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ABSTRACT 

 

Down syndrome (DS) is one of the most common forms of intellectual 

disabilities - there are approximately 6000 babies born with DS in the United 

States each year. Despite DS having a clear genetic cause – a trisomic repeat of 

chromosome 21 (HSA21) – the exact molecular mechanisms linking HSA21 

trisomy are still unknown. Adults with DS show Alzheimer’s disease (AD) 

neuropathology by their mid-30s, and as many as half of them will develop AD-

like dementia by their mid-60s. Furthermore, there are presently no 

pharmacological interventions which effectively improve the cognitive deficits 

associated with DS. One prominent feature of both DS and AD neuropathology is 

an increased neuronal oxidative stress.  

Glucagon-like peptide-1 (7-36) [GLP-1 (7-36)] is an incretin which 

promotes insulin secretion and glucose metabolism; circulating GLP-1 (7-36) is 

rapidly broken down to GLP-1 (9-36). Traditionally, GLP-1 (9-36) is considered 

the inactive waste product of a gut hormone, but it has consistently been shown 

to provide protection against oxidative stress and to decrease oxidative stress 

production both in cultured cells and in AD model mice. GLP-1 (9-36) stands 

apart from antioxidant therapeutics in that it is not a traditional antioxidant. 

Classical antioxidants decrease oxidative stress by scavenging the already-

formed reactive oxygen species (ROS) or by reducing oxidized cellular 

components. Constrasting the classical antioxidants, GLP-1 (9-36) works by 

normalizing ROS generation, circumventing the need for ROS scavengers. 
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The overall goal of this project was two-fold. First, my co-investigators and 

I sought to provide evidence that GLP-1 (9-36) has neurological significance as it 

relates to memory and synaptic plasticity and to determine the underlying 

mechanisms through which this might be accomplished. Second, we sought to 

investigate the efficacy of GLP-1 (9-36) as a potential pharmacological treatment 

to ameliorate DS-associated cognitive deficits and identify the molecular 

mechanisms through which this was accomplished. My overall hypothesis for this 

project was that GLP-1 (9-36) would improve DS-associated memory and 

synaptic plasticity deficits by decreasing neuronal oxidative stress. 

In chapters two and three of this dissertation, my co-investigators and I 

provide experimental evidence that GLP-1 (9-36) does indeed have biological 

significance in that it enhances long-term potentiation (LTP) in young, wild-type 

mice. We have shown that chronic GLP-1 (9-36) treatment does not affect 

glucose metabolism, demonstrating that it may work through a non-incretin 

pathway. We also provide evidence supporting the use of GLP-1 (9-36) as a 

potential therapeutic to improve cognition in DS. DS model mice treated with 

GLP-1 (9-36) showed improved cognitive function and synaptic plasticity. Further 

investigation confirmed that DS model mice do indeed show increased neuronal 

oxidative stress, which was normalized by GLP-1 (9-36) treatment. We also 

show, for the first time, that DS model mice have altered dendritic spine 

morphology which favors transient, immature spines over stable, mature dendritic 

spines. We go on to show that this altered morphology is normalized by GLP-1 

(9-36) treatment. 
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 In summary, we show that GLP-1 (9-36) is not only a biologically-active 

peptide, but it may also be a useful tool to improve cognitive function in DS – 

correcting the excessive neuronal oxidative stress and normalizes dendritic 

function. Our work also provides new insights into the neuropathology of DS and 

suggests that targeting oxidative stress at its source could be another route to 

improve cognition in DS and in other high-ROS neurological disorders. 
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INTRODUCTION 

Down syndrome (DS) is one of the most common forms of intellectual 

disability and is caused by a trisomic repeat of human chromosome 21 (i.e., 

Homo sapiens autosome 21 (HSA21)) [1-5]. The Centers for Disease Control 

and Prevention estimates that approximately 6000 babies are born with DS in the 

United States each year [6, 7]. While there are a myriad of pathologies 

associated with DS, impaired memory is one of its more recognizable features [1, 

8]. Notably many of the genes encoded on HSA21 that are overexpressed in DS 

brains are also implicated in Alzheimer’s disease (AD) [9], which is the most 

common form of dementia. As many as half of all individuals with DS will have 

developed AD by their mid-60s; nearly all individuals with DS have AD 

neuropathological markers (i.e., amyloid plaques and neurofibrillary tangles) by 

age 40 [10-12]. Increased neurological oxidative stress is a pathological hallmark 

of DS and may contribute to DS-associated memory deficits [13-15].  Presently 

there are no pharmacological interventions which improve DS-associated 

cognitive decline in DS patients; all drug trials attempting to do so have thus far 

been unsuccessful [16-18].  

 

MECHANISMS OF MEMORY 

Memory 

Memory is the process through which learned information is stored, and is 

typically classified according to the types and the resilience of that information 

[19]. Memory type is characterized by the conscious awareness of the stored 
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information, and is called implicit and explicit memory [20]. Implicit memory 

describes learned information that is used to perform a task without conscious 

awareness and relies upon the basal ganglia and broader cortico-striatal 

networks [21, 22]. Conversely, explicit memory describes the type of learned 

information which requires active retrieval and conscious awareness of the prior 

acquisition process and involves the hippocampal and parahippocampal circuits 

[19, 23-25]. Explicit memory is further categorized as semantic (i.e., general 

knowledge, facts, and vocabulary); or episodic (i.e., life events, or other 

biographical information) [20]. Many procedural tasks are initially stored as 

explicit memories but become implicit memories after practice (e.g., riding a bike, 

playing a musical instrument, driving a car) (Figure 1.1). 

Memory is also classified according to the resilience or the length of time 

for which the stored information is available for recall. Long-term memory (LTM) 

describes memories that are stable and available for recall for days or years 

post-acquisition, while short-term memory (STM) describes ephemeral or short-

lived memories that are forgotten shortly after acquisition [26, 27]. Models of 

memory also include working memory (WM), which is similar to STM in its limited 

capacity but differs in that the stored information is manipulated during recall, 

usually in order to complete a task [28]. In individuals without intellectual 

disabilities, WM capacity is predictive of intellectual abilities [29]. 

In 1949, D.O. Hebb proposed that the biological correlate for memory lay 

in the physical changes in synaptic strength [30]. Twenty years later, the  
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Figure 1.1 – Organization of memory as information storage 

Memory is typically described in terms of the resilience of the memory stored 

information (long-term memory vs. short-term memory), conscious awareness 

of the stored information (implicit vs. explicit memory), and the types of 

information which is stored (semantic vs. episodic memory). 
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discovery of long-term potentiation provided experimental evidence for Hebb’s 

postulate [31, 32]. 

Long-term Potentiation 

Long-term potentiation (LTP) is a significant form of synaptic plasticity and 

one of the most widely studied cellular models for memory. LTP is an artificial 

form of synaptic plasticity that occurs in neurons through the electrical stimulation 

of synaptic pathways. LTP is best described as the persistent strengthening of 

synapses, based on patterns of synaptic activity, which produces a long-lasting 

increase in signal transmission between neurons [33]. LTP is measured in terms 

of the amplitude and magnitude of field excitatory post-synaptic potentials 

(fEPSPs), which are the electrical signals recorded from a population of neurons 

that can either initiate or inhibit action potentials in individual neurons. 

Synaptic transmission begins with the release of glutamate from excitatory 

presynaptic vesicles [34]. Upon release, glutamate crosses the synaptic cleft and 

binds to postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

(AMPA) and N-methyl-D-aspartate (NMDA) receptors. AMPA receptors are 

ligand-gated Na
2+

 channels which mediate fast synaptic transmission. The 

glutamate-bound AMPA receptors open, initiating a rapid postsynaptic influx of 

Na
2+

 which depolarizes the postsynaptic membrane, contributing to a fast EPSP 

[35]. NMDA receptors are Ca
2+

 ion channels whose pores are blocked by Mg2+ 

at resting membrane potentials and require an additional step beyond glutamate-

binding to open and allow Ca
2+ 

influx. Upon membrane depolarization, Mg
2+
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dissociates from NMDA receptors and, if glutamate is bound to the receptor, the 

ion channel opens and Ca
2+ 

pours into the postsynaptic space [36, 37]. 

The voltage-gated K
+
 channel, Kv4.2, is another critical component of 

LTP. Kv4.2 channels are voltage-gated K
+
 channels which are preferentially 

expressed on the dendrites of pyramidal hippocampal neurons [38, 39]. 

Pharmacological or genetic inhibition of Kv4.2 increases increasing Ca
2+ 

influx 

through voltage-gated Ca
2+

 channels (VGCCs) and NMDA receptors, which 

enhances the EPSP [38, 40, 41]. Kv4.2 contributes to dendritic excitability by 

regulating backpropagating action potentials (bAPs) [40, 42, 43]. bAP membrane 

depolarization induces Kv4.2 to open, and the subsequent K
+
 efflux repolarizes 

the membrane, decreasing the peak amplitude of the bAP and EPSP [44]. At the 

synapse, bAP membrane depolarization combines with the EPSP to create a 

strong current opening VGCCs, which are closed at resting membrane potentials 

[45, 46]. In combination with the bAP, EPSP membrane depolarization activates 

VGCCs, pouring Ca
2+ 

into the dendritic spine [46-49]. In combination with NMDA 

receptor mediated Ca
2+ 

influx, VGCC-induced Ca
2+

 influx binds to and activates 

kinases such as Ca
2+

/calmodulin-dependent protein kinase II (CaMKII). CaMKII 

and other Ca
2+ 

kinases strengthen the synaptic connection by modulating the 

signaling proteins responsible for cytoskeletal modification and mRNA translation 

(Figure 1.2) [50-55]. 

Thus persistent synaptic activity changes the synapse in a way that makes 

it more sensitive to activation. In 1949, D.O Hebb posited, “When an axon of cell 

A […] excites cell B and repeatedly or persistently takes part in firing it, some  
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Figure 1.2 Basic components of synaptic transmission 

Presynaptic action potentials (a) leads to glutamate release from synaptic 

vesicles (b). Glutamate bind to postsynaptic AMPA receptors (c) and Mg2+-

gated NMDA receptors (d). AMPA receptors open and allow for Na2+ influx 

which, in combination with Kv4.2-mediated bAPs, leads to postsynaptic 

membrane depolarization (e-f). Postsynaptic membrane depolarization causes 

Mg2+ to dissociate from NMDA receptors, which open and allow Ca2+ influx (g-

h). Membrane depolarization also allows Ca2+ influx via VGCCs (i). 

Intracellular Ca2+ binds to CaMKII, which phosphorylates several signaling 

proteins associated with mRNA translation and cytoskeletal modification (j-k). 
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growth process or metabolic change takes place in one or both cells so that A’s 

efficiency as one of the cells firing B is increased”  [30]. Or, as is taught in nearly 

every undergraduate introductory neuroscience course, “Neurons that fire 

together, wire together”. The following sections will discuss three of the cellular 

changes to which Hebb referred, namely mRNA translation, dendritic spine 

morphology, and oxidative stress. 

mRNA Translation 

Protein synthesis is comprised of three phases: translation initiation, 

peptide elongation, and termination [56, 57]. Translation initiation occurs at the 

ribosome and is initiated by several eukaryotic initiation factors (eIFs) which bind 

to the 5’ mRNA cap (eIF4E) and recruit the ribosomal subunits for assembly 

(eIF2) [56]. Peptide elongation involves the recruitment of several eukaryotic 

elongation factors (eEFs) which bring the aminoacyl-tRNA to the ribosome 

(eEF1A) and translocates the peptidyl-tRNA from the ribosomal A-site to the P-

site (eEF2) [56, 58]. 

The activity of initiation and elongation factors are regulated at several 

levels by upstream kinases, including AMP-activated protein kinase (AMPK), Akt, 

mammalian target of rapamycin complex-1 (mTORC1), p70S6 kinase (p70S6K), 

eEF2 kinase (eEF2K), eIF4E-binding protein-1 (4EBP1), protein kinase R-like 

endoplasmic reticulum kinase (PERK), and general control nonderepressible-2 

(GCN2). 

mRNA translation is an energetically-expensive process sensitive to 

amino acid scarcity, low cellular energy, and oxidative stress [59]. Under 
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conditions of amino acid shortage, GCN2 phosphorylates eIF2, preventing 

translation initiation [60]. Under low energy conditions (i.e., AMP>>ATP) AMPK, 

a central cellular energy sensor, increases eEF2K activity and inhibits mTORC1 

activity, indirectly suppressing S6K activity [61, 62]; activated eEF2K 

phosphorylates eEF2, which disrupts peptide elongation [63-66]. With S6K 

suppressed, 4EBP1 does not release eIF4E initiation, resulting in decreased 

eEF1A expression. This signaling culminates in decreased mRNA translation. 

Finally, under increased oxidative stress, ROS enhances AMPK and suppresses 

Akt activities [67-69]. Because Akt activates mTORC1 and suppresses AMPK 

[70], Akt suppression decreases mTORC1 and increases AMPK activities. This 

results in suppressed eEF2 activity and decreasesd eEF1A expression which  

ultimately lowers translation activity. Increased oxidative stress activates PERK, 

suppressing eIF2 activity, and preventing translation initiation (Figure 1.3) [60]. 

mRNA translation is an important process that allows the neuron to 

respond to environmental and metabolic changes and localizes to the dendritic 

spines during synaptic activity [71]. eEF1A mRNA is present in pyramidal 

dendrites, and LTP induction increases eEF1A expression in dendritic spines for 

several hours [71, 72]. Given that eEF1A guides aminoacyl-tRNAs to the 

ribosome [57], we should not be surprised to find other translation machinery 

such as ribosomal clusters, or polyribosomes, within the dendritic region. 

Polyribosomes are clusters of ribosomes which are engaged in active 

ongoing translation; high polyribosome presence indicates greater translational 

capacity [73, 74]. Polyribosomes are present on dendritic spine heads and   
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Figure 1.3 Effects of low and high ROS on mRNA translation 

Under conditions of low ROS, Akt suppresses AMPK signaling and enhances 

mTORC1 signaling, ultimately leading to translation initiation and peptide 

elongation. Under conditions of high ROS, Akt signaling is suppressed while 

PERK and AMPK signaling are enhanced; ultimately disrupting translation 

initiation and peptide elongation. Solid green arrows denote increased activity 

or expression; dashed green arrow denotes increased eEF1A expression; 

blunted red lines represent suppressed activity 
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significantly increase in population during memory consolidation and LTP [73, 

74]. Memory consolidation and synaptic plasticity are impaired when translation 

machinery or polyribosome assembly is impaired [71, 75]. Thus de novo protein 

synthesis is a vital component of memory and synaptic plasticity.  

