

M, Negri GL, Moerman D, MacKenzie I, Calon F, Hayden MR, 
Taubert S, Sorenson PH (2017) eEF2K inhibition blocks Abeta42 
neurotoxicity by promoting an NRF2 antioxidant response. Acta 
Neuropathol 133: 101-119. 

 
Kameshima S, Kazama K, Okada M, Yamawaki H (2015) Eukaryotic 

elongation factor 2 kinase mediates monocrotaline-induced 
pulmonary arterial hypertension via reactive oxygen species-
dependent vascular remodeling. Am J Physiol Heart Circ Physiol 
308: H1298-1305. 

 
Kenney JW, Moore CE, Wang X, Proud CG (2014) Eukaryotic elongation 

factor 2 kinase, an unusual enzyme with multiple roles. Adv Biol 
Regul 55: 15-27. 

 
Klann E, Dever TE (2004) Biochemical mechanisms for 



133  

translational regulation in synaptic plasticity. Nat Rev 
Neurosci 5: 931–942. 

 
Koffie RM, Hyman BT, Spires-Jones TL (2011) Alzheimer’s 

disease: synapses gone cold. Mol Neurodegener 6: 63. 
 
Langstrom NS, Anderson JP, Lindroos HG, Winblad B, Wallace 

WC (1989) Alzheimer’s disease-associated reduction of 
polysomal mRNA translation. Brain Res Mol Brain Res 5: 
259-269. 

 
Lin MT, Beal MF (2006) Mitochondrial dysfunction and oxidative 

stress in neurodegenerative diseases. Nature 443: 787-795. 
 
Liu R, Proud CG (2016) Eukaryotic elongation factor 2 kinase as a 

drug target in cancer, and in cardiovascular and 
neurodegenerative diseases. Acta Pharmacol Sin 37: 285-
294. 

 

Ma T (2020) Dysregulation of neuronal protein synthesis in 
 Alzheimer’s  disease. The Oxford Handbook of Neuronal 
 Protein Synthesis Edited by Wayne Sossin,  

 DOI: 10.1093/oxfordhb/9780190686307.9780190686001. 

 
Ma T, Klann E (2012) Amyloid β: linking synaptic plasticity failure to 

memory disruption in Alzheimer’s disease. J Neurochem 120 
Suppl 1: 140–148. 

 
Ma T, Klann E (2014) PERK: a novel therapeutic target for 

neurodegenerative diseases? Alzheimers Res Ther 6: 30. 

 
Ma T, Trinh MA, Wexler AJ, Bourbon C, Gatti E, Pierre P, Cavener 

DR, Klann E (2013) Suppression of eIF2α kinases alleviates 
Alzheimer’s disease- related plasticity and memory deficits. 
Nat Neurosci 16: 1299–1305. 

 
Okabe S (2007) Molecular anatomy of the postsynaptic density. 

Mol Cell Neurosci 34: 503-518. 
 
Okuda K, Hojgaard K, Privitera L, Bayraktar G, Takeuchi T (2020) 

Initial memory consolidation and the synaptic tagging and 
capture hypothesis. Eur J Neurosci 54: 6826-6849. 

 
Ostroff LE, Watson DJ, Cao G, Parker PH, Smith H, Harris KM 

(2018) Shifting patterns of polyribosome accumulation at 
synapses over the course of hippocampal long-term 



134  

potentiation. Hippocampus 28: 416-430. 
 
Ostroff LE, Fiala JC, Allwardt B, Harris KM (2002) Polyribosome 

redistribute from dendritic shafts into spines with enlarged 
synapses during LTP in developing rat hippocampal slices. 
Neuron 35: 535-545. 

 
Proud CG (2015) Regulation and roles of elongation factor 2 

kinase. Biochem Soc Trans 43: 328-332. 
 
Radde R, Bolmont T, Kaeser SA, Coomaraswamy J, Lindau D, 

Stoltze L, Calhoun ME, Jaggi F, Wolburg H, Gengler S, 
Haass C, Ghetti B, Czech C, Holscher C, Mathews PM, 
Jucker M (2006) Abeta42-driven cerebral amyloidosis in 
transgenic mice reveals early and robust pathology. EMBO 
Rep 7: 940-946. 

 
Ryazanov AG, Davydova EK (1989) Mechanism of elongation 

factor 2 (EF-2) inactivation upon phosphorylation. 
Phosphorylated EF-2 is unable to catalyze translocation. 
FEBS Lett 251: 187-190. 

 
Ryazanov AG (2002) Elongation factor-2 kinase and its newly 

discovered relatives. FEBS Lett 514: 26-29. 
 
Risher WC, Ustunkaya T, Singh Alvarado J, Eroglu C (2014) Rapid 

Golgi analysis method for efficient and unbiased classification 
of dendritic spines. PLoS One 9: e107591. 

 
Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure. Science 

298: 789– 791. 

 
Sutton MA, Schuman EM (2006) Dendritic Protein Synthesis, 

Synaptic Plasticity, and Memory. Cell 127: 49–58. 
 
Scheff SW, Price DA (2006) Alzheimer’s disease-related alterations 

in synaptic density: neocortex and hippocampus. J 
Alzheimers Dis 9: 101-115. 

 
Scheff SW, Price DA, Schmitt FA, Mufson EJ (2006) Hippocampal 

synaptic loss in early Alzheimer’s disease and mild cognitive 
impairment. Neurobiol Aging 27: 1372-1384. 