Dendritic Spine Morphology 

 Few excitatory synapses connect directly to the dendritic shaft but instead 

connect to the dendrites at small post-synaptic compartments which protrude 

from the dendritic shaft [76, 77]. Rather than merely being an extension of the 

postsynaptic surface area, these compartments, called dendritic spines, are local 

synapse-specific microcompartments in which postsynaptic signals are amplified 

[78]. The small volume of the spine head allows each spine to amplify the 

changes in intraspinal Ca2+ following NMDA and VGCC Ca2+ influx [49, 79, 80]. 

Dendritic spines are dynamic structures whose functions are directly related to 

their form [34, 81, 82]. 

Dendritic spine morphology is usually described in terms of maturity, 

ranging on a continuum from the “immature” filopodial- and thin-shaped spines to 

the “mature” stubby-, mushroom-, and branched-shaped spines (Figure 1.4) [83]. 

Immature, filopodial spines make initial contact with postsynaptic terminals and 

form synaptic connections either by drawing the presynaptic contact directly to 

the dendritic shaft from which a mushroom-shaped spine forms, or by directly 

transforming into mature spines [84-87]. A spine’s structure dictates its function – 

thus morphology is a critical component of memory and synaptic plasticity. 

 



12 
 

 

 

  

Figure 1.4 Dendritic spine morphology 

Dendritic spines are highly dynamic structures ranging from the immature 

filopodia-shaped spines to the mature mushroom-shaped and branched-

shaped spines. Immature spines are typically considered learning spines while 

mature spines are considered memory spines.  
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Mature spines have a high synaptic function and are more stable, lasting 

as short as a few weeks or as long as several years [88, 89]. Mature spines have 

a high AMPA/NMDA receptor ratio [90], making them highly sensitive to 

glutamatergic stimulation – rapidly initiating the fast-EPSP in response to 

presynaptic glutamate release [91]. Conversely, immature spines have minimal 

(if any) synaptic function and are highly dynamic – lasting anywhere from 

minutes to days [89, 92]. Immature spines contain a low AMPA/NMDA receptor 

ratio [90], making them less sensitive to glutamatergic stimulation. Spine 

dynamics are implicated in memory consolidation and synaptic plasticity. Some 

researchers have described immature spines as “learning spines” and mature 

spines as “memory spines”. However it should be noted that immature spines are 

predominant during early development while mature spines are predominant 

during later stages of development [93]. 

Changes in spine morphology represent synaptic changes within local 

circuits. In fact, dendritic spine density and formation along the dendritic shaft 

can be affected by activity over both short and long timescales [88, 89, 92, 94-

98]. This can be experimentally observed in electrophysiological experiments. 

Several studies have shown that LTP-induced AMPA and NMDA receptor 

activation facilitates rapid changes in spine morphology, increasing spine volume 

and stabilizing newly-formed spines [90, 99, 100]. LTP also induces the 

proliferation of filopodial spines in cultured hippocampal slices, which is 

presumably in response to increased glutamatergic transmission [54, 101]. 

Conversely, long-term depression (LTD) induction leads to reduced spine 
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volumes and can destabilize or eliminate existing mature spines [102, 103]. LTD 

is also associated with AMPA receptor endocytosis [104-106], while spine loss is 

correlated with memory and synaptic plasticity deficits and is an early event in 

mouse models of neurodegenerative disease [107, 108]. 

Oxidative Stress 

 Neurons consume large amounts of oxygen to maintain their high 

metabolic activity and consequently produce copious amounts of reactive oxygen 

species (ROS) [109, 110]. ROS are kept in check by an antioxidant network 

composed of superoxide dismutase (SOD), catalase, glutathione peroxidase 

(GPx), and several other enzymes [109, 111, 112]. ROS are typically 

characterized as neurotoxic molecules because at high levels they oxidize 

essential cellular components (e.g., membrane lipids, DNA, and cytoskeletal 

proteins) and subsequently impair memory and synaptic plasticity [109, 110, 113, 

114]. However, ROS are also a vital component of intracellular signaling and 

even contribute to regular synaptic activity [109]. 

 One major form of ROS is superoxide (O2
–) which is primarily created in 

the mitochondria during oxidative phosphorylation and leaks into the cytosol 

through the electron transport chain (ETC) protein complexes I and III [115-117]. 

O2
– is rendered inert, first by its enzymatic dismutation into H2O2 by one of three 

SOD isoforms – cytosolic SOD (Cu/Zn-SOD, or SOD1), mitochondrial SOD (Mn-

SOD or SOD2), or extracellular SOD (EC-SOD or SOD3) [118]. H2O2 is then 

transformed into H2O and O2 by catalase and GPx [109, 119]. 
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 To demonstrate the importance of O2
– in synaptic activity, several studies 

have shown that HFS-induced Ca2+ influx corresponds with increased 

mitochondrial O2
– [120, 121], while CaMKII activity (which is increased following 

HFS-induced Ca2+ influx) was decreased by the application of O2
– scavengers 

application and SOD inhibition led to increased CaMKII activity [122]. SOD2 

localizes to the mitochondria where it catalyzes the dismutation of mitochondrial 

O2
– and may be a contributing factor to AD pathology. One study showed that 

SOD2 underexpression exacerbates memory and synaptic plasticity deficits in 

AD model mice [123]. Interestingly, while SOD2 overexpression did not affect 

memory or synaptic plasticity in wild-type mice, it decreased mitochondrial O2
– 

and improved memory in AD model mice [124, 125]. Thus a lifetime accretion of 

O2
– may exacerbate the memory and plasticity deficits associated with AD 

pathology – this effect is also observed in DS model mice [126, 127]. 

 At high levels, ROS damages and impairs protein function and is linked to 

cellular senescence, aging, DNA damage, and gene mutation [128, 129]. 

Excessive ROS also interferes with the signaling proteins governing mRNA 

translation. Canonically, AMPK acts as a central cellular energy sensor; in 

response to low cellular energy (AMP>>ATP) AMPK activates eEF2K and 

inhibits mTORC1 leading to decreased mRNA translation [58, 61, 62]. While 

increased oxidative stress is associated with decreased AMP levels and 

increased AMPK activity [130, 131]; one group recently demonstrated that ROS 

oxidizes AMPK α- and β-subunit cysteine residues, increasing AMPK’s kinase 
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activity [69]. In AD model mice, decreased Akt activity is correlated with 

increased oxidative stress; decreasing oxidative stress restored Akt activity [68]. 

 The research examining the underlying mechanisms of the relationship 

between supraphysiological oxidative stress and dendritic spine morphology are 

sparse. One study has shown that exposure to cranial irradiation, which induces 

a persistent increase in oxidative stress, significantly decreased mature spine 

density and significantly increased immature spine density within the 

hippocampus of wild-type mice [132]. In another study, rat models of 

phenylketonuria (PKU), which have increased oxidative stress in response to 

dysregulated phenylalanine metabolism, have an overall decreased dendritic 

spine density which is reversed following antioxidant treatment [133]. Oxidative 

stress may lead to dendritic spine dysregulation through membrane lipid 

peroxidation or through actin oxidation – both of which are known to lead to 

neurodegeneration at the global level but may also contribute to spine 

degeneration locally [113, 134]. 

Together, these studies demonstrate that synaptic function relies on 

balanced mitochondrial O2
– levels. Given that increased ROS production is a 

contributing factor to many neurodegenerative diseases, ROS production – not 

clearance – may represent an important therapeutic target to stave off the 

adverse effects of ROS on memory, synaptic plasticity, and their underlying 

mechanisms. 

 

DOWN SYNDROME 
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History of Down Syndrome 

In 1866, John L. Down published an essay wherein he described 

intellectually disabled children with a common phenotype. He outlined a distinct 

difference between children whom he refered to as “cretins” (later discovered to 

have hypothyroidism) and others whom he refered to as  “mongoloids” [135]. 

Sixty years later, both Charles Davenport and Petrus J. Waardenburg 

hypothesized that chromosomal irregularities might cause intellectual disabilities, 

including Down’s “mongolism” [3, 136]. In 1955 Joe Hin Tjio, discovered that 

humans normally have 46 chromosomes [137, 138], providing the foundational 

work for Jérôme Lejeune and Patricia Jacobs to identify and confirm the 

chromosomal basis of Down’s “mongolism” as a trisomic repeat of HSA21 a few 

years later [4, 5, 139]. In 1961 several Asian geneticists cosigned a letter to the 

Lancet journal stating that the term “mongolism” carried misleading racial 

connotations and urged that it be replaced [140]. A few years later, the 

delegation for the Mongolian People’s Republic informally approached the 

Director General of the World Health Organization at the 1965 World Health 

Assembly and requested that the terms “Mongol,” and “Mongolism” be expunged 

from scientific vernacular [141]. Today, the condition is known as Trisomy 21 or 

Down syndrome (DS). 

Down Syndrome Prevalence 

As of early 2008, there are approximately 250,700 individuals with DS 

living in the United States [6]. Between 1979 and 2003, the prevalance of DS at 

birth increased from 9.0 per 10,000 to 11.8 per 10,000 [7]. Because DS has a 
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myriad of comorbidities (e.g., respiratory, cardiovascular, gastrointestinal, and 

endocrine disorders), life expectancy for individuals with DS has historically been 

low [142]. Between 1968 and 1997, the median age of death for a person born 

with DS increased from one year to fourty-nine years. [142]. Advancements in 

medical care and technology have further expanded the lifespan of individuals 

with DS. Today the life expectancy of a one-year old child with DS is more than 

60 years [10, 143]. At the current rate of progress in medical care and technolgy, 

we can only expect that number to increase.  

Memory and Synaptic Plasticity in Down Syndrome 

The clinical description of DS includes decreased cognitive function; 

impaired memory is one of the most recognized behavioral phenotypes in DS 

[144]. Individuals with DS have memory deficits at all levels of information 

storage - LTM, STM, and WM. A recent meta-analysis revealed that individuals 

with DS have significantly impaired LTM, STM, and WM at all stages of life [24]. 

In DS, STM deficits are observable by impaired performance in a range of 

cognitive skills including vocabulary and problem solving tasks [145]. This 

precipitates many of the language impairments in individuals with DS and 

interferes with their ability to acquire new words and inhibits their ability to 

incorporate more advanced language forms into their verbal repertoire [146-150]. 

The WM profile in DS shows more significant deficits in verbal than in 

visuospatial tasks [144, 151, 152]. In DS, WM is one of the first cognitive skills to 

deteriorate, nonverbal LTM begins to further decline during young adulthood, and 

executive function begins to decline in middle adulthood [153-157]. Interestingly, 
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these memory deficits do not extend to evey type of stored information. However, 

while individuals with DS have impaired explicit memory deficits, implicit memory 

is mostly unaffected [158]. 

 HSA21 is the smallest human chromosome, consisting of 48,000,000 

base pairs, accounting for only 1.5% of the human genome [159]. HSA21 

contains 696 genes, including at least 235 protein-encoding genes and 142 

pseudogenes [160]. The precise mechanisms which link HSA21 trisomy with 

cognitive deficits in DS are presently unknown. The generation and use of 

transgenic mouse models have provided some insight into those mechanisms. 

Transgenic mouse models of DS have been a vital tool in dissecting the 

cellular and molecular mechanisms underlying memory in DS [161-164]. HSA21 

orthologs are found on mouse chromosome 16 (MMU16), MMU10, and MMU17. 

This synteny has allowed researchers to generate trisomic mice to use as 

models to study the phenotypic effects of both chromosome and gene imbalance 

[16, 160, 165]. The Ts65Dn mouse was the first trisomic mouse model of DS and 

is still widely used today [162]. Ts65Dn mice have an additional chromosome 

which is formed by combining the distal region of MMU16 [~13.4 Mb in total] onto 

the centromere of MMU17 and have many features in common with DS 

pathology including  (but not limited to) memory and synaptic plasticity deficits 

and increased neuronal oxidative stress [16, 161, 162, 164, 166]. 

Electrophysiological studies have shown that within the hippocampus, DS 

model mice have significantly lower glutamate concentrations and NMDA 

receptor mRNA protein levels [167, 168]; however, pharmacologically blocking 
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inhibitory synapses restores NMDA receptor activion and LTP  [168].  

Furthermore, the size and number of proteins that mark inhibitory synapses are 

increasd in DS model mice while the proteins that mark excitatory synaptses are 

unaltered [169]. These mechanistic differences are also manifest by an age-

dependent increase in inhibitory innervation to the dentate gyrus (DG) and 

decreased NMDA receptor activation during LTP [167, 170]. Thus, the synaptic 

deficits in DS-associated synaptic plasticity impairments may be due to 

differences in excitory and inhibitory synaptic transmission. 

Down Syndrome and Alzheimer’s Disease 

Premature or rapid aging is a feature of DS that manifests itself in several 

physiological systems including the integumentary (i.e., skin, hair, and 

subcutaneous tissue), endocrine, sensory, musculoskeletal, immunological, and 

neurological systems [171]. One of the main features of premature aging in DS is 

a higher propensity towards developing dementia earlier than individuals without 

DS. Some epidemiological studies have ranked dementia as a contributing factor 

to the DS mortality rate [10, 172]. According to the 2015 California Medicare 

claims data, 40% of individuals under the age of 65 showed signs of dementia 

while nearly 50% of those over 65 had a clinical diagnoisis of dementia [11]. Data 

from the Swedish Birth Defects Register (1979-2003) revealed that dementia is 

uncommon DS patients before the age of 40 but was listed as a contributing 

cause of death in 34% of 50-59 year-old DS patients [10]. In fact, early cognitive 

decline resembling dementia was first recognized in DS more than 30 years 



21 
 

before Alois Alzheimer first described the condition that would eventually bear his 

name [173].  

 In 1907, Alois Alzheimer reported a landmark paper describing the 

cognitive decline of a 51-year old patient named Auguste Deter [174]. Auguste 

Deter’s autopsy revealed significant neuropathology which Alzheimer described 

as senile plaques and neurofibrillary tangles (NFTs). Much to his disappointment, 

Alzheimer’s findings met a mostly disinterested audience except for one 

colleague, Emil Kraepelin, who included “Alzheimer’s disease” in the 1910 edition 

of his textbook Ein Lehrbuch der Psychiatrie. Alzheimer would go on to identify 

four more cases of his eponymous condition until his death in 1915. [175]. In the 

years following that initial description, AD has become one of the most widely-

studied neurodegenerative diseases whose rates continue to increase. 

The source and composition of the senile plaques remained mysterious 

until 1984 when George Glenner and Caine Wong isolated and sequenced 

amyloid β (Aβ) protein as the main component of senile plaques in AD [176]. 