 
Schmidt EK, Clavarino G, Ceppi M, Pierre P (2009) SUnSET, a 

nonradioactive method to monitor protein synthesis. Nat 
Methods 6: 275-277. 



135  

 
Walsh DM, Selkoe DJ (2004) Deciphering the molecular basis of 

memory failure in Alzheimer’s disease. Neuron 44: 181-193. 
 
Wang X, Zimmermann HR, Ma T (2019) Therapeutic potential of 

AMP-activated protein kinase in Alzheimer’s disease. J 
Alzheimers Dis 68: 33-38. 

 
Zimmermann HR, Yang W, Beckelman BC, Kasica NP, Zhou X, 

Galli LD, Ryazanov AG, Ma T (2018) Genetic removal of 
eIF2alpha kinase PERK in mice enables hippocampal L-LTP 
independent of mTORC1 activity. J Neurochem 146: 133-
144. 

 
Zimmermann HR, Yang W, Kasica NP, Zhou X, Wang X, 

Beckelman BC, Lee J, Furdui CM, Keene CD, Ma T (2020) 
Brain-specific repression of AMPKα1 alleviates 
pathophysiology in Alzheimer’s model mice. J Clin Invest 
130: 3511-3527. 



136  

CHAPTER 4 

 
 

GENERAL DISCUSSION 

 
 

NP KASICA 



137  

Summary of Results 
 

  With a glaring lack of effective treatments for Alzheimer’s 

disease (AD), it is imperative we investigate novel mechanisms that 

may underlie the disease and its pathophysiology. Mounting evidence 

describes AD as a disease of synaptic failure, with synaptic dysfunction 

occurring as a key early event in disease progression (Selkoe, 2002; 

Ma and Klann, 2012; Elder et al., 2021). Two cognitive functions that 

are specifically disrupted in AD, learning and memory, are dependent 

on de novo, or “from new,” protein synthesis (Langstrom et al., 1989; 

Ma et al., 2013; Ma et al., 2014; Ding et al., 2005). De novo protein 

synthesis, also known as mRNA translation, occurs over three tightly 

regulated steps: initiation, elongation, and termination (Proud, 2007). 

Recent evidence has suggested deficits in the initiation phase may 

play a critical role in AD-associated protein synthesis impairments (Ma 

et al., 2013; Hernandez-Ortega et al., 2016; Oliveira et al., 2021; 

Zimmermann et al., 2018). Initiation has long been considered the 

“rate-limiting step” of mRNA translation due to the numerous kinases 

that regulate the process, but a growing pool of evidence suggests that 

the elongation step may play an equally important role in protein 

synthesis (Browne and Proud, 2002). Elongation deficits appear to 

have a profound part to play in AD-associated synaptic plasticity 

deficits and may be involved in the pathophysiology of other 

degenerative disorders, like Parkinson’s disease (Jan et al., 2016; Jan 
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et al., 2018; Garcia-Esparcia et al., 2017; Beckelman et al., 2016a; 

Beckelman et al., 2016b; Beckelman et al., 2019). Both eukaryotic 

elongation factors, eEF1A and eEF2, appear to be dysregulated in AD 

patient post mortem and AD transgenic model mouse hippocampal 

tissue (Beckelman et al., 2016a; Beckelman et al., 2016b; Beckelman 

et al., 2019). Specifically, when eEF2 is phosphorylated by its only 

known kinase for its Thr56 inhibitory site, eEF2K, protein synthesis is 

halted (Proud, 2015). Hyper-phosphorylation of eEF2 is observed in 

hippocampi of AD patients and mouse models, and previous work has 

shown that a genetic reduction of eEF2K in mouse models led to an 

improvement of multiple aspects of AD-associated pathology, such as 

cognitive performance, translational capacity, and synaptic function. 

The work reported in this dissertation expands on previous genetic 

eEF2K suppression, and provides evidence for the use of small-

molecule pharmacological eEF2K inhibitors as a novel therapeutic in 

AD. 

  Chapter 2 of this dissertation explored the effects of a 

knockout of eEF2K in the APP/PS1 (APP) AD transgenic mouse model 

of AD. Previous work from our lab reported that heterozygous 

suppression of eEF2K improved multiple aspects of AD 

pathophysiology, but the effects of total knockout of eEF2K were 

unexplored in AD. Genetic knockout of eEF2K led to a significant 

decrease in the levels of phosphorylated eEF2 in the brains of aged 
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APP mice but did not affect levels of total eEF2 (Chapter 2, Fig. 1). 

Additionally, I observed improved performance in aged APP mice with 

eEF2K knockout in the novel object recognition (NOR) and Morris 

water maze (MWM) tasks (Chapter 2, Fig. 2). These improvements 

were achieved without a significant effect on AD-associated amyloid β 

(Aβ) or tau pathology (Chapter 2, Fig 1. and Fig. S1). This study built 

upon previous research into knockout of eEF2 (Heise et al., 2017; 

Yang et al., 2016; Gosrani et al., 2020), and was the first to investigate 

the effects within a mouse model of AD.  

  The third chapter of this dissertation explored the therapeutic 

potential of two structurally distinct small-molecule pharmacological 

eEF2K inhibitors in two mouse models of AD. These two eEF2K 

inhibitors, NH125 and A-484954 (AG), were originally developed for 

use in cancer treatments, and previous work has shown that in vitro 

both can alleviate LTP, and long-term depression (LTD) deficits 

associated with AD (Ma et al., 2014; Yang et al., 2021). Sustained 

treatment with both AG and NH125 rescued learning and memory 

deficits associated with AD model mice (Chapter 3, Fig. 1 and 5). 

Notably, treatment with eEF2K inhibitors did not affect Aβ or tau 

pathology (Chapter 2, Fig. 2 and S2), which suggests that the 

beneficial effects of eEF2K inhibition occur independently of Aβ 

regulation. I further sought to investigate the mechanisms underlying 

the improvements associated with eEF2K inhibitors via surface 
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sensing of translation (SUnSET) assay, polyribosome assembly, 

dendritic spine morphology, and post-synaptic density (PSD) formation 

and length (Chapter 3, Fig. 3 and 4). I observed improved translational 

capacity, as reflected in the SUnSET and the polyribosome data 

(Chapter 3, Fig. 3). I also reported a rescue in dendritic spine 

maturation, PSD formation, and length of the PSD active zone 

(Chapter 3, Fig. 4). Both AG and NH125 rescued synaptic deficits in 

LTP performance in acute hippocampal slices from aged APP mice 

(Chapter 3, Fig. 4 and S4). All this data together suggests that eEF2K 

inhibition via pharmacological antagonists is an effective treatment for 

multiple aspects of AD pathophysiology in transgenic AD model mice. 

This is the first study to investigate in vivo treatment of eEF2K inhibitors 

in mouse models of AD, and is the first step in determining the 

translational efficacy of these pharmacological compounds for the 

treatment of AD. 

  In summary, the results reported in this dissertation suggest 

that eEF2K inhibition via genetic knockout and pharmacological means 

improves AD-associated deficits, and that eEF2K antagonists may be 

a potential novel treatment for AD. The following discussion will 

examine eEF2 and eEF2K function in a broader context to provide 

additional rationale for pursuing this pathway in the treatment of AD 

and other disorders. 
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The Delicate Balance of eEF2K in Synaptic Plasticity 

  Of the two main elongation factors, eEF2 holds more weight 

in relation to regulating the elongation phase of mRNA (Browne & 

Proud, 2002). Increased eEF2K activity leads to an elevation in the 

levels of phosphorylated eEF2, and hyper-phosphorylation of eEF2 at 

its Thr56 site is observed in post mortem human hippocampal tissue 

as well as in AD model mouse hippocampi (Beckelman et al., 2019; 

Ma et al., 2014; Jan et al., 2016). Administration of siRNA targeting the 

gene encoding eEF2K in vitro had neuroprotective effects against Aβ-

induced neurotoxicity and cell death (Jan et al., 2016). Prenatal genetic 

repression of eEF2K in two mouse models of AD proved to have a 

protective effect against numerous AD-associated deficits including 

cognitive deficits, synaptic failure, dendritic spine morphology, and 

translational capacity (Beckelman et al., 2019). There have been a few 

recent studies investigating the use of eEF2K antagonists in 

electrophysiological experiments on acute hippocampal slices. NH125 

and AG, two small-molecule inhibitors of eEF2K, rescued long-term 

potentiation (LTP) and long-term depression (LTD) deficits associated 

with AD, respectively (Ma et al., 2014; Yang et al., 2021). This study 

confirmed these findings, and I show for the first time that sustained in 

vivo administration of these two inhibitors rescued learning and 

memory deficits in two separate strains of AD transgenic model mice.  

  Numerous aspects of eEF2K make it an attractive target for 
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pharmacological intervention in AD. First, eEF2K is the only known 

kinase for eEF2 at its Thr56 site, the site at which phosphorylation 

inhibits de novo protein synthesis, and eEF2 is the only known 

substrate for eEF2K (Browne & Proud, 2002; Ryazanov and 

Davydova, 1989). This unique one-to-one relationship lessens the 

chances of off-target effects of the inhibitors if they are specific to 

eEF2K. Second, eEF2K is a member of a class of kinases termed 

“alpha kinases”, a class of enzymes that are characterized by their 

distinct catalytic domains (Ryazanov et al., 1999; Drennan and 

Ryazanov, 2004). As a result, compounds targeting eEF2K are unlikely 

to affect the activity of other kinases that are more conventional (e.g., 

serine/threonine kinases and tyrosine kinases) (Drennan and 

Ryazanov, 2004). In addition to eEF2K, there are 5 other kinases that 

belong to the subgroup of kinases: alpha kinases 1, 2, 3, and transient 

receptor potential cation channel subfamily M member 6 (TRPM6) and 

TRPM7 (Middlebeek et al., 2010). This family was named after the 

unique mode of substrate recognition in its initial members, the 

dictyostelium heavy chain kinases. These kinases phosphorylate 

protein sequences with an alpha-helical conformation rather than the 

typical β-pleated sheets (Vaillancourt, Lyons, and Cote, 1988; Luck-

Vielmetter et al., 1990).  Interestingly, eEF2K was originally classified 

as a calcium/calmodulin-dependent kinase (CaMK) due to its reliance 

on calcium influx into the cell, but it shares no homology to the other 
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CaMKs (Ryazanov, 1987; Nairn, Bhagat, and Palfrey, 1985). Again, 

this unique aspect of eEF2K makes it a promising target for effectively 

produced antagonists for the treatment of disease. 

  While there remain a few questions regarding aspects of 

eEF2K’s structure, function, and regulation, its role in learning and 

memory has been well-reported. As discussed in Chapter 1 of this 

dissertation, different learning paradigms and the different brain 

regions involved may require different levels of eEF2K activation. 