Shortly thereafter, Glenner and Wong demonstrated that aggregated Aβ was also 

the primary component of the senile plaques found in the brains of DS patients 

[177].  Researchers soon discovered that Aβ was the product of the sequential 

proteolytic processing of a protein they dubbed amyloid precursor protein (APP) 

by β- and γ-secretase.  

Proteolytic processing of APP can follow amyloidogenic or anti-

amyloidogenic pathways [178]. In the amyloidogenic pathway, APP is 

sequentially cleaved first by β-secretase and then γ-secretase, producing an 
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insoluble aggregation-prone Aβ1-40/42 peptide. In the anti-amyloidogenic pathway, 

α-secretase cleaves APP before β- and γ-secretase sequential cleavage, yielding 

a soluble Aβ17-40/42 peptide [178] (Figure 1.5). Aβ1-40/42 oligomers form when  

 

 

 

Figure 1.5 Anti-amyloidogenic and amyloidogenic APP processing 

In the anti-amyloidogenic pathway, APP is sequentially cleaved by α-, β-, and 

γ-secretases, which yields the soluble Aβ fragments: Aβ1-16 and Aβ17-40/42. 

In the amyloidogenic pathway, APP is sequentially cleaved by β- and γ-

secretases which produces the insoluble Aβ1-40/42 peptide. Redox-active 

metal ions bind to Aβ1-40/42 which promotes Aβ oligomerization and plaque 

formation.  
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redox-active metal ions (e.g., Cu, Mn, Fe, Zn) bind to Aβ1-40/42. This binding 

promotes Aβ aggregation into highly toxic plaques which, due to the redox-active 

trapped metal ions, produce abundant amounts of ROS [179, 180]. 

Positron emition tomography (PET) studies have shown that DS subjects 

have a significantly higher presence of senile plaques and NFTs than control 

subjects as detected by [18F]FDDNP binding [12]. DS subjects also have a 

pattern of Aβ plaque and NFT deposition similar to AD subjects, except within the 

fronal and parietal regions [12]. Aβ levels in plasma and cerebrospinal fluid (CSF) 

are higher in DS subjects than in healthy controls, while soluble and insoluble Aβ 

oligomers and plaque deposition increase as a function of age in DS subjects 

[12, 181, 182]. This complete penetrance of Aβ pathology in DS is unsurprising 

due to the fact that the App gene is located on HSA21 and subsequently 

overexpressed in DS. In trisomic DS model mice, wherein App is also 

overexpressed, APP overproduction impairs neurogenesis while App gene 

deletion increases neuronal density [183, 184]. Although mouse Aβ does not 

aggregate into plaques as it does in humans, DS model mice have significantly 

higher App mRNA and APP protein levels than wild-type mice and show age-

dependent increases in App mRNA and APP metabolites [162, 185].  

The shared Aβ plaque pathology and presenile cognitive decline in AD 

and DS, along with the discovery of an APP mutation in a family with autosomal 

dominant early-onset AD, led to the formation of the amyloid cascade hypothesis, 

which states that APP processing and Aβ plaque deposition drives AD-like 

dementia [186, 187]. However, several lines of antithetical evidence have since 
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called the amyloid cascade hypothesis into question. Recent studies have shown 

that Aβ plaque burden does not correlate well with memory dysfunction within AD 

[188]. In fact, not all individuals with a high plaque load even experience AD-

related cognitive dysfunction [189]. This disconnect between plaque burden and 

dementia is paralleled in the DS population: senile plaques have a 100% 

penetrance in young adults with DS, while only 50% of older adults with DS 

develop AD or AD-like dementia [11, 12].. Thus the argument for the amyloid 

cascade hypothesis as an explanation for the DS-associated cognitive decline is 

less than ironclad.   

In AD patients cognitive decline is significantly correlated with synaptic 

dysfunction and decreased synaptic contacts [190, 191]. Similarly, individuals 

with DS have decreased neuronal connectivity as measured by PET imaging 

studies [192, 193]. Transgenic mouse models of AD also show decreased spine 

density and hippocampal and cortical PSD counts [194]. This aberrant synaptic 

connectivty may be due to pathological disruptions such as morphological 

abnormalities and increased oxidative stress, both of which are dysregulated in 

DS. 

Neuronal Morphology in Down Syndrome 

 Abberant neuronal cellularity and dendritic abnormalities are an index of 

neuronal disruption and associated with cognitive impairments [195]. Individuals 

with DS show an age-related increase in brain atrophy and magnetic resonance 

imaging (MRI) studies have shown that young adults with DS have reduced 

hippocampal volume [16, 196]. DS model mice share many of these features, 
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neuronal atrophy which includes decreased neuronal density within the DG, 

cornu ammonis 1 (CA1), and CA3 regions of the hippocampus, and alterations in 

pre- and postsynaptic elements [169, 197, 198]. PET imaging studies have also 

shown that young adults with DS have decreased functional connectivity [192, 

193], a feature which is also observed in DS model mice. During development, 

neural connectivity and circuit formation (i.e., dendritic and axonal growth) are 

governed by Down syndrome cell adhesion molecule (DSCAM). 

 DSCAM is an HSA21-encoded transmembrane protein that functions as a 

cell-surface identification tag. Alternative splicing of the Dscam gene generates 

thousands of DSCAM variants which provides each neuron with a unique 

identification marker to allow each neuron to distinguish its processes from those 

of other neurons [199, 200]. As they project themselves throughout the CNS, 

each neuron expresses a unique DSCAM variant which functions as an 

identification marker and prevents neuronal projections from overlapping, a 

phenomenon also known as “self-avoidance” [200-203]. 

DSCAM expresion is a tightly regulated process – DSCAM overexpression 

or underexpression is devastating for neuronal outgrowth and development. In 

cultured neurons, DSCAM suppression enhances dendritic growth and 

arborization. However, those branches take on convoluted and abberant 

pathways [204]. DSCAM deletion also leads to a significant reduction in dendritic 

spine density early in development. While spine density normalizes in later 

stages of development, they are abnormally distributed and clustered [205]. 
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Conversely, DSCAM overexpression severely impedes dendritic growth and 

arborization in cultured neurons [204]. 

 In vitro studies examining DSCAM overexpression translate well to studies 

examining DSCAM overexpression in DS. Given the effects of DSCAM 

overexpression in cultured neurons, it is unsurprising that postmortem brain 

tissue from DS patients and DS model mice show a marked reduction of dendritic 

branching and outgrowth [206, 207]. DS patients also exhibit an age-dependent 

reduction in dendritic branches and spine density [208, 209], thus implicating 

DSCAM overepression in the decreased functional connectivity of DS 

neuropathology. 

In contrast to the many studies which have examined dendritic 

arborization as a measure of connectivity in DS, few studies have examined 

dendritic spine morphology. Several studies have reported that individuals with 

DS have decreased spine density at all life stages and spine loss is more 

significant in DS patients with AD-like dementia [107, 208-210]. Young DS model 

mice also have decreased spine density in several cortical areas [211, 212]. 

Other studies have reported that DS model mice have enlarged presynaptic and 

postsynaptic elements [169, 211]. As of this writing, there have not been any 

publications examining spine density or spine morphology dynamics within the 

CA1 region of the hippocampus in either DS or DS model mice. This signifies a 

critical gap in the field that could provide further illumination on the cellular 

mechanisms underlying DS-associated memory deficits and represent an 

important therapeutic target.  
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Oxidative Stress in Down Syndrome 

In addition to changes in neuronal morphology, increased oxidative stress 

is another feature of DS neuropathology that negatively impacts synaptic 

plasticity and neural connectivity [13]. DS neurons have increased markers of 

oxidative stress in the brain, including lipid peroxidation, protein carbonyls, and 

oxidative stress-induced DNA damage [13, 182, 213]. This prooxidant state may 

be due to several genetic factors such as the HSA21 genes Sod1 and App. 

  As has been previously discussed, SOD1 is a critical component of 

synaptic platicity and memory. Briefly, SOD1 funcitons to catalyze the 

dismutation of intracellular O2
– into H2O2, which is then converted into H2O and 

molecular oxygen by both catalase and GPx [109]. In human DS subjects SOD1,  

but not catalase or GPx, is significantly overexpressed in temporal, parietal, and 

occipital cortices [13, 214-216]. SOD1-transfected cell lines which have elevated 

SOD1, but not GPx or catalase activity, produce higher H2O2 levels and exhibit 

increased cellular sinescence [217]. In individuals with DS, SOD1 function is 

positively correlated with improved memory over time [15] while SOD1 

overexpression in mice impairs memory and LTP [218, 219].  

APP is overexpressed in DS and Aβ plaques begin to aggregate at an 

early age [12, 177]. Αβ induces oxidative stress in several ways. First, the 

oxygen-reactive metal ions which bind to Aβ (e.g., Cu, Zn, Fe) are efficient 

catalysts of ROS production and reacts with O2
 or H2O2 to form O2

– or OH– 

radicals, respectively. Those same metal ions also endow SOD1 and catalase 

with their antioxiative properties [180, 220]. Aβ also progressively accumulates 
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within the mitochondria where it inhibits ETC and oxidative phosphorylation 

activites. In combination with an Aβ-induced increase in cytosolic Ca2+ influx, the 

Aβ-mitochondria interaction induces mitochondrial permeability transition pore 

(mPTP) formation which leads to matrix swelling, membrane potential collapse, 

and oxidative phosphorylation uncoupling [221, 222]. Thus the high oxidative 

stress phenotype in DS disrupts memory by dysregulating cellular mechanisms 

underyling memory and synaptic plasticity.  

Down Syndrome Treatments and Drug Trials 

Increased neuronal oxidative stress is a feature of DS pathophysiology 

and a major cause of neurodegeneration and a predomiant feature of DS. 

Therefore, it may represent an important therapeutic target for improving 

cognition in DS. In an early expreiment examining oxidative stress in DS, 

cultured cortical neurons derrived from fetal DS tissue differentiated normally but 

subsequently degenerated and underwent apoptosis, whereas neurons from 

non-DS tissue remained stable and viable [213]. In DS neurons, the application 

of catalase and ROS scavengers prevented degeneration and apoptosis [213]. 

Targeting oxidative stress has also been a useful aproach to improve cognitive 

function in DS model mice. α-Tocopherol, or Vitamin E, is an ROS scavenger 

that decreases lipid peroxidation and O2
–. In adult DS model mice, α-Tocopherol 

administration improved memory and attenuated cholinergic neuron degeration 

[223]. When α-Tocopherol was administered to pregnant DS model mice, their 

offspring showed marked improvement in spatial learning and memory, 

decreased membrane lipid peroxidation, and improved DG cellularity [224]. 
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Treatment with another antioxidant, melatonin, also improved memory and 

synaptic plasticity, decreased lipid peroxidation, and rescued impaired 

neurogenesis in DS model mice [225]. While antioxidative therapy has 

successfully improved memory and synaptic plasticity in preclinical animal 

studies, clinical trials have yielded less promising results. 

Several clinical trials are either underway or have recently concluded 

targeting oxidative stress with antioxidants [226-229]. While this therapeutic 

approach has improved memory in DS model mice, antioxidant treatments have 

thus far been ineffective in improving cognition in humans [230-232]. This lack of 

success in human trials has led some to believe that targeting oxidative stress is 

a vain endeavor. Preclinical studies have begun to focus on other therapeutic 

approaches such as neurotransmitter replacement (i.e., adrenergic, cholinergic, 

and serotoninergic pathways) and normalizing HSA21 gene expression [16-18, 

161, 184, 212]. Like antioxidant therapies, these efforts have improved cognition 

in DS model mice, but they have yet to prove effective in clinical trials. In fact, 

one recent study found that cholinesterase inhibition is safe and well-tolerated in 

DS patients but ultimately was not effective in improving cognition [18]. 

Perhaps the cinical trials targeting oxidative stress with antioxidant 

therapty have failed not because oxidative stress is a futile strategy, but rather 

because the approach through which they targeted oxidative stress was 

inherently flawed. Thus far, clinical trials attempted to improve cognition by 

decreasing oxidative stress through nutritional supplementation [232, 233] or 

traditional ROS scavengers such as α-tocopherol [230]. The problem with this 
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approach is that it only prevents already-formed ROS from oxidizing cellular 

components or reducing those cellular components already oxidized – it does not 

address the source of the increased oxidative stress nor the initial insult that 

follows ROS genesis. An alternative approach which normalizes ROS generation 

may be more successful. Normalizing ROS generation within DS could improve 

cognitive function by improving neuronal function and the mehcanisms which 

underlie synaptic plasticity, abolishing the need for traditional antioxidants. 

The glucagon-like peptide-1 (GLP-1) cleavage product, GLP-1 (9-36)NH2, 

meets this criterion. Multiple studies over the past decade have shown that GLP-

1 (9-36) prevents ROS generation, protects against ROS-induced cell death, and 

improves cognition in AD model mice. The following section and chapters will 

provide background on GLP-1, the mechanisms through which GLP-1 (9-36) 

effectuates physiological changes, and finally discuss the merits of and provide 

support for the use of GLP-1 (9-36) as a novel therapeutic to ameliorate DS-

associated cognitive deficits. 

 

GLUCAGON-LIKE PEPTIDE-1 

Glucagon-like Peptide-1 Physiology 

The proglucagon protein is a prohormone is expressed in pancreatic α-

cells, intestinal L-cells, the caudal brainstem and hypothalamic neurons [234-

236]. The proglucagon protein is posttranslationally modified by prohormone 

convertase 1/3 (PC1/3), producing glucagon-like peptide-1 (GLP-1) [237, 238]. 

Further proteolytic cleavage and amidation of GLP-1 by PC1/3 and 
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peptidylglycine α‐amidating monooxygenase (PAM); PAM exchanges the COOH-

terminus for an NH2-terminus, stabilizing GLP-1 in plasma [239, 240]. This yields 

several forms of GLP-1, including the biologically inactive GLP-1 (1-37) and GLP-

1 (1-36)NH2, and the biologically active forms GLP-1 (7-37) and GLP-1 (7-

36)NH2 [241]. The primary circulating form of GLP-1 is GLP-1 (7-36)NH2 (GLP-1 

(7-36), hereafter) [241, 242] (Figure 1.6). 

 Several direct and indirect mechanisms initiate GLP-1 (7-36) secretion into 

systemic circulation. The indirect or fast GLP-1 (7-36) secretion occurs 

immediately following food ingestion. Stimulatory signals, mediated by vagal 

nerve stimulation [243], muscarinic receptor activation [244-246], gastrin-

releasing peptide (GRP) stimulate the L-cells to release GLP-1 into circulation 

[241, 247]. Later the direct, or slow response occurs when the consumed 

micronutrients directly stimulate nutrient receptors on intestinal L-cells [248]. 