While some hippocampus-dependent tasks may require immediate 

dephosphorylation of eEF2 for memory formation and consolidation, 

other tasks involving the insular cortex and amygdala require transient 

eEF2 phosphorylation (Taha et al., 2013; Rosenblum et al., 1993; Gal-

Ben-Ari and Rosenblum, 2012; Belelovsky et al., 2015). These studies 

suggest that eEF2K activity may be required for certain learning and 

memory tasks, and total suppression could lead to some cognitive 

impairments. One study found that homozygous knock-out mice 

exhibited normal spatial learning and memory, as indicated by MWM 

and auditory fear conditioning, but showed impaired performance in 

contextual and trace fear conditioning (Heise et al., 2017). Together, 

all these reports suggest that eEF2 and eEF2K may act as a sort of 

“biochemical switch” that exists in a delicate balance to regulate 

various types of learning and memory. When the homeostatic balance 

of eEF2 and eEF2K activity is disrupted in either direction, either too 
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little or too much, negative consequences may be observed in 

cognitive performance. Our results from the genetic prenatal eEF2K 

knockout in APP/PS1 (APP) mice seem to mirror this sentiment in that 

AD-associated memory deficits were alleviated in some tasks but were 

not changed in others when compared to APP mice without genetic 

manipulation (Chapter 2, Fig. 2). 

  The underlying mechanisms of eEF2K’s interesting 

relationship with learning and memory may be due in part to its role in 

synaptic formation. One study reported that eEF2K inhibition led to 

impaired spine formation and dendritic brain-derived neurotrophic 

factor (BDNF) release, as BDNF is one protein regulated by eEF2 

(Verpelli et al., 2010). Previous work in our lab showed that while 

genetic repression of eEF2K improved dendritic spine density and 

maturation in AD model mice, the heterozygous eEF2K knockdown in 

wildtype mice led to decreased spine density and post-synaptic 

densities (PSDs) (Beckelman et al., 2019). Further, use of eEF2K 

inhibitor AG in aged Tg19959 (Tg) AD model mice led to a rescue in 

maturation of dendritic spines, but did not affect overall spine density, 

and led to an increase the number of PSDs observed in the CA1 region 

of the hippocampus (Chapter 3, Fig. 4). Additionally, wildtype mice 

treated with AG did not demonstrate any differences in dendritic spine 

density and PSD formation, implying it did not have the same effect as 

heterozygous knockdown in wildtype mice (Chapter 3, Fig. 4). In our 
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mass-spectrometry (MS)-based proteomic analysis, I observed that 

cytoskeletal proteins dysregulated in Tg mice were rescued with AG 

treatment (Chapter 3, Fig. 3 and Table 1), and this could be another 

factor leading to improved spine maturation. One interesting protein 

that is normalized with AG treatment is cell division control protein 42 

homolog (CDC42), which is a protein involved in extension and 

maintenance of filopodia and other surface projections in neurons 

(Endo, Druso, and Cerione, 2020). Another cytoskeletal protein I 

identified as being normalized with AG treatment was protein kinase C 

and casein kinase substrate in neurons protein 1 (PACSIN1), which 

also plays a role in neuronal morphogenesis (Liu et al., 2012).  

  Given eEF2K’s important role in protein synthesis, I also 

wanted to investigate the underlying mechanisms of mRNA translation 

that may be affected by treatment with eEF2K inhibitors. Translational 

capacity is significantly diminished in AD human patients as well as AD 

mouse models (Langstrom et al., 1989; Beckelman et al., 2019). I 

mirrored this finding in the current study, showing that Tg mice had 

decreased levels of puromycin expression following the SUnSET 

assay, suggesting a decrease in de novo protein synthesis (Chapter 3, 

Fig. 4). This impairment was rescued in Tg mice treated with AG, in 

which levels of puromycin were significantly higher than vehicle treated 

Tg mice (Chapter 3, Fig. 4). This increase in protein synthesis was 

mirrored in the investigation into polyribosome assembly in these mice. 
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Polyribosomes are clusters of 3 or more ribosomes that can work 

together to translate different regions of an mRNA strand, leading to 

more efficient mRNA translation (Ostroff et al., 2002). Hippocampal 

polyribosomes migrate from the dendritic shaft to spine heads following 

tetanic stimulation and LTP, which lead to the formation of synapse-

associated polyribosome complexes (SPRCs), suggesting that 

localized mRNA in dendritic spines assists with memory consolidation 

following hippocampal stimulation (Ostroff et al., 2002; Steward and 

Levy, 1982; Sossin and Costa-Mattioli, 2018; Heise et al., 2014). Tg 

mice treated with vehicle had significantly fewer polyribosomes in the 

CA1 region of the hippocampus than wildtype mice (Chapter 3, Fig. 4), 

which confirms previous studies showing similar results in AD model 

mice and AD human patients (Beckelman et al., 2019; Langstrom et 

al., 1989; Ostroff et al., 2002; Ostroff et al., 2017). Additionally, the MS-

based proteomic analysis identified 40S ribosomal protein S17 as a 

protein dysregulated in Tg mice that was normalized with AG treatment 

(Chapter 3, Fig. 3, Table 1). This protein is involved in the formation of 

the 40S ribosomal subunit, a key component of the ribosomal complex 

required for mRNA translation (Granneman and Baserga, 2004; 

Kenney and Meng, 2015). Taken together, these results indicate that 

numerous aspects of de novo protein synthesis and translational 

machinery that are dysregulated in AD model mice are restored with 

eEF2K inhibitor AG. 
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  The work reported in this dissertation demonstrates that 

deficits in protein synthesis and synaptic morphology associated with 

AD are rescued with eEF2K inhibitors in AD model mice. 

Understanding the mechanisms by which eEF2K inhibitors alleviate 

AD-associated deficits is extremely important in the drug development 

process. However, it also imperative to understand how eEF2K is 

dysregulated in the first place and how these inhibitors can affect this 

process. 

 

The Calcium Hypothesis of AD and its relation to eEF2K 

  Previous work has shown AD-associated dysregulation in the 

expression of markers of synaptic function, specifically those 

associated with calcium signaling. eEF2K activity relies solely on 

calcium (Ca2+) and calmodulin levels within the neuron, and it cannot 

perform its inhibitory phosphorylation of eEF2 without Ca2+/calmodulin 

activation (Ryazanov, 1987). In healthy neurons, synaptic stimulation 

causes N-Methyl-D-aspartate receptors (NMDARs) to allow Ca2+ into 

the cell, which then leads to Ca2+/calmodulin activation of eEF2K. This 

activation is critical for the selective translation of crucial plasticity-

related proteins (PRPs) (Scheetz et al., 2002; Chotiner et al., 2003; 

Park et al., 2008). However, in the AD brain, NMDARs become 

hyperactive, leading to a dysregulation of Ca2+ homeostasis within the 

neuron. The excessive intracellular Ca2+ leads to a disruption of 
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endoplasmic reticulum (ER) Ca2+ stores that leads to ER stress (Small, 

2009; Mattson, 2010). Further, the significant influx of Ca2+ into the 

neuron likely contributes to the overactivity of eEF2K and subsequent 

eEF2 hyperphosphorylation observed in AD. 

  Increased eEF2K activity has been associated with CaMKII 

(Chotiner et al., 2003), but previous work in our lab did not observe any 

changes in CaMKII expression following genetic eEF2K reduction 

(Beckelman et al., 2019). However, Tg mice with the heterozygous 

repression of eEF2K had normalized levels of CaMKIIα 

phosphorylation and a normalized expression of Ca2+ modulators 

(Beckelman et al., 2019). Similarly, an in vitro study found that eEF2K 

knockout in neuronal cell culture led to an upregulation of calmodulin 

(Kenney et al., 2015). These findings suggest that there may exist a 

feedback loop between eEF2K and Ca2+ modulation. In the current 

study, I found several calcium-related proteins that were dysregulated 

in Tg AD model mice were brought back up to wildtype levels after 

treatment with AG (Chapter 3, Fig. 3, Table 1). Our MS-based 

proteomic analysis identified 3 proteins involved with calcium 

signaling: caskin-1, secretory carrier-associated membrane protein 5, 

and hippocalcin-like protein 4 (Chapter 3, Fig. 3, Table 1). Caskin-1, or 

calcium/calmodulin-dependent serine protein kinase (CASK)-

interactive protein-1, is a neuronal scaffold protein affected by Ca2+ 

dynamics at the synapse (Bencsik et al., 2019). I found that caskin-1 
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was significantly decreased in Tg mice, which is consistent with other 

studies showing that knockout of caskin-1 led to behavioral and LTP 

impairments (Bencsik et al., 2019). Treatment with AG restored levels 

of caskin-1 to wildtype levels, suggesting that eEF2K inhibition led to 

an improvement in another calcium-regulated protein. This 

improvement is like AG’s beneficial normalization of secretory carrier-

associated membrane protein 5 (SCAMP5), which is involved in 

membrane depolarization and is required for the Ca2+ -dependent 

exocytosis, a key mechanism of neuronal signaling (Zheng et al., 2014; 

Hubbard et al., 2000). This protein was shown to be downregulated in 

Tg mice and was normalized with AG treatment, again suggesting 

eEF2K inhibition improves AD-associated disruptions in Ca2+ 

dynamics. Lastly, I observed an AD-related disruption in the levels of 

hippocalcin-like protein 4 (Hpcal4), a Ca2+-binding protein that acts as 

a Ca2+ sensor (Lamprecht et al., 2009). It has been shown to slow the 

rate of inactivation of CaV2.1 calcium channels (Lautermilch et al., 

2005; Few et al., 2005), and the upregulation observed in Tg mice 

suggests it plays a part in the increased levels of Ca2+ allowed into the 

cell. This might be a key protein involved in the dysregulation of Ca2+ 

dysregulation in AD, and I observed that eEF2K inhibitor AG led to a 

normalization in its expression (Chapter 3, Fig. 3, Table 1). All these 

findings together add to previous work suggesting a feedback loop 

between eEF2K activity and intracellular Ca2+ dynamics. 
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  Another aspect of the calcium hypothesis of AD is that 

increased levels of Ca2+ within the cell is associated with ER stress 

(Salminen et al., 2009). AD-associated ER stress leads to activation of 

the unfolded protein response (UPR) in neurons (Hoozemans et al., 

2009). This cellular stress can trigger the innate immune system, 

leading to an inflammation response (Martinon, Mayor, and Tschopp, 

2009; Heneka and O’Banion, 2007). Alpha-2-HS-glycoprotein (AHSG) 

is one of the proteins dysregulated in Tg mice (Chapter 3, Fig. 3, Table 

1), and it has previously been shown to be dysregulated in mouse 

models of AD as well as in the plasma of human AD patients (Shi et 

al., 2019; Kitamura et al., 2017; Smith et al., 2011). AHSG is a marker 

of anti-inflammation and is associated with cardiovascular disruptions, 

and its normalization is interesting because AG has been previously 

used in mouse models of cardiovascular disease (CVD) (Kameshima 

et al., 2015). Another study showed that AHSG provided 

neuroprotection against oxidative injury, and it was implicated in small 

molecule compound-mediated neuroprotection in a mouse model of 

amyotrophic lateral sclerosis (ALS) (Kanno et al., 2017). Interestingly, 

previous studies show AHSG to be downregulated in AD, but I 

observed increased expression in Tg mice (Chapter 3, Fig. 3, Table 1). 