Thus, the direct and indirect responses allow the body to prepare for simple 

carbohydrates whose sugars are quickly absorbed and complex carbohydrates 

whose sugars are absorbed during a later stage of digestion. 

 Circulating GLP-1 (7-36) has a high binding affinity to the GLP-1 receptor 

(GLP1R), a heterotrimeric G-protein coupled receptor (GPCR) [249, 250].  

Several organ systems express GLP1R and its activation results in a variety of 

physiological consequences. GLP1R activation by GLP-1 (7-36) primarily 

effectuates metabolic changes such as insulin release, appetite suppression, and 

gastric motility [241, 250]. Given the importance of these factors in type-2  
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Figure 1.6 Glucagon-like peptide-1 processing 

The proglucagon protein is a prohormone is expressed in several organ 

systems. Upon nutritional or hormonal stimulation, intestinal L cells begin to 

express the proglucagon protein. The proglucagon protein is then 

posttranslationally modified by PC1/3 to yield GLP-1 (1-36). GLP-1 (1-36) is 

further modified by PC1/2, which produces GLP-1 (7-36). Prior to release into 

circulation, the enzyme PAM adds an amide group to GLP-1 (7-36). 

Circulating GLP-1 (7-36)NH2 has a short half-life and is rapidly cleaved to 

produce GLP-1 (9-36)NH2 by DPP-4. 
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diabetes millitus (T2DM), several GLP1R agonists have been approved for T2DM 

treatment and management in the last decade [251]. In addition to the classical  

effects of GLP1R activation, the GLP1R is essential to other non-metabolic 

processes. Within the heart GLP1R activation has cardioprotective effects and  

improves cardiac function [252], while in the brain it provides neuroprotection and 

is a vital component of memory and synaptic plasticity [253]. 

Glucagon-like Peptide-1 Receptor in Memory and Synatpic Plasticity 

 GLP1R is an essential component of learning and memory. Healthy rats 

treated with GLP1R agonists perform better in learning and memory tasks; 

cotreatment with a GLP1R antagonist negated those behavioral improvements 

[253]. Glp1r -/- mice have impaired memory and synaptic plasticity, and Glp1r 

gene transfer corrects those impairments [253, 254]. GLP1R agonism also 

improves memory and synaptic plasticity in mouse models of AD [255]. 

Intracerebroventricular (ICV) administration of GLP-1 (7-36) or a GLP1R agonist 

decreased Aβ production in lean male mice and protected cultured rat 

hippocampal neurons against Aβ-induced cell death; GLP1R agonists prevented 

Aβ-induced LTP failure in rats [256, 257]. Thus, GLP-1 (7-36) and GLP1R are not 

only essential to memory function but may also protect against Aβ-induced 

neurodegeneration. 

Glucagon-like Peptide-1 (9-36) 

 Despite amidation, circulating GLP-1 (7-36) has a very short half life (<2 

minutes), and is rapidly broken down by dipeptidyl peptidase-4 (DPP-4) [258] 

(Figure 1.6). DPP-4 is a nonspecific proteolytic enzyme that cleaves dipeptides 
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from circulating proteins which contain a second-position alanine or proline 

residue. Circulating GLP-1 (7-36) is rapidly metabolized into GLP-1 (9-36)NH2 

(GLP-1 (9-36), hereafter), which is the major circulating metabolite of GLP-1 

[259-263]. Unlike its precursor, GLP-1 (9-36) has a weak affinity for the GLP1R 

and does not induce insulinotropic acitivity [261, 264-266]. Consequently, GLP-1 

(9-36) has traditionally been described as an inacive waste product. However, a 

growing body of evidence suggests otherwise. 

One of the most interesting properties of GLP-1 (9-36) is that it protects 

against oxidative stress as shown by in vitro and in vivo experiments. In human 

aortic endothelial cells, GLP-1 (9-36) treatment prevented hyperglycemia- and 

free-fatty acid-induced ROS production [267]. In mouse cardiomyocites, GLP-1 

(9-36) treatment increased cell viability following H2O2-incuded oxidative stress. 

This effect persisted when cardiomyocytes from transgenic Glp1r -/- mice were 

treated with GLP-1 (9-36) [268]. Interestingly, the cytoprotective effects of GLP-1 

(9-36) treatment in Glp1r -/- cardiomyocytes were nullified when the cells were 

cotreated with the competitive GLP1R antagonist exendin (9-39) [Ex(9-39)] [268]. 

This has led some to hypothesize that GLP-1 (9-36) may work through a 

mechanism independent of the GLP1R, yet one through which Ex(9-39) 

interferes. Identifying nonspecific Ex(9-39) targets may provide further insights 

into the matter. The benefits of GLP-1 (9-36) extend beyond the petri dish and 

into mouse models of neurodegenerative disease. AD model mice treated with 

GLP-1 (9-36) showed improved memory and synaptic plasticity. Furthermore, 
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those improvements were associated with a marked decrease in mitochondrial 

superoxide without altering Aβ levels [68]. 

Together, these studies contradict long-held assumptions about the 

physiological relevance of GLP-1 (9-36). While we still have much to learn about 

the biological role of GLP-1 (9-36) and the mechanisms through which it 

effectuates biological changes, the studies discussed in this section provide 

important clues about its function. The extracellular mechanism through which 

GLP-1 (9-36) exerts physiological effects remains unidentified; however, these 

studies cumulatively show that GLP-1 (9-36) has an essential biological function.  

 

CONCLUSION 

 DS is one of the most common forms of intellecutual disability. Recent 

medical advances have improved the life span of individuals with DS. However, 

from this expanded lifespan AD has manifested as a common comorbidity, 

compounding the buden of intellectual disability. There is abundant evidence that 

oxidative stress is an ideal therapeutic target which may improve cognition in DS 

patients and delay the onset of AD-like dementia. While clinical trials targeting 

oxidative stress have yet to yield positive results, this may be due to the 

approach through which oxidative stress is targeted (clearing ROS, but not 

targeting their source). GLP-1 (9-36) represents a novel therapy which may 

decrease oxidative stress by normalizing ROS production. Thus, GLP-1 (9-36) 

treatment may provide a novel therapeutic approach for many other 
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neurodegerative diseases. The following chapters of this dissertation will 

examine the biological effects of GLP-1 (9-36) on memory and synaptic plasticity. 
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CHAPTER TWO 

 

GLUCAGON-LIKE PEPTIDE-1 CLEAVAGE PRODUCT GLP-1 (9-36) AMIDE 

ENHANCES HIPPOCAMPAL LONG-TERM SYNAPTIC PLASTICITY IN 

CORRELATION WITH SUPPRESSION OF Kv4.2 EXPRESSION AND eEF2 

PHOSPHORYLATION 

 

The following chapter is adapted from: 

 

Day SM, Yang W, Ewin S, Zhou X, Ma T. (2017) Glucagon-like peptide-1 

cleavage product GLP-1 (9-36) amide enhances hippocampal long-term synaptic 

plasticity in correlation with suppression of Kv4.2 expression and eEF2 

phosphorylation. Hippocampus 27(12) 1264–1274 
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ABSTRACT 

Glucagon-like peptide-1 (GLP-1) is an endogenous gut hormone and a 

key regulator in maintaining glucose homeostasis by stimulating insulin secretion. 

Its natural cleavage product GLP-1 (9-36) lacks insulinotropic effects and has a 

low binding affinity for GLP-1 receptors (GLP1Rs), and has thus been considered 

an inactive metabolite. Recent work has shown that GLP-1 (9-36) has interesting 

biological effects such as cardioprotection and anti-oxidative properties. Little is 

known about the role of GLP-1 (9-36) in the central nervous system (CNS). Here, 

we report that chronic, systemic application of GLP-1 (9-36) in adult mice 

facilitated both the induction and maintenance phases of hippocampal long-term 

potentiation (LTP), a major form of synaptic plasticity. In contrast, spatial learning 

and memory, as assessed by the Morris water maze test, was unaffected by 

GLP-1 (9-36) administration. Within the hippocampus, GLP-1 (9-36) reduced 

protein levels of the potassium channel Kv4.2, which is linked to elevated 

dendritic membrane excitability. Furthermore, GLP-1 (9-36) treatment inhibited 

phosphorylation of the mRNA translation factor, eEF2, which is associated with 

an increased capacity for de novo protein synthesis. Finally, we showed that the 

in vivo application of the GLP1R antagonist, exendin (9-39) amide [Ex(9-39)], 

nullified the LTP-enhancing effects of GLP-1 (9-36), implying that it may act as a 

GLP1R agonist. These findings demonstrate that GLP-1 (9-36) has physiological 

significance and clearly influences neuronal plasticity in the hippocampus, a brain 

region critical for learning and memory. 
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INTRODUCTION 

 Incretin hormones are a group of metabolic hormones that stimulate a 

decrease in blood glucose. Glucagon-like peptide-1 (GLP-1) is an insulinotropic 

incretin hormone that is synthesized in gastrointestinal endocrine cells of the 

distal illium. GLP-1 is released in response to meal ingestion and plays a crucial 

role in glucose-stimulated insulin secretion [1]. The GLP-1 receptor (GLP1R) is 

found throughout the central nervous system (CNS) and GLP-1 signaling is 

indicated in the regulation of a variety of CNS functions, including satiety, reward, 

neuroprotection, and stress [2, 3]. GLP-1 and GLP1R are expressed in the 

hippocampus, a brain structure known for its plasticity and a critical component of 

learning and memory [4, 5]. In rats, intracerebroventricular (ICV) administration of 

GLP-1 improves performance in hippocampus-dependent learning and memory 

tasks [6]. 

In humans, the major form of GLP-1 is the GLP-1 (7-36) amide (GLP-1 (7-

36) hereafter). GLP-1 (7-36) has a short half-life (<2 minutes) and is cleaved by 

the ubiquitous proteolytic enzyme dipeptidyl peptidase-4 (DPP-4) into GLP-1 (9-

36) amide (GLP-1 (9-36) hereafter), the major circulating metabolite of GLP-1 (7-

36) [2, 7-9]. Due to a low binding affinity to the GLP1R and an absense of 

insulinotropic activity, GLP-1 (9-36) has been considered a “bio-inactive” 

metabolite of the “bioactive” GLP-1 (7-36) [8, 10-12], however that may not be 

the case. Accumulating evidence has recently shown that GLP-1 (9-36) 

possesses important biological functions distinct from GLP-1 (7-36) [3]. Multiple 

studies have demonstrated that GLP-1 (9-36) exerts cardioprotective effects in 
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animal models of cardiac infarction/ischemia and dilated cardiomyopathy; 

whether these effects are effectuated through the GLP1R is presently unknown 

[3, 13-15]. Furthermore, GLP-1 (9-36) alleviates and normalizes reactive oxygen 

species (ROS) production associated with a model of hyperglycemia in human 

aortic endothelial cells [16]. 

Little is known about the effects of GLP-1 (9-36) within the CNS. We 

recently reported that GLP-1 (9-36) is able to rescue memory and synaptic 

plasticity deficits in an aged mouse model of Alzheimer’s disease (AD), which 

was correlated with a decrease in mitochondria-derived ROS [17]. Meanwhile, 

the role of GLP-1 (9-36) in the CNS under physiological conditions and whether it 

exerts these effects through the GLP1R remains unknown. Here, we investigated 

whether systemic treatment of GLP-1 (9-36) in young adult wild-type mice affects 

learning, memory, and hippocampal synaptic plasticity, and to elucidate the 

molecular mechanisms through which it may or may not exert these effects. 

 

MATERIALS & METHODS 

Mice 

Breeders for C57BL/6J mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME, USA). All mice were housed in the Transgenic Mouse Facility at 

Wake Forest School of Medicine Animal Facility. Mice were kept in compliance 

with the National Institue of Health guide for Care and Use of Laboratory 

Animals. The facility kept a 12 hour light/dark cycle with regular feeding, cage 
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cleaning, and 24 hour access to water. Male and female mice, aged 3-5 months, 

were used for these experiments. 

Drug treatment 

 Mice were treated with GLP-1 (9-36) peptide (Eurogentec, Belgum) or an 

equivalent amount of saline daily via intraperitoneal (ip) injection at a dose of 500 

ng/g/day. Treatment began two weeks before behavioral testing began and 

continued until mice were sacrificed for electrophysiological experiments or 

biochemical assays. Exendin (9-39) (EX (9-39)) (Tocris, UK) was administered 

daily via IP injection at a dose of 84.25 ng/g/day [18]. For in vitro experiments, 

100 pM of GLP-1 (9-36) was applied to hippocampal slices [17]. GLP-1 (9-36) 

was prepared as a stock solution and diluted to the final concentration before 

use. 

Hippocampal slice preparation and electrophysiology 

 Acute 400 μm transverse hippocampal slices were prepared using a Leica 

VT1200S vibratome as described previously [19]. Slices were maintained before 

experimentation at room temperature for at least 2 hours in artifical cerebrospinal 

fluid (aCSF) containing (in mM): 110 NaCl; 3.5 KCl; 2.5 CaCl2; 1.3 MgSO4; 1.25 

NaH2PO4; 15 glucose; and bubbled with 95% O2 and 5% CO2. For 

electrophysiology, monophasic, constant-current stimuli (100 μs) were delivered 

with a bipolar silver electrode placed in the stratum radiatum of area cornu 

ammonis-3 (CA3). Field excitatory post-synaptic potentials (fEPSPs) were 

recorded using a glass microelectrode from the stratum radiatum of area CA1. 
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Long-term potentiation (LTP) was induced using a high-frequency stimulation 

(HFS) consisting of two 1 second 100 Hz trains separated by 60 seconds. 

Mouse behavioral testing 

 Morris water maze (MWM) test was performed as previously described 

[20]. The training paradigm for the hidden platform version of the MWM consisted 

of four trials (60 second maximum; 15 minute intertrial interval) each day for five 

consecutive days. The probe trial was carried out 2 hours after training was 

completed on day five. The visible platform task consisted of four trials each day 

for two consecutive days, with the escape platform marked by a visible cue; the 

platform was moved randomly between four locations. Swimming trajectories 

were recorded with a video tracking system (Ethovision XT). 

Western blotting 

Hippocampal slices were flash-frozen on dry ice and sonicated as previously 

described [20]. Samples containing equal amounts of protein lysate were loaded 

on 4–12% Tris-glycine SDS-PAGE gels for standard gel electrophoresis. 