This could be due to the strain of AD model mice I used, as there is a 

rapid and aggressive progression of AD in this model. Further studies 

would need to be conducted to fully profile AHSG in the Tg19959 AD 
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model.   

  Another aspect of ER stress is mitochondrial dysfunction, 

which leads to the production of reactive oxygen species (ROS) (Pahl 

and Baeuerle, 1997; Chong et al., 2017). Oxidative stress is well-

characterized in AD, and it may contribute to synaptic deficits (Ma et 

al., 2012; Scheper and Hoozemans, 2015; Briggs et al., 2017). The 

presence of ROS may lead the ER to release Ca2+ to activate eEF2K, 

which would temporarily suppress protein synthesis to allow the cell to 

decrease ROS produced by the process of translation. Recent studies 

have shown that eEF2K may have beneficial effects on oxidative stress 

beyond mRNA translation regulation. One study found that eEF2K 

inhibition prevented ROS production associated with tumor necrosis 

factor alpha (TNFα) (Usui et al., 2013). Another found that siRNA 

knockdown of eEF2K upregulated the antioxidant nuclear factor 

erythroid 2-related factor (Nrf2) in neuronal cells (Jan et al., 2016). A 

similar effect was observed in a study using eEF2K knockout mice 

(Kenney et al., 2015). Further, eEF2K inhibition protected cells against 

oxidative stress induced by hydrogen peroxide (H2O2) and Aβ (Jan et 

al., 2016). In the current study, I found a mitochondrial protein whose 

dysregulation in Tg mice was normalized with AG treatment: ATP 

synthase subunit delta (ATP5F1D) (Chapter 3, Fig. 3, Table 1). While 

downregulation of this protein has been shown to have deleterious 

effects within cells, not much is known about consequences of its 
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overexpression (Nuskova et al., 2020; Pecina et al., 2018). As it is 

overexpressed in the Tg mice, it can be inferred that overexpression 

may have a role in the production of ROS that is associated with AD, 

but more work needs to be done to determine the exact role ATP5F1D 

plays in the mitochondrial dysfunction and ROS production. 

  All of this together suggests that eEF2K inhibition may help 

to attenuate the significant increase in Ca2+ levels within the neuron 

and the subsequent ER stress response that is associated with the 

calcium hypothesis of AD. This may be the underlying mechanism for 

the rescue effects seen in mRNA translational capacity and synaptic 

deficits after AG treatment in AD model mice. Further studies should 

further investigate the specific effects these inhibitors have on the 

various proteins associated with Ca2+ signaling and ER stress. 

 

eEF2K Activity Dysregulation in Other Diseases 

  In addition to AD, eEF2K has emerged as a promising 

therapeutic target for a variety of diseases, including other 

neurodegenerative diseases, depression, cardiovascular disease 

(CVD), and solid cancer. Most degenerative disorders involve 

disruptions in protein synthesis, and mounting evidence suggests a 

role for elongation dysregulation in these diseases. As eEF2 and 

eEF2K are both expressed in axons, dendrites, and soma of neurons, 

disruptions of eEF2K/eEF2 signaling can be observed at different 
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points of the cell depending on the disease (Knight et al., 2020). eEF2K 

activity, as shown by phosphorylation of eEF2, is elevated in areas of 

the brain near tau depositions, which is a key pathology in AD as well 

as other tauopathies (Li et al., 2005). Similarly, eEF2K activity is also 

increased in Parkinson’s disease (PD), with levels of phosphorylated 

eEF2 showing a dramatic increase in the hippocampus and midbrain 

of post mortem tissue from PD patients (Jan et al., 2018). eEF2K 

activity was also elevated in the brains of PD mouse models showing 

alpha synuclein neuropathology (Jan et al., 2018). siRNA targeting the 

gene coding for eEF2K reduced alpha synuclein cytotoxicity in vitro, 

and eEF2K knockdown in these cells alleviated alpha synuclein-

induced mitochondrial dysfunction and oxidative stress (Jan et al., 

2018). Levels of total eEF2 are also dysregulated in PD, with an 

increase in eEF2 being observed in the substantia nigra and a 

decrease in expression in the frontal cortex (Garcia-Esparcia et al., 

2015). Further, in mice showing early-stage prion disease, cooling-

associated elongation suppression of eEF2K correlated with increased 

expression of the neuroprotective protein synaptic protein reticulon 3 

(RTN3) (Bastide et al., 2017). This RTN3 overexpression was 

mediated by its transcript’s interaction with RNA-binding protein 3 

(RBM3), which led to increased recruitment to the ribosome (Bastide 

et al., 2017; Peretti et al., 2015). Overall, these studies highlight the 

similarities between AD and other neurodegenerative diseases when 
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it comes to eEF2K expression and subsequent phosphorylation of 

eEF2. 

     In addition to neurodegenerative diseases, eEF2K 

dysregulation has also been reported in other neurological disorders, 

including epilepsy and depression (Beretta et al., 2020). It has been 

suggested that the eEF2K/eEF2 signaling pathway modulates the 

excitatory/inhibitory balance in the hippocampus, and thus may control 

the susceptibility to epileptic seizures (Heise et al., 2017). eEF2K 

activity negatively regulates synaptic transmission of GABA, and 

eEF2K knockout mice exhibited a stronger GABAergic transmission 

and tonic inhibition, and these mice were less susceptible to epileptic 

seizures (Heise et al., 2017). This study suggests that eEF2K inhibitors 

could be a viable option for epilepsy, as decreased eEF2K activity had 

a beneficial effect towards frequency of seizure activity.  