Membranes were probed overnight at 4°C using primary antibodies for the 

following antibodies: Kv4.2 (1:5,000; Allomone Labs); GluA1 (1:1,000; Cell 

Signaling); p-mTOR (Ser2448) (1:1,000; Cell Signaling); mTOR (1:1,000; Cell 

Signaling); pp70S6K (Thr389) (1:1,000; Cell Signaling); p70S6K (1:1,000; Cell 

Signaling); p-4EBP1(Thr37/46) (1:1,000; Cell Signaling); 4EBP1 (1:1,000; Cell 

Signaling); p-Akt (Ser473) (1:1,000; Cell Signaling); Akt (1:1,000; Cell Signaling); 

p-GSK3b (Ser9) (1:1,000; Cell Signaling); GSK3b (1:1,000; Cell Signaling); p-

eIF2a (Ser51) (1:1,000; Cell Signaling); eIF2a (1:1,000; Cell Signaling); p-eEF2 
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(Thr56) (1:1,000; Cell Signaling); eEF2 (1:1,000; Cell Signaling); eEF1A (1:5,000; 

Millipore); p-AMPKα (Thr172) (1:1,000; Cell Signaling); AMPKα (1:1,000; Cell 

Signaling); GAPDH (1:10,000; Cell Signaling). Protein bands were visualized 

using chemiluminescence (Clarity™ ECL; Biorad) and the Biorad ChemiDoc™ 

MP imaging system. Densitometric analysis was performed using ImageJ 

software. Total protein levels were normalized to GAPDH, while phosphorylated 

protein levels were normalized to relevant total protein (unless otherwise 

specified). 

Surface sensing of translocation 

 De novo protein synthesis rates were measured using surface sensing of 

translocation (SUnSET) as previously described [19]. Acute 400 μm transverse 

hippocampal slices were incubated in aCSF with puromycin (1 μg/mL) for 60 

minutes. For the in vitro experiments, slices were treated with 100 pM GLP-1 (9-

36). At the end of drug treatment, slices were harvested and frozen on dry ice; 

protein lysates were prepared for Western blotting. Puromycin-labeled proteins 

were identified using the mouse monoclonal antibody 12D10 (1:10,000; 

Millipore). Protein synthesis levels were determined by taking total lane density in 

the molecular weight range of 10-250 kDa and normalized to GAPDH. 

Data analyses 

 Data are presented as mean ± SEM. Two-tailed independent Student’s t-

test was used for comparisons between two groups, while ANOVA was used for 

comparison between multiple groups; when appropriate, ANOVA were followed 
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up by individual post hoc tests. Error probabilities of p < 0.05 were considered 

statistically significant. 

 

RESULTS 

Hippocampal LTP is enhanced by GLP-1 (9-36) administration in vivo 

 We examined the effects of in vivo GLP-1 (9-36) application (500 

ng/g/day; IP injection) on hippocampal LTP, a cellular model for learning and 

memory and a well-established form of synaptic plasticity [21]. In hippocampal 

slices from saline-treated mice, HFS induced normal long-lasting LTP (Figure 

2.1a). In contrast, hippocampal slices from mice treated with GLP-1 (9-36) in vivo 

had signficantly enhanced LTP (Figure 2.1a,b). Of note, both early- and late-

phase LTP were enhanced with GLP-1 (9-36) in vivo treatment, as shown by 

fEPSP slope measurement at different time points post-HFS (Figure 2.1b). 

Consistent with previous studies, ex vivo administration of 100 pM GLP-1 (9-36) 

did not alter LTP in hippocampal slices form control mice (Figure 2.1a,b) [17]. 

These findings indicate that chronic, in vivo GLP-1 (9-36) treatment enhances 

hippocampal long-term synaptic plasticity. 

Spatial learning and memory are not altered by GLP-1 (9-36) 

 We have previously reported that two weeks of GLP-1 (9-36) 

administration is able to rescue cognitive impairments in an aged mouse model 

of AD [17]. To determine the effects of GLP-1 (9-36) on learning and memory 

under normal physiological conditions, wild-type mice were treated with GLP-1 

(9-36) for two weeks (500 ng/g/day; IP injection) then tested with hidden platform  
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Figure 2.1 Hippocampal LTP is enhanced by GLP-1 (9-36) administration 

in vivo. 

(a) HFS induced similar LTP in acute WT hippocampal slices treated with 

saline (open circles; n=8) and 100 pM GLP-1 (9-36) (gray triangles; n=7). In 

contrast, HFS-induced LTP was enhanced in hippocampal slices derived from 

WT mice chronically treated with GLP-1 (9-36) in vivo (500 ng/g/day; black 

squares; n=10). Arrow denotes HFS delivery. (b) Cumulative data showing 

mean fEPSP slopes at 30-, 60-, and 90-minutes post-HFS. (c-e) 

Representative traces of fEPSP slope before and after HFS. *p<0.05; 

**p<0.01; ***p<0.001 
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MWM behavioral task to assess hippocampus-dependent spatial learning and 

memory. Mice treated with GLP-1 (9-36) displayed similar spatial learning and  

memory compared to saline-treated controls (Figure 2.2a-f). During the 

acquisition phase, day-to-day escape latencies were similar as were platform 

crossing frequencies during the probe trial (Figure 2.2a, c-d). We next tested 

mice on the visible platform task to determine whether those effects were 

associated with variables not associated with learning and memory, (i.e. vision, 

motivation, swimming ability), and did not observe any significance between 

groups (Figure 2.2b). Furthermore, we did not observe any differences in 

distance traveled or velocity during the probe trial (Figure 2.2e,f). Together, these 

data indicate that a chronic, two-week GLP-1 (9-36) treatment does not alter 

spatial learning and memory in young adult, wild-type mice. 

GLP-1 (9-36) administration in vivo decreases hippocampal Kv4.2 

expression 

 We next sought to determine the molecular mechanisms associated with 

the LTP-enhancing effects of in vivo GLP-1 (9-36) treatment. As noted, both early 

(i.e. induction) and late (i.e. maintenance) -phase LTP were significantly 

enhanced by GLP-1 (9-36) treatment (Figure 2.1). Kv4.2 is a voltage-gated K+ 

channel that is a dominant player in controlling dendritic excitability and a key 

mechanism of LTP induction in pyramidal neurons within the hippocampus [22-

24]. Pharmacological or genetic inhibition of Kv4.2 increases dendritic membrane 

excitability and enhances LTP [22, 25]. By performing Western blotting on  
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Figure 2.2 Spatial learning and memory assessed by Morris water maze 

test is not altered by GLP-1 (9-36) treatment.  

(a) Compared to control group, mice treated with GLP-1 (9-36) (500 ng/g/day; 

14 days) displayed similar day-to-day escape latency during the hidden 

platform version of the Morris water maze. (b). No differences were observed 

during the visible platform version of the Morris water maze. During the probe 

trial, (c) mice spent comparable amounts of time in the target quadrant, (d) 

had similar platform crossings, (e) swam similar distances, and (f) swam at 

similar velocities. 
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hippocampal tissue, we found that Kv4.2 protein levels were significantly reduced 

in GLP-1 (9-36) treated mice relative to controls (Figure 2.3a), which is consistent 

with the electrophysiology data showing early LTP facilitating effects. In 

comparison, acute in vitro GLP-1 (9-36) treatment did not affect Kv4.2 protein 

levels (Figure 2.3b). We also examined the levels of GluA1 protein, an essential 

subunit of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor, and did not find any difference between groups (Figure 2.3c). In vitro 

GLP-1 (9-36) treatment also had no effect on GluA1 expression (Figure 2.3d). 

These findings link the synaptic plasticity enhancing effects of GLP-1 (9-36) to 

increased membrane excitability to Kv4.2 inhibition. 

GLP-1 (9-36) administration does not affect mTORC1 signaling cascade or 

eIF2α phosphorylation 

 A substantial body of evidence demonstrates that the maintenance of 

long-lasting forms of synaptic plasticity is dependent upon de novo protein 

synthesis (i.e. mRNA translation) [26, 27]. Given that GLP-1 (9-36) treatment 

resulted in enhanced late-phase LTP, we next investigated whether in vivo GLP-

1 (9-36) treatment influences the molecular signaling pathways which control 

protein synthesis. Protein synthesis is comprised of three phases: initiation, 

elongation, and termination. Many studies support a link between synaptic 

plasticity and translational regulation [28]. Mammalian target of rapamycin 

complex-1 (mTORC1) is a central regulator of translation initiation and its role in 

memory and synaptic plasticity has been extensively studied [29]. We did not 

observe any effects of GLP-1 (9-36) on mTORC1 activity- as measured by  
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Figure 2.3 GLP-1 (9-36) administration in vivo results in decreased 

hippocampal Kv4.2 expression. 

(a) Western blotting demonstrated significant reduction of Kv4.2 protein levels 

in hippocampal slices from mice treated with GLP-1 (9-36) in vivo (n=6). (b) 

Kv4.2 was not affected following in vitro treatment of hippocampal slices 

with100 pM GLP-1 (9-36) (n=4). (c-d) Hippocampal GluA1 levels were not 

affected by in vivo GLP-1 (9-36) treatment (n=6) or in hippocampal slices 

treated with 100 pM GLP-1 (9-36) in vitro. *p<0.05 
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mTORC1 phosphorylation and the phosphorylation of its two down-stream 

substrates, p70S6K and 4EPB1, at mTORC1-dependent phosphorylation sites  

(Figure 2.4a-c). Consistent with these results, GLP-1 (9-36) treatment did not 

affect the activity (i.e. phosphorylation) of glycogen synthase kinase-3β (GSK3β)  

and Akt (Figure 2.4d,e), which are two established upstream mTORC1 regulators 

[30].  

 Another translational mechanism important for long-lasting forms of 

synaptic plasticity involves the phosphorylation of the α-subunit of eukaryotic 

initiation factor 2 (eIF2α), which suppresses general protein synthesis [31, 32]. 

However, we did not observe any effects of chronic GLP-1 (9-36) treatment on 

hippocampal levels of phosphorylated eIF2α (Figure 2.4f). Furthermore, acute 

GLP-1 treatment did not alter mTORC1 or eIF2α phosphorylation (Figure 2.4g,h). 

Based on these data, the facilitating effects of GLP-1 (9-36) on late-phase LTP 

are not likely associated with translation initiation regulation via the mTORC1 or 

eIF2α signaling pathways. 

GLP-1 (9-36) administration in vivo leads to the supression of eEF2 

phosphorylation 

 De novo protein synthesis is heavily regulated at the elongation phase 

through multiple translational elongation factors, including eukaryotic elongation 

factor-2 (eEF2). During translation, eEF2 facilitates the translocation of the 

peptidyl-tRNA from the ribosomal A-site to P-site. eEF2 phosphorylation at Thr56 

reduces its binding affinity to the ribosome which disrupts peptide elongation and 

decreases protein synthesis [33]. Multiple lines of study also point to a critical  
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Figure 2.4 GLP-1 (9-36) administration does not affect mTORC1 signaling 

or eIF2α activity. 

Western blotting hippocampal tissue from mice treated with GLP-1 (9-36) in 

vivo (500 ng/g/day) displayed unaltered levels of (a) mTORC1 phosphorylation 

at Ser2448; (b) p70S6K phosphorylation at Thr389; (c) 4EBP1 

phosphorylation at Thr37/46; (d) Akt phosphorylation at Thr473; (e) GSK3β 

phosphorylation at Ser9; and (f) eIF2α phosphorylation at Ser51 (n=6 for GLP-

1 (9-36)-treated group; n=4 for saline-treated group. Treatment of 

hippocampal slices with 100 pM GLP-1 (9-36) in vitro did not alter 

phosphorylation levels of (g) mTORC1 or (h) eIF2α (n=4)  
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role of eEF2 phosphorylation in synaptic plasticity and memory formation [34]. 

Therefore, we set out to determine the effects of in vivo GLP-1 (9-36) treatment 

on eEF2 phosphorylation. We found that chronic, in vivo GLP-1 (9-36) treatment 

significantly decreased eEF2 Thr56 phosphorylation in hippocampal tissue  

 (Figure 2.5a); acute GLP-1 (9-36) treatment of hippocampal slices did not alter 

eEF2 phosphorylation (Figure 2.5b). Upstream regulators of eEF2 

phosphorylation include mTORC1 and AMP-activated protein kinase (AMPK), a 

central molecular sensor of cellular energy homeostasis [35, 36]; as described 

above, GLP-1 (9-36) treatment did not affect mTORC1 signaling in our 

experiments (Figure 2.4a-e). We examined AMPK activity by measuring 

phosphorylation of the AMPKα subunit at Thr172 [37]. We found that chronic, in 

vivo GLP-1 (9-36) treatment did not alter AMPKα phosphorylation (Figure 2.5c); 

interestingly acute GLP-1 (9-36) treatment significantly increased AMPKα 

phosphorylation (Figure 2.5d). We also investigated whether GLP-1 (9-36) 

treatment affected eukaryotic elongation factor-1A (eEF1A). eEF1A forms a 

trimer with the aminoacyl-tRNA and binds to the ribosomal A-site, making the 

bound aminoacyl-tRNA available to be incorporated in the growing peptide [38]. 

eEF1A is regulated by mTORC1 activity and is a vital component of long-term 

synaptic plasticity [39]. Chronic, in vivo GLP-1 (9-36) treatment led to a trend 

towards increased hippocampal eEF1A expression (p=0.06; Figure 2.5e).  

We next performed SUnSET experiments to further examine the effects of GLP-1 

(9-36) treatment on de novo protein synthesis as measured by puromycin  
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Figure 2.5 GLP-1 (9-36) administration in vivo leads to lowered eEF2 

phosphorylation. (a) Western blotting hippocampal tissue from mice treated 

with GLP-1 (9-36) in vivo (500 ng/g/day) demonstrated significantly reduced 

eEF2 phosphorylation levels at Thr56, (b) 100 pM GLP-1 (9-36) treatment in 

vitro did not alter eEF2 phosphorylation. (c) AMPKα phosphorylation was not 

affected by in vivo GLP-1 (9-36) treatment; (d) 100 pM GLP-1 (9-36) treatment 

in vitro led significantly increased AMPKα phosphorylation. (e-f) eEF1A 

expression was not affected by GLP-1 (9-36) treatment in vivo or by 100 pM 

GLP-1 (9-36) treatment in vitro. (g-h) GLP-1 (9-36) treatment did not affect 

mRNA translation rates, as measured by SUnSET assay. n=12 for GLP-1 (9-

36) in vivo group; n=8 for saline in vivo group; n=8 for GLP-1 (9-36) and saline 

in vitro groups. *p<0.05 
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incorporation. Neither chronic, in vivo GLP-1 (9-36) treatment nor acute GLP-1 

(9-36) treatment altered the rates of de novo protein synthesis within whole 

hippocampal tissue (Figure 2.5g-h). Taken together, these findings show that 

GLP-1 (9-36) treatment results in the activation of translation elongation (via 

decreased phosphorylation), which is associated with an increased protein 

synthesis capacity. 