  There is also a growing amount of evidence investigating the 

role of eEF2K in major depressive disorder. Ketamine has been shown 

to act as a rapid anti-depressant in mice and cell culture (Beretta et al., 

2020). Ketamine works as an NMDAR antagonist, suggesting that 

calcium signaling is affected by its administration (Autry et al., 2011). 

This fast-acting antidepressant activity of ketamine is thought to be 

mediated by brain-derived neurotrophic factor (BDNF), which is a 

protein downstream of eEF2K/eEF2 signaling (Autry et al., 2011; 

Nosyreva et al., 2013; Suzuki and Monteggia, 2020; Bjorkholm and 
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Monteggia, 2016). The proposed mechanism for ketamine is thought 

to be the NMDAR suppression leading to a dephosphorylation of eEF2 

via eEF2K inhibition, and then subsequent augmentation of BDNF 

synthesis (Monteggia, Gideons, and Kavalali, 2013). Ketamine 

upregulates the expression of BDNF in wildtype mice, but this effect is 

not observed in eEF2K knockout mice (Adaikkan et al., 2018), 

suggesting that eEF2K activity is required for the beneficial effects of 

ketamine to be seen. These findings are intriguing in that suppressed 

eEF2K activity is thought to be a key part of the anti-depressant 

mechanism of ketamine, but genetic knockout of eEF2K prevented 

ketamine’s effect in wildtype mice. This further highlights the delicate 

balance of eEF2K signaling that needs to be considered when 

investigating diseases of the nervous system. More studies will need 

to be performed in the future to determine the possibility of eEF2K 

inhibitors as a treatment for depression. 

  eEF2K has been shown to play a central role in various 

diseases of the nervous system, but there is also evidence implicating 

its dysfunction in other disorders within the body, specifically 

cardiovascular disease (CVD). Atherosclerosis is a complex 

inflammatory disorder in which macrophages play a large role. 

Oxidized low-density lipoprotein (oxLDL) has been shown to block the 

apoptosis of macrophages and leads to increased pathogenesis in 

atherosclerosis (Hundal et al., 2001). OxLDL leads to elevated Ca2+ 
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levels within affected cells, which leads to a subsequent increase in 

eEF2K activity, which further leads to macrophage survival (Chen et 

al., 2009). LDL-receptor knockout mice were given bone marrow that 

contained a mutation to inactivate eEF2K, and it was found these mice 

had significantly lower levels of atherosclerotic plaques than the LDL-

receptor knockout mice given bone marrow with no alteration to eEF2K 

(Zhang et al., 2014). Additionally, vascular smooth muscle cells play a 

key role in the pathogenesis of hypertension through their proliferation 

and migration. It was discovered that eEF2K activity was increased in 

these cells, and that it partially mediates hypertension via oxidative 

stress-induced vascular inflammation (Usui et al., 2015; Usui et al., 

2011; Usui et al., 2013). Importantly, use of AG (the same compound 

used in this dissertation) inhibited smooth muscle cell proliferation and 

migration, thus mitigating the negative effects of hypertension in a rat 

model (Kameshima et al., 2015). 

  Lastly, as discussed in Chapter 1, the role of eEF2K in cancer 

pathology has been well-validated, and this research has led to the 

development of the two eEF2K inhibitors used in this dissertation. 

Briefly, in most tumor and other carcinogenic cells, eEF2K activity is 

increased in order to inhibit protein synthesis, a process that utilizes a 

large amount of energy (Liu and Proud, 2016). This helps to conserve 

energy as the environment in which cancer cells survive is usually 

hypoxic and deprived of nutrients for the cells (Kenney et al., 2014; 
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Leprivier et al., 2013). Inhibition of eEF2K was shown to be effective 

against certain types of cancers (Wang et al., 2015; Leprivier et al., 

2013; Tekedereli et al., 2012; Liu et al., 2014; Xie et al., 2018; 

Bayraktar et al., 2017; Zhu et al., 2017), but they might not be effective 

in treating others (Faller et al., 2015; Ng et al., 2019; De Gassart et al., 

2016). This leads to a hypothesis that eEF2K may act as a “double-

edged sword,” with cancer-cell-type-specific functions (Liu and Proud, 

2016). Since there is conflicting evidence for the role of eEF2K in 

cancer depending on the cancer cell type, further research needs to 

be done to fully elucidate the role of eEF2K in cancer and the potential 

use of eEF2K inhibitors as a treatment. 

 

  All of this together suggests that eEF2K is a protein involved 

 

Figure 1. 
Representation of 
eEF2K activity in 
the various 
disorders 
discussed. 
Adapted from Liu 
and Proud (2016) 
Acta Pharmacol 
Sin. Includes 
cardiovascular 
disease (CVD), 
neurological 
disorders, and 
cancer. 
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in a wide variety of disorders, both neurological and peripheral. While 

the role of eEF2K activity plays in these diseases is varied and more 

research will need to be done to fully characterize its impact, there is 

potential for eEF2K inhibitors as a treatment for most of these 

disorders (Fig. 1). This suggests that the positive data I report in this 

dissertation could be mirrored in similar studies using eEF2K inhibitors 

in other disorders.   