GLP-1 (9-36)-induced hippocampal LTP enhancement is blunted by the 

GLP1R antagonist Exendin (9-39) amide 

GLP1R mediates most, if not all, of the biological effects of GLP-1 (7-36) 

[1, 6]. In contrast, it is unclear whether GLP-1 (9-36) exerts its functions through 

the GLP1R [3, 13-15]. To further elucidate the mechanisms associated with the 

LTP enhancement which followed GLP-1 (9-36) administration, we 

coadministered GLP-1 (9-36) with the GLP1R antagonist Ex(9-39) [18]. 

Compared to saline-treated controls, Ex (9-39) inhibited LTP (Figure 2.6). This is 

consistent with previous studies which have demonstrated a critical role of the 

GLP1R in learning and memory [6]. Notably the GLP-1 (9-36)-induced LTP 

enhancement was negated by Ex(9-39) cotreatment (Figure 2.6).Thus implicating 

GLP1R as a mediator in the CNS effects of GLP-1 (9-36) under the current 

experimental paradigm. 

 

DISCUSSION 

 GLP-1 (9-36) is the primary cleavage product of the insulinotropic gut 

hormone, GLP-1.In the current study, we have shown that GLP-1 (9-36)  
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Figure 2.6 GLP-1 (9-36)-induced LTP enhancements were blunted by in 

vivo coadministration of the GLP1R antagonist, Ex (9-39).  

(a)  Compared to saline-treated group (open squares; n=9), HFS-induced LTP 

was enhanced with in vivo GLP-1 (9-36) treatment (filled squares; n=10), but 

inhibited with in vivo Ex (9-39) treatment. In vivo coadministration of GLP-1 (9-

36) and Ex (9-39) blunted the LTP-enhancing effects of GLP-1 (9-36) (filled 

circles; n=13). Arrow denotes HFS. (b) Cumulative data showing mean fEPSP 

slopes at 30-, 60-, and 90-minutes post-HFS. (c-f) Traces of representative 

fEPSP slopes at baseline and90-minutes post-HFS. *p<0.05; **p<0.01; 

***p<0.001   
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facilitates hippocampal LTP following chronic in vivo treatment in adult, wild-type 

mice. At the molecular level GLP-1 (9-36) reduces the expression of Kv4.2 within 

the hippocampus (Figure 2.3a), which is linked to elevated dendritic membrane 

excitability [22]. GLP-1 (9-36) treatment also inhibited phosphorylation of the 

mRNA translation factor eEF2 (Figure 2.5a), which is associated with an 

increased capacity for de novo protein synthesis. Though it has been considered 

a “bio-inactive” peptide, these findings demonstrate that GLP-1 (9-36) clearly 

exert important physiological effects on neuronal plasticity in the hippocampus, a 

brain region critical for learning and memory. 

 Kv4.2 channels are expressed preferentially in hippocampal neurons and 

function as key regulators for the generation of backpropagating action potentials 

(bAPs), which are indispensable for LTP induction at the hippocampal Schaffer 

collateral pathway under physiological conditions [22, 40]. Kv4.2 knock-out mice 

have enhanced LTP induction [22]. Thus, Kv4.2 represents a potential 

mechanism underlying enhanced early LTP following GLP-1 (9-36) treatment. On 

the other hand, multiple lines of studies show that upregulation of signaling 

pathways which control protein synthesis (i.e. mTORC1), is associated with 

enhanced long-lasting synaptic plasticity [30, 41]. In agreement GLP-1 (9-36) 

treatment resulted in an increased capacity for protein synthesis via inhibition of 

eEF2 phosphorylation, which could contribute to the late-phase LTP 

enhancement which followed GLP-1 (9-36) treatment. 

 The relationship between decreased Kv4.2 expression and eEF2 

phosphorylation associated with GLP-1 (9-36) treatment remains unknown. 
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Typically, Kv4.2 inhibition leads to increased dendritic excitability, which allows 

more Ca2+ influx through voltage-gated calcium channels or NMDA receptors [30, 

42, 43]. Generally, elevated Ca2+ (in conjunction with calmodulin) activates eEF2 

kinase (eEF2K), which leads to increased eEF2 phosphorylation [34], which runs 

contrary to our observation that eEF2 phosphorylation is reduced by GLP-1 (9-

36) treatment (Figure 2.5a). We also examined the effects of GLP-1 (9-36) 

treatment on upstream regulators of eEF2 and eEF2K (i.e. AMPK, mTORC1), but 

did not observe any significant alteration in either pathway. In the future, it would 

be interesting to elucidate the effects of GLP-1 (9-36) treatment on eEF2 

phosphatases. 

 Long-lasting synaptic plasticity and memory are dependent upon mRNA 

translation [27, 44]. In contrast to the effects of GLP-1 (9-36) treatment on the 

proteins governing peptide elongation (decreased eEF2 phosphorylation), we did 

not observe any effects on translation initiation; GLP-1 (9-36) treatment had no 

effects on translation initiation, which control cap-dependent translation initiation 

(eIF2 and mTORC1) [28]. The initiation and elongation phases of mRNA 

translation must be upregulated in order to accomplish the substantial 

requirements of de novo protein synthesis associated with synaptic plasticity 

(Sutton & Schuman 2006). Interestingly, results from the SUnSET experiments 

indicate that general de novo protein synthesis in the hippocampus is unaffected 

by GLP-1 (9-36) (Figure 2.5g). Multiple lines of studies suggest that proteolysis 

(protein degradation), mediated by ubiquitin-proteasome system (UPS), 

coordinates with protein synthesis to maintain long-term synaptic plasticity [45-
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48]. While decreased eEF2 phosphorylation is associated with general protein 

synthesis, components of protein degradation pathways such as UPS may also 

be upregulated, leading to increased protein degradation (of newly synthesized 

proteins), thus leaving overall general protein synthesis unchanged. Investigation 

of the effects of GLP-1 (9-36) treatment on protein degradation pathways may 

yield interesting findings in the future. 

 Acute GLP-1 (7-36) application enhanced hippocampal LTP in rats [49]. In 

contrast, we did not observe any effects on hippocampal LTP with acute GLP-1 

(9-36), which is consistent with previous studies [17]. Such findings provide 

further support for the idea that GLP-1 (9-36) may execute its biological actions 

through molecular mechanisms independent from those of GLP-1 (7-36). 

Meanwhile, our findings from the Ex(9-39) experiments show that the LTP-

enhancing effects of GLP-1 are negated with GLP1R antagonism; GLP1R 

mediates most, if not all, of GLP-1 (9-36)’s biological effects [1, 6]. Previous 

studies on non-neuronal systems have not determined whether the GLP1R is 

required for GLP-1 (9-36) activity [3, 13, 50]. Our data suggests that GLP1R is 

involved in mediating the effects of GLP-1 (9-36) within the CNS; future studies 

should elucidate detailed molecular mechanisms, including the identification of 

alternative receptors which mediate GLP-1 (9-36)’s physiological effects. 

 In conclusion, the present study demonstrates that GLP-1 (9-36) 

enhances hippocampal synaptic plasticity which may be attributed to decreased 

dendritic membrane excitability and an increased capacity for de novo protein 

synthesis. We also demonstrated that those effects may be attributed to GLP1R 
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agonism. These findings are consistent with the idea that incretin hormones 

confer important effects on the CNS and contribute another piece of evidence to 

support the long-held theory of “brain-gut axis” [51, 52]. The intrinsic instability 

and hypoglycemic activity of GLP-1 (7-36) may present barriers for its use as a 

treatment option for cognitive dysfunction. As a result, GLP-1 (7-36) mimics or 

DPP-4 inhibitors have been actively developed to improve its pharmacokinetics 

and are tested in neurodegenerative diseases [1, 12, 53-55]. The natural 

cleavage product of GLP-1 (9-36) is devoid of GLP-1 (7-36)’s aforementioned 

disadvantages and possesses beneficial properties and decreases mitochondrial 

ROS. Future studies are needed to determine its potential as a novel, therapeutic 

agent to target neuronal diseases with cognitive impairments. 
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ABSTRACT 

Glucagon-like peptide-1 (GLP-1) is an incretin hormone that maintains 

glucose homeostasis by stimulating insulin secretion. Its natural cleavage 

product GLP-1 (9-36) lacks insulinotropic effects and has a low binding affinity for 

GLP-1 receptors (GLP1Rs); thus, GLP-1 (9-36) has historically been identified as 

an inactive metabolite. Conversely, recent work has demonstrated that GLP-1 (9-

36) interesting physiological properties such as cardioprotection and 

neuroprotection. GLP-1 (9-36) has consistently demonstrated anti-oxidative 

effects in cellular models and in mouse models of Alzheimer’s disease (AD). Our 

lab has recently shown that GLP-1 (9-36) administration enhances neuronal 

plasticity in wild-type mice and ameliorates cognitive deficits in mouse models of 

AD. Here, we report that systemic administration of GLP-1 (9-36) decreased 

mitochondrial oxidative stress within the hippocampus of Down syndrome (DS) 

model mice. We also report that decreased oxidative stress is associated with 

altered dendritic spine morphology – increasing mature spines and decreasing 

immature spines – in DS model mice. These molecular alterations translated to 

functional changes in that long-term potentiation (LTP) failure and cognitive 

impairments in DS model mice were rescued with GLP-1 (9-36) treatment. We 

also show that chronic GLP-1 (9-36) treatment does not alter glucose tolerance 

in either wild-type or DS model mice. Our findings suggest that GLP-1 (9-36) 

treatment may have therapeutic potential for DS and other neurodegenerative 

diseases associated with increased neuronal oxidative stress.  
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INTRODUCTION 

Down syndrome (DS) is one of the most common forms of intellectual 

disabilities with an apparent genetic cause: the trisomic repeat of chromosome 

21 (HSA21)[1-3]. Impaired cognition is a hallmark of DS, and there are currently 

no effective treatments that improve cognitive function in individuals with DS [4-

6]. Of note, nearly all DS patients tested examined had developed Alzheimer’s 

disease (AD)-like neuropathology by age 40 (i.e., senile plaques and 

neurofibrillary tangles) [7]. Furthermore, many individuals with DS go on to 

develop age-dependent AD-type dementia later in life [8-10].  

Increased reactive oxygen species (ROS) is a common feature of many 

neurological diseases of cognitive impairment, including DS [11, 12]. Excessive 

neuronal ROS disrupts molecular and cellular mechanisms which underlie 

memory and synaptic plasticity maintenance and can lead to cognitive 

impairment [13]. Previous studies have demonstrated that decreasing 

mitochondrial ROS improves memory and hippocampal synaptic plasticity 

impairments associated with neurodegenerative diseases such as AD [13-15]. 

Therefore, targeting mitochondrial ROS production or clearance may be an 

effective strategy to improve cognitive function in individuals with DS. 

Glucagon-like peptide-1 (GLP-1) is an incretin hormone released from the 

L-cells of the distal ileum in response nutrient ingestion. GLP-1 is released into 

circulation as the “bioactive” GLP-1 (7-36) and has a strong binding affinity to the 

GLP-1 receptor (GLP1R) [16, 17]; pancreatic activation of the GLP1R initiates 

glucose-dependent insulin secretion. Circulating GLP-1 (7-36) is rapidly 
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degraded (half-life < 2 minutes) into GLP-1 (9-36) by dipeptidyl peptidase-4 

(DPP4) [18-20]. GLP-1 (9-36) has a low binding affinity to the GLP1R and exerts 

no insulinotropic effects [21, 22]. Thus, GLP-1 (9-36) has been traditionally 

considered an “inactive” waste product of GLP-1 (7-36). A growing body of 

evidence indicates that that GLP-1 (9-36) has essential biological functions 

separate from its precursor. For example, in human aortic endothelial cells GLP-

1 (9-36), not GLP-1 (7-36), reversed high glucose and high free-fatty acid-

induced ROS production [23]. GLP-1 (9-36) also protected Glp1r-/- 

cardiomyocytes from H2O2-induced cell death while GLP-1 (7-36) did not [24]. 

These data suggest that GLP-1 (9-36) may operate via a mechanism distinct 

from GLP-1 (7-36). Furthermore, we have shown that GLP-1 (9-36) treatment 

decreased high levels of hippocampal ROS and rescued memory deficits in a 

mouse model of AD [25]. Recently, we demonstrated that chronic GLP-1 (9-36) 

treatment enhances hippocampal long-term potentiation (LTP) in young wild-type 

mice [26]. 

Here, we investigated the effects of GLP-1 (9-36) treatment on memory 

and synaptic plasticity in the Ts65Dn mouse model of DS. We found that GLP-1 

(9-36) treatment significantly improved DS-associated memory impairments and 

synaptic plasticity. Mechanistically, GLP-1 (9-36) treatment normalized the 

elevated mitochondrial superoxide levels and restored impaired hippocampal 

dendritic spine morphology in Ts65Dn mice. Our findings suggest that GLP-1 (9-

36) may be a potential novel therapeutic in treating DS-associated cognitive 

dysfunction and synaptic failure. 



 
 

107 
 
 

MATERIALS & METHODS 

Mice 

All mice were housed in the Transgenic Mouse Facility at wake Forest School of 

Medicine Animal Facility. Mice were kept in compliance iwth the National Institute 

of Health (NIH) guide for Care and Use of Laboratory animals. The facility kept a 

12 hour light/dark cycle with regular feeding, cage cleaning, and 24 hour access 

to water. Breeder mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME). The mouse colony was maintained by breeding Ts65Dn trisomic 

females (#005252) with B6EiC3Sn.BliAF1 males (#003647). Ts65Dn mice used 

in behavioral experiments did not carry the phosphodiesterase 6b (Pde6b) gene 

mutation associated with retinal degeneration. Genotyping was determined by 

polymerase chain reaction (PCR). All experiments were conducted on male and 

female 9 month-old mice; Ts65Dn mice reliably exhibit cognitive impairments at 

this age [27]. 

GLP-1 (9-36) treatment 

GLP-1(9–36) peptide (Eurogentec, Belgium) was administered daily via 

intraperitoneal injection (IP) at a dose of 500 ng/g/day. Mice we treated with 

GLP-1 (9-36) or a saline control for 28 days, then sacrificed for MitoSOX, Golgi-

Cox, Western blot, or electrophysiological experiments. For behavioral 

experiments, mice were treated with GLP-1 (9-36) or a saline control daily for 14 

days before tests began. Mice were weighed weekly to determine appropriate 

drug dose. GLP-1 (9–36) was prepared as stock solution and was diluted to the 

final concentrations before use. 
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Detection of mitochondrial superoxide in hippocampal slices. 

After completion of either drug or saline treatment, mice were sacrificed and 400 

μm hippocampal slices were incubated with 5 μM MitoSOX Red, a mitochondrial 

superoxide indicator (prepared as 5 mM stock solution immediately before the 

experiments; Invitrogen) for 10 min. Slices then were fixed with ice-cold 4% 

paraformaldehyde (PFA) in PBS overnight at 4°C. Slices were further cut into 40 

μm sections and mounted onto pre-subbed slides with Vectashield mounting 

medium with DAPI (Vector Laboratories). The sections were imaged using a 

Leica TCS SP5 confocal microscope at 20x magnification. All parameters 

(pinhole, contrast, gain, offset) were held constant for all sections from the same 

experiment. 

Western blot 

Hippocampal slices were flash-frozen on dry ice and sonicated as previously 

described (Ma et al., 2013). Samples containing equal amounts of protein lysate 

were loaded on 4–12% Tris-glycine SDS-PAGE gels for standard gel 

electrophoresis. Membranes were probed overnight at 4C using the OXPHOS 

primary antibody (1:250; Abcam). Densitometric analysis was performed using 

ImageJ. Data were normalized to GAPDH (for total proteins analysis) or relevant 

total proteins (for phospho proteins analysis) unless otherwise specified. 

Golgi-Cox stain 

Brains were processed using the FD Rapid Golgi Stain™ Kit in accordance with 

the manufacturer’s instructions (FD Neurotechnologies, Columbia, MD, catalog 

PK401). Transverse sections (125 μm) were made using a Leica VT1200S 
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vibratome and mounted unto gelatin-coated slides. Development was performed 

according to kit instructions. Sections were dehydrated through a graded ethanol 

series and cleared in xylene. Slides were cover-slipped with Vectamount 

Permanent Mounting Medium (Vector Labs, Burlingame, CA, catalog H-5000) 

and imaged at 100X on a Keyence BZ-X710 microscope (Osaka, Japan). For 

spine analysis, images were blinded, and spines were manually counted and 

sorted as previously described [28]. 

Glucose tolerance test 

IPGTT was administered to mice before the treatment regimen began and after 

28 days of daily saline or GLP-1 (9-36) treatment (500 ng/g/day). On the day of 

the experiment, mice were fasted for 4 hours and glucose (2.0 g/kg) was 

administered intraperitoneally (IP). Blood samples were taken from tail, veins and 

blood glucose was measured (0, 15, 30, 45, 60, 90, 120 minutes, respectively) 

using a glucometer (Bound Tree Medical Precision XTRA Glucometer; Fisher).  

Hippocampal slice preparation and electrophysiology 

Acute 400 μm transverse hippocampal slices were prepared using a Leica 

VT1200S vibratome as described previously. Slices were maintained at room 

temperature for at least 2 hours in an artificial cerebrospinal fluid containing (in 

mM), 118 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4,1.25NaH2PO4,and 15 glucose, 

bubbled with 95% O2/5% CO2. For electrophysiology, monophasic constant-

current stimuli (100 μs) were 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 
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of area CA1. Long-term potentiation (LTP) was induced using a high-frequency 

stimulation (HFS) protocol consisting of two 1-second 100 Hz trains, separated 

by 60 seconds. Paired-pulse facilitation (PPF) was conducted using a pair of 

stimuli with inter-stimulus intervals (ISI) of 25 ms, 50 ms, 100 ms, 200 ms or 300 

ms delivered to the CA3, and the respective slopes of the fEPSP were 

measured. The ratio of the second slope to the first slope, compared to the ISI 

was plotted.  For input/output (I/O) curves, the slopes of fEPSPs and the values 

of the fiber volley at different stimulation intensities were measured. 

Object location memory (OLM) task 

Mice were habituated to an opaque plastic chamber (30 cm x 21 cm x 15 cm) 

with visible spatial cues for 10 minutes. After 24 hours, mice were returned to the 

chamber with two identical objects in the arena and were allowed to freely 

explore and interact with the objects for 10 minutes. Twenty-four hours later, 

mice were returned to the chamber again, where one of the two objects had been 

relocated to an adjacent position (Fig. 3.1a). Objects and changes in object 

location were randomly determined and counterbalanced. Time spent with each 

object was measured and calculated as a percent of the total object interaction 

time. Novel object preference of less than 50% indicates memory impairments. 

Time with objects was measured both manually and with Ethovision XT tracking 

software. Mice with a total object interaction time of <10 seconds were excluded 

from analysis. Data collection and analysis were performed blinded.  

Passive Avoidance Task 
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For the training phase of the passive avoidance task (PAR apparatus, Panlab, 

Spain), mice were placed in a well-lit chamber (25 cm x 25 cm x 24 cm). 

Following a 60 second exploration period a trap door opened to reveal a smaller, 

dark chamber (19 cm x 10 cm x 12 cm). Upon entry into the dark chamber the 

trap door closed, and mice were given a mild footshock (footshock intensity: 0.1 

mA, 2 second duration). Memory was tested 24 hours after training when mice 

were returned to the light chamber, and following a 60 second exploration period, 

the trap door opened to reveal the dark chamber. Upon entry into the dark 

chamber the trap door closed (no foot shock was given on the test day). For 

training and test day, mice were given a max latency of 600 seconds. Mice that 

did not enter the dark chamber on the first day were not included in data 

analysis. 

Data 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 

indpendent Student’s t-test was performed using GraphPad Prism 7 software 

(GraphPad Software, San Diego, CA). Two-tailed paired t-tests were performed 

for within-group analyses. For comparisons between more than two groups, two-

way repeated measures ANOVA was used with Tukey’s post hoc tests for 

multiple comparisons. Error probabilities of p<0.05 were considered statistically 

significant. 

Study approval 
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All methods involving animals were approved by the IACUC of Wake Forest 

University. 

 

RESULTS 

GLP-1 (9-36) treatment decreases DS-associated elevated levels of 

mitochondrial superoxide. 

 For the following biochemical and electrophysiological experiments, we 

treated Ts65Dn mice and their wild-type (WT) littermates with GLP-1 (9-36) (500 

ng/g/day; IP injection; [26])  or a saline control continuously for 28 days [26]. 

Increased neuronal mitochondria-derived ROS is a feature of DS and can lead to 

cognitive impairments [13, 29]. Previous studies have demonstrated that GLP-1 

(9-36) treatment decreases ROS production both in cultured cells and animal 

models [23-25]. To determine whether GLP-1 (9-36) treatment also decreases 

DS-associated ROS, we assessed the levels of mitochondrial ROS by staining 

live slices with MitoSOX Red, a fluorogenic dye that selectively detects 

mitochondria-specific superoxide. MitoSOX Red is chemically targeted to the 

mitochondria and fluoresces red when oxidized. Compared to WT mice, saline-

treated Ts65Dn mice demonstrated significantly enhanced MitoSOX 

fluorescence, indicating increased levels of mitochondrial superoxide (Figure 

3.1a). As expected, GLP-1 (9-36) treatment blunted the DS-associated increase 

in mitochondrial superoxide (Figure 3.1a). We further examined the effects of 

GLP-1 (9-36) on mitochondrial electron transport chain (ETC) proteins. The ETC 

consists of a series of protein complexes that transfer electrons from electron  
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Figure 3.1 GLP-1 (9-36) treatment normalizes increased mitochondrial 

superoxide in Ts65Dn mice. 

(a) The MitoSOX fluorescent signal was increased in slices from Ts65Dn + 

Saline compared to Wild-type + Saline mice. GLP-1 (9-6) treatment 

normalized the increased fluorescent signal. Results are representative of 

three independent experiments (20x, scale bar 50 μm). (b) Western blot 

experiments revealed no significant difference in the expression of oxidative 

phosphorylation complex proteins. 
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donors to electron acceptors via redox reactions. The ETC proteins create the 

proton gradient that drives ATP production; however, ETC complexes I and III 

produce large amounts of superoxide in this process [13]. We observed no 

differences in ETC expression according to either genotype or treatment 

condition (Figure 3.1b). Thus the difference in superoxide production was not due 

to differences in the expression of ETC proteins. Our findings are consistent with 

previous reports demonstrating that GLP-1 (9-36) has antioxidant-like properties. 

Given that oxidative stress is associated with synaptic dysfunction, we further 

investigated the mechanisms underlying memory and synaptic plasticity. 

GLP-1 (9-36) treatment improves dendritic spine morphology in Ts65Dn 

mice. 

 Dendritic spine morphology regulation is vital to synaptic integrity and 

associated with neural plasticity and memory formation [30, 31], and can be 

modified by excessive ROS [32]. Using the rapid Golgi-Cox staining protocol, we 

assessed spine density and morphology changes of dendritic spines within the 

stratum radiatum of hippocampal CA1 neurons. While there were no differences 

in overall dendritic spine density between groups (Figure 3.2a-b), we further 

analyzed changes in spine morphology based on published guidelines (“mature” 

vs. “immature”; Figure 3.2c; [28]) and found significant morphological differences. 

Compared to saline- and GLP-1 (9-36) treated WT mice, saline-treated Ts65Dn 

mice showed a significantly lower density of “mature” spines (mushroom, stubby, 

branched) and a significantly higher density of immature spines (thin and 

filopodial) (Figure 3.2c-e). Markedly, GLP-1 (9-36) treatment restored spine  
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Figure 3.2 GLP-1 (9-36) treatment alters dendritic spine morphology in 

Ts65Dn mice but does not affect spine density. 

(a) Representative images from Golgi-Cox stain of Area CA1 dendritic spines 

(100x, scale bar 12.5 μm). (b) Total CA1 spine density per 100 μm. (c) 

Diagram depicting spine classification based on previous publication (100x, 

scale bar 12.5 μm). (d) Mature spine density per 100 μm. Stubby, mushroom, 

and branched  spine types were classified as mature. (e) Immature spine 

density per 100 μm. Filopodial and thin type spies were classified as 

immature. (f) Mature/Immature spine ratio per 100 μm. (Wild-type + Saline 

n=81 dendrites, Ts65Dn + Saline n=80 dendrites, Wild-type + GLP-1 (9-36) 

n=51 dendrites, Ts65Dn + GLP-1 (9-36) n=81 dendrites). *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001; one-way ANOVA with Tukey’s post hoc test. Values 

represent mean ± SEM. 
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morphology (both mature and immature) in Ts65Dn mice to wild-type norms 

(Figure 3.2d-e). These differences in spine morphology became apparent when 

we calculated the mature/immature spine ratio for each group. We found that 

saline- and GLP-1 (9-36)-treated WT mice had a high mature/immature spine 

ratio (i.e. mature >> immature) while saline-treated Ts65Dn had a significantly 

lower mature/immature spine ratio (i.e. mature << immature); GLP-1 (9-36) 

treatment normalized this ratio in Ts65Dn mice (i.e. mature >> immature) (Figure 

3.2f). We also showed that GLP-1 (9-36) treatment had no effect on wild-type 

mice in any of the parameters measured. Together, these data represent a 

mechanism through which GLP-1 (9-36) alters synaptic structure and suggests 

improved cognitive function. 

GLP-1 (9-36) treatment does not affect glucose clearance in Ts65Dn or 

Wild-type mice. 

GLP-1 (7-36) is an insulinotropic hormone, and previous studies have 

shown that GLP-1 (7-36) has been shown to enhance insulin secretion and 

promote glucose clearance in humans while GLP-1 (9-36) does not [33], which is 

unsurprising considering the low binding affinity GLP-1 (9-36) has for the GLP1R. 

Given that we are treating mice with GLP-1 (9-36) at supraphysiological doses, 

we sought to determine whether GLP-1 (9-36) affects glucose tolerance at the 

dose administered. To measure this, we performed an intraperitoneal glucose 

tolerance test (IPGTT). As shown in Figure 3.3, saline or GLP-1 (9-36) treatment 

did not alter glucose tolerance in both WT and Ts65Dn mice, as measured by the  
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Figure 3.3 GLP-1 (9-36) treatment does not alter glucose metabolism 

following glucose tolerance tests. 

Glucose tolerance test (GTT) of wild-type and Ts65Dn mice before and after 

28 days of daily saline or GLP-1 (9-36) treatments. (a-d) Two-way ANOVA 

revealed no significant differences between pre-or post-treatment in glucose 

response curves of any group.  (e-f) Paired t-tests revealed no significant 

differences between pre- or post-treatment GTT area under the curve (AUC). 

(a, e) Wild-type + Saline (n=6); (b, f) Ts65Dn + Saline (n=5); (c, g) Wild-type + 

GLP-1 (9-36) (n=8); (d, h) Ts65Dn + GLP-1 (9-36) (n=6). 
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glucose x time clearance curve (Figure 3.3a-d) and the area under the curve 

(AUC) (Figure 3.3e-h). Interestingly, the GLP-1 (9-36)-treated Ts65Dn mice 

appeared to have an elevated AUC pre-treatment; however, those differences 

were not significant.  

GLP-1 (9-36) treatment improves hippocampal synaptic plasticity 

impairments in Ts65Dn mice. 

 Previous studies revealed hippocampal synaptic plasticity impairments in 

Ts65Dn mice [34, 35]. We next performed electrophysiological experiments to 

determine whether GLP-1 (9-36) treatment could improve DS-associated deficits 

of long-term potentiation (LTP), an established form of synaptic plasticity and a 

cellular model for learning and memory [36, 37]. WT mice from both treatment 

groups showed a robust, sustained LTP over 90 minutes (Figure 3.4 a-c). As 

expected, saline-treated Ts65Dn mice showed declined LTP, which was rescued 

by GLP-1 (9-36) treatment (Figure 3.4a-c). We also assessed the effects of GLP-

1 (9-36) treatment on basal synaptic transmission by inducing synaptic 

responses with a range of stimulus intensities and observed similar synaptic 

input/output (I/O) (Figure 3.4d). We also investigated paired-pulse facilitation 

(PPF), a form of calcium-dependent presynaptic plasticity evoked by two 

temporally-linked stimuli at various intervals, but did not find any differences in 

PPF among all four experimental groups (Figure 3.4e). These findings indicate 

that GLP-1 (9-36) can improve DS-associated synaptic plasticity impairments.   

GLP-1 (9-36) treatment prevents DS-associated memory deficits in Ts65Dn 

mice. 
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Figure 3.4 GLP-1 (9-36) treatment improves long-term potentiation in 

Ts65Dn mice. 