 

Conclusions and Future Directions 

  Within the 21st century, the prevalence of AD is expected to 

increase dramatically with a growing elderly population. As a result, 

there is increasing pressure to identify a novel treatment for the 

disease. Profound memory loss and synaptic failure are two key 

aspects of AD, and impairments of de novo protein synthesis are likely 

an underlying mechanism responsible for these deficits. Previous work 

has implicated dysregulation of the elongation step of mRNA 

translation in AD and other neurodegenerative disorders, specifically 

increased eEF2K activity, which leads to inhibition of de novo protein 

synthesis. Phosphorylation of eEF2 at its Thr56 site prevents tRNA 

movement from the A-site to the P-site of the ribosomal complex during 

mRNA translation, which leads to an inhibition of de novo protein 

synthesis (Ryazanov and Davydova, 1989; Proud, 2015). This 

inhibitory phosphorylation is significantly elevated in the hippocampi of 
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both human post mortem brains and transgenic AD model mice 

(Beckelman et al., 2019), and the subsequent impairments in protein 

synthesis could underlie the characteristic learning and memory 

deficits of AD.  

  The work described in this dissertation suggests that 

suppression of eEF2K activity may be a novel therapeutic approach in 

AD. Genetic knockout of eEF2K alleviated numerous aspects of AD 

pathophysiology in aged APP/PS1 mice. Additionally, use of two small-

molecule antagonists of 

eEF2K rescued AD-

associated learning and 

memory deficits, synaptic 

dysfunction, and decreased 

translational capacity in 

transgenic AD model mice 

(Fig. 2). This proof-of-concept 

study sets the stage for future 

clinical trials in human 

patients. These inhibitors 

offer a promising therapeutic 

strategy as no major negative 

side effects of treatment were 

observed, and the wildtype 

 
Figure 2. Summary of rescue effects of treatment 
with eEF2K inhibitors observed in AD model mice. 
A) Depiction of dysregulation of eEF2K in AD, leading 
to decreased de novo protein synthesis and 
subsequent deficits reported in AD model mice. B) 
Summary of rescue effects following treatment with 
eEF2K inhibitors, including improved cognitive 
performance, translational capacity, dendritic spine 
maturation, PSD formation, and LTP performance. 
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mice exposed to the inhibitors did not show negative outcomes in 

performance. Additionally, there is a one-to-one relationship between 

eEF2K and eEF2, and this unique aspect of this pathway makes it an 

ideal target for therapeutic intervention as the chances of off-target 

effects are low (Proud, 2015). Also, eEF2K is one of 6 alpha kinases, 

a group of enzymes characterized by a unique catalytic domain 

(Ryazanov et al., 1999; Drennan and Ryazanov, 2004), meaning that 

if eEF2K inhibitors show a high degree of specificity, they should not 

affect the activity of other, more conventional, kinases. However, there 

are some aspects of these pharmacological compounds that must be 

addressed prior to use in humans. 

  Future studies will need to be done to assess the effects of 

eEF2K inhibitors in tasks that are negatively affected by eEF2K genetic 

manipulation in previous work. Specifically, tasks involving the insular 

cortex and amygdala should be performed on AD model mice treated 

with these inhibitors. Memory tasks that involve these brain regions, 

such as conditioned taste aversion, novel taste learning, and 

contextual fear conditioning, are dependent on eEF2 phosphorylation, 

and these inhibitors may lead to impaired performance (Rosenblum et 

al., 2005; Heise et al., 2016; Belelovsky et al., 2005). Another major 

caveat is that while we observed beneficial outcomes in AD model 

mice following NH125 treatment, there are studies conducted in non-

neuronal cell lines that question the specificity and inhibition potency 
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of this compound on eEF2K (Chen et al., 2011; Devkota et al., 2012). 

Future studies are needed to delve into potential eEF2K-independent 

mechanisms underlying NH125’s rescue effect on synaptic failure and 

cognitive impairments in AD model mice. In a similar vein, the parent 

company of AG, Abbott Laboratories, found that AG was weakly 

effective in a cancer cell line. While the drug inhibited phosphorylation 

of eEF2, it did little to stop tumor cell growth (Chen et al., 2011). 

However, when compared to a variety of other eEF2K inhibitors, AG 

was consistently found to be the most effective at reducing levels of 

phosphorylated eEF2 (Edupuganti et al., 2014). This suggests that 

while AG might not be a promising cancer therapeutic, it is very specific 

to eEF2K and effectively reduces levels of p-eEF2. Other eEF2K 

inhibitors are currently being developed and tested in vitro to compare 

their specificity and efficacy to AG. If one of these novel eEF2K 

inhibitor is shown to be more effective than AG, it should be tested for 

safety and efficacy in animal models of AD. For now, AG seems to be 

a promising therapeutic option for AD, and further safety studies should 

be performed in animal models and eventually humans to test for any 

signs of toxicity or other negative side effects.  

  Overall, eEF2K inhibitors seem to be a promising novel 

therapeutic option for the treatment of AD. Given that phosphorylation 

of eEF2 is observed in multiple other disorders, it could potentially be 

used for those as well. The current study found that eEF2K inhibitors 
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NH125 and AG rescued multiple aspects of AD pathophysiology, 

including synaptic failure, impaired translational capacity, and 

cognitive deficits in two strains of transgenic AD model mice. As 

discussed, future studies are warranted to fully elucidate the 

mechanisms underlying these beneficial effects, both upstream and 

downstream of eEF2K, before the transition into clinical trials for 

human AD patients. 
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