(a) Acute hippocampal slices from Wild-type + Saline (n=9), Ts65Dn + Saline 

(n=10), Wild-type + GLP-1 (9-36) (n=10), and Ts65Dn + GLP-1 (9-36) (n=9) 

mice were stimulated with high frequency stimulation (HFS) to induce LTP at 

the CA3-CA1 synapse. Arrow indicates HFS. Two-way repeated measures 

ANOVA revealed significant group (p<0.05), time (p<0.05), and group*time 

(p<0.001) effects. At 90 minutes post-HFS, Tukey’s post hoc tests revealed 

Ts65Dn + Saline had significantly impaired LTP compared to GLP-1 (9-36) 

treated Ts65Dn mice (p<0.05) and saline- and GLP-1 (9-36) treated wild-type 

mice (p<0.001; p<0.05). (b) Field excitatory postsynaptic potential (fEPSP) 

slope at 30-, 60-, and 90 minutes after HFS (*p<0.05, **p<0.01). (c) 

Representative fEPSP traces at baseline and 90 minutes post-HFS. (d) Input-

output (I/O) curves were established by plotting fEPSP amplitudes against 

presynaptic fiber volley amplitudes at increasing stimulus intensities in 

hippocampal slices from Wild-type + Saline (n=9), Ts65Dn + Saline (n=10), 

Wild-type + GLP-1 (9-36) (n=9), and Ts65Dn + GLP-1 (9-36) (n=9) mice. One-

way ANOVA revealed no significant differences between groups at any time 

point. (e) Paired pulse facilitation (PPF) in Wild-type + Saline (n=9), Ts65Dn + 

Saline (n=10), Wild-type + GLP-1 (9-36) (n=9), and Ts65Dn + GLP-1 (9-36) 

(n=9) mice. One-way ANOVA revealed no significant differences between 

groups at any time point. 

 



 
 

121 
 
 

 To determine whether GLP-1 (9-36) treatment can rescue DS-associated 

cognitive deficits, we treated Ts65Dn mice and their wild-type (WT) littermates 

with GLP-1 (9-36) (500 ng/g/day; IP injection; [26])  or a saline control 

continuously for 14 days [26]. We then subjected mice to a series of behavioral 

tasks to evaluate their cognitive performance. We assessed the effect of GLP-1 

(9-36) on spatial memory by using the object location memory (OLM) task. In the 

OLM test, WT mice treated with either saline or GLP-1 (9-36) exhibited normal 

cognition, showing a preference for the object in the new location over the old 

location (Figure 3.5a). Ts65Dn mice treated with saline failed to recognize the 

relocated object and spent similar amounts of time interacting with the two 

objects, indicating impaired spatial learning and memory. Notably, Ts65Dn mice 

treated with GLP-1 (9-36) displayed normal cognition, as indicated by a 

preference for objects in the novel location (Figure 3.5b). Wild-type mice from 

both treatment groups exhibited normal cognition showing a preference for the 

object in the new location over the object in the old location (Fig 3.1a). 

 We next assessed whether GLP-1 (9-36) treatment would affect long-term 

associative memory using a two-day passive avoidance paradigm [38] (Figure 

3.5c). During the acquisition phase (day 1), mice received a mild shock (0.2 mA 

for 1 second) upon entering the dark chamber; mice from all groups exhibited 

similar latency to the dark chamber on day 1 (Figure 3.5d). On the second test 

day (day 2), WT mice treated with saline or GLP-1 (9-36) were averse to enter 

the dark chamber, indicating normal cognition. Compared to WT mice, the  
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Figure 3.5 GLP-1 (9-36) treatment improves memory in Ts65Dn model 

mice.   

(a) Schematic of object location memory (OLM) paradigm and object 

preference for familiar and new locations during the test session. (b) 

Preference for the new location less than 50% of the total interaction time 

indicates cognitive impairment (Wild-type + Saline, n=10; Ts65Dn + Saline, 

n=11; Wild-type + GLP-1 (9-36), n=12; Ts65Dn + GLP-1 (9-36), n=13; 

**p<0.01, ***p<0.001, paired t-test). (c) Schematic of passive avoidance 

paradigm and latency to dark compartment on day 1 and day 2 of the test. (d) 

No differences were observed in latency to dark compartment on day 1 (one-

way ANOVA; p>0.05). On day 2, Ts65Dn + Saline (n=3) had a significantly 

shorter latency to the dark compartment than Wild-type + Saline (n=7), Wild-

type + GLP-1 (9-36) (n=9) and Ts65Dn + GLP-1 (9-36) (n=7) mice (one-way 

repeated measures ANOVA with Tukey’s post hoc tests; *p<0.05, **p<0.01, 

***p<0.001).  
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latency to enter the dark chamber was much shorter in saline-treated Ts65Dn 

mice, indicating cognitive impairment (Figure 3.5d). Importantly, Ts65Dn mice 

treated with GLP-1 (9-36) displayed improved cognition, as indicated by a 

signficantly longer latency to the dark chamber, compared to saline-treated 

littermates (Figure 3.5d). Together, these data indicate that GLP-1 (9-36) 

treatment can rescue the cognitive deficits in aged, Ts65Dn DS model mice. 

 

DISCUSSION 

 In the current study, we have shown that GLP-1 (9-36), the primary 

cleavage product of the incretin hormone GLP-1 (7-36), ameliorates DS- 

associated memory deficits in DS model mice. DS model mice showed elevated 

impaired memory and synaptic plasticity [25]. We found that GLP-1 (9-36) 

treatment decreased the elevated mitochondrial superoxide, as indicated by 

decreased MitoSOX fluorescence (Figure 3.1). We also observed that GLP-1 (9-

36) treatment led to increased mature dendritc spines.  Saline-treated DS model 

mice had fewer mature dendritic spines and more immature dendritic spines than 

WT mice; GLP-1 (9-36) treatment normalized both mature and immature spine 

density (Figure 3.2d-f). Functionally, the decreased mitochondrial superoxide and 

altered dendritic spine morphology translated to improved synaptic plasticity and 

memory as measured by LTP and behavioral experiments. In DS model mice, 

the increased mitochondrial superoxide and low mature/immature spine ratio 

corresponded to impaired LTP and poor cognitive performance. Just as GLP-1 

(9-36) treatment led to decreased mitochondrial superoxide and increased 
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mature dendritic spine density, it led to sustained LTP and improved cognitive 

performance. Together, these findings demonstrate that GLP-1 (9-36) has 

significant physiological effects on the molecular mechanisms which underlie 

memory and synaptic plasticity. 

This is the first study we are aware of that has characterized dendritic 

spine morphology in a mouse model of DS. Dendritic spines are small post-

synaptic compartments protruding from neuronal dendrites, which are the focal 

point of synaptic transmission [31]. Spines are dynamic structures whose 

morphological structure directly related function [39], representing an essential 

mechanism underlying memory and synaptic plasticity. Immature spines are 

highly dynamic structures that have little (if any) function in synaptic transmission 

but are essential in initiating contact with nearby axons to form synaptic 

connections [40]. Furthermore, synaptic weakening induced by long-term 

depression (LTD) destabilizes and eliminates existing spines (i.e. increases 

immature spine density) [41, 42]. Our findings that DS model mice have 

increased immature spine density are in line with previous work demonstrating 

that DS model mice have increased GABAergic innervation to the hippocampus 

[43]. Conversely, mature spines form stable connections with pre-synaptic 

terminals, and are highly sensitive to glutamatergic transmission [39, 44]. 

Previous studies have shown that excitatory, glutamatergic transmission 

increases spine volume and stabilizes newly-formed spines (i.e. increases 

mature spine density) [44-46]. The spine’s ability to alter their morphology in 

response to increased or decreased synaptic activity has led some to categorize 
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immature spines as “learning” spines, and mature spines as “memory” spines 

[47].  The increased immature spine density in saline-treated Ts65Dn mice may 

explain their memory impairments. Thus, the shift in spine composition (mature 

>> immature) observed in GLP-1 (9-36)-treated Ts65Dn mice may provide a 

mechanistic explanation for their improved memory and synaptic plasticity.  

That the alterations in dendritic spine morphology were associated with 

decreased mitochondrial oxidative stress is especially interesting. Increased 

neuronal oxidative stress is a pathological hallmark of DS and is associated with 

aging and age-related neurodegenerative diseases [13-15, 29, 48, 49]. AD model 

mice have elevated mitochondrial superoxide production and impaired memory 

and synaptic plasiticity [25]. Recently, our lab reported that AD model mice also 

have altered dendritic spine morphology, similar to our findings here (Beckelman 

et al, in press). To date, there has been little work been done to elucidate the 

relationship beetween oxidative stress and dendritic spine morphology. One 

study found that a single dose of cranial irradiation, which causes a persistent 

increase in ROS, caused a significantly decreased immature spines and 

significantly decreased mature spines [50]. Another study showed that rats with 

excessive neuronal ROS had a low mature spine density, which was restored 

with antioxidant treatment [32]. In the context of our own work, these studies 

demonstrate a causative relationship excessive ROS with dendritic spine 

morphology, however future studies should examine the mechanisms through 

which oxidative stress inhibits spine maturation. 



 
 

126 
 
 

Currently, there are not any effective pharmacological therapies which 

improve memory in DS patients. As we and others have demonstrated, 

excessive neuronal oxidative stress is a feature of DS, and may be the source of 

cognitive impairments [29]. Previous studies have attempted to improve cognitive 

decline in DS patients with antioxidant treatment. Whlie preclinical studies have 

found success, antioxidant treatments have yet to prove effective in clinical trials 

[51-53]. Clinical trials targeting oxidative stress may have failed, not because 

oxidative stress is the wrong target, but because the approach was flawed. 

These clinical trials have attempted to improve cognition through either nutritional 

supplementation or with traditional ROS scavengers such as α-tocopherol (i.e., 

Vitamin E) [51-53]. The problem with this approach is that it only prevents ROS 

from oxidizing cellular components, but does nothing to prevent the excessive 

ROS genesis. Conversely, as we and others have shown, GLP-1 (9-36) protects 

against oxidative stress and decreased ROS production. It has also been shown 

to decrease oxidative stress in animal models of cognitive disease, known to 

have increased ROS production [23-25]., Here, we showed that GLP-1 (9-36) 

treatment improved cognitive function in DS model mice and reversed the 

underlying mechanisms which interfere with memory.  Targeting synaptic failure 

represents an important path to therapy to treat neuodegenerative diseases. 

Therefore our findings here, in conjuction with previous findings [25],  suggest 

that GLP-1 (9-36) has therapeutic potential to improve memory in DS and other 

neuronal diseases associated with excessive ROS. 
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INTRODUCTION 

 The purpose of this dissertation was to investigate whether glucagon-like 

peptide-1 (9-36)NH2 [GLP-1 (9-36), hereafter] could ameliorate cognitive deficits 

associated with Down syndrome (DS). As discussed in chapter one, GLP-1 (9-

36) is the natural cleavage product of the insulinotropic incretin hormone, 

glucagon-like peptide-1 (7-36)NH2 [GLP-1 (7-36), hereafter] [1-3]. GLP-1 (9-36) is 

the primary circulating form of GLP-1; it has a low binding affinity to the GLP-1 

receptor (GLP1R) and lacks insulinotropic properties [4, 5].  

Recently, its status as a biologically inactive peptide has been called into 

question as it has demonstrated cardioprotective and neuroprotective properties 

in cell cultures, acute hippocampal slices, and in mouse models of Alzheimer’s 

disease (AD) [6-11]. Of particular interest to our lab were the beneficial effects of 

GLP-1 (9-36) in AD model mice. In those mice, GLP-1 (9-36) treatment improved 

AD-associated memory impairments and long-term potentiation (LTP), a 

significant form of synaptic plasticity and cellular model for memory [11]. At the 

molecular level, GLP-1 (9-36) treatment decreased mitochondrial superoxide 

without affecting amyloid β (Aβ) levels in AD model mice [11].  

DS is one of the most common forms of intellectual disabilities and shares 

many neuropathological features with Alzheimer’s disease (AD). As previously 

discussed, nearly all adults with DS develop AD neuropathies by age 40 and 

approximately 50% of them develop AD-like dementia by their late 60s [12-14]. 

Despite decades of research there are currently no pharmacological 

interventions which improve cognition in DS or stave off AD. Given the biological 
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effects of GLP-1 (9-36) and the shared neuropathies between DS and AD – 

especially an increased oxidative stress phenotype - we thought it prudent to 

investigate whether GLP-1 (9-36) could ameliorate the cognitive deficits 

associated with DS. To answer this question, my co-investigators and I first 

characterized the biological effects of chronic GLP-1 (9-36) treatment in wild-type 

mice (see chapter two). Next, we investigated the molecular mechanisms 

underlying aberrant synaptic plasticity and memory in a mouse model of DS. We 

then determined whether chronic GLP-1 (9-36) could improve memory and 

synaptic plasticity deficits in DS model mice, and correct the anomalous 

molecular mechanisms underlying those deficits (see chapter three).  

 

SUMMARY OF RESULTS 

 In chapter two of this dissertation, my coauthors and I characterized the 

biological effects of chronic GLP-1 (9-36) treatment on memory and synaptic 

plasticity in three month-old wild-type mice [15]. While it did not affect memory, 

chronic GLP-1 (9-36) treatment significantly improved synaptic plasticity, as 

measured by enhanced LTP. This enhanced LTP was accompanied by 

decreased Kv4.2 expression and eukaryotic elongation factor-2 (eEF2) 

phosphorylation. Interestingly, the LTP-enhancing effects of GLP-1 (9-36) were 

negated with exendin (9-39) [Ex(9-39)], a GLP1R antagonist. This study provided 

further evidence disputing the long-held assumption that GLP-1 (9-36) is an 

inactive peptide with no biological significance. 
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 In chapter three, my coauthors and I investigated the molecular 

mechanisms underlying aberrant memory and synaptic plasticity in aged DS 

model mice and tested whether GLP-1 (9-36) treatment could reverse those 

deficits.  First we established that DS model mice had impaired performance in 

the object location memory (OLM) and passive avoidance memory tasks. We 

also showed that DS model mice fail to establish late-phase LTP, which is 

consistent with the current literature. We next observed that DS model mice had 

elevated neuronal oxidative stress and a significantly altered dendritic spine 

morphology – (i.e., decreased mature/immature dendritic spine ratio; mature 

spines << immature spines). 

We then showed that DS model mice chronically treated with GLP-1 (9-

36) showed marked improvements in OLM and passive avoidance task 

performance. Chronic GLP-1 (9-36) treatment also rescued LTP deficits in DS 

model mice – without affecting basal glutamatergic transmission. At the 

molecular level, improved memory and synaptic plasticity corresponded with 

decreased neuronal oxidative stress and normalized dendritic spine morphology 

– (i.e., decreased mature/immature dendritic spine ratio; mature spines >> 

immature spines). 

 

STUDY STRENGTHS 

 The studies presented here have provided several novel findings and 

further the understanding of the mechanisms through which GLP-1 (9-36) 

interacts with the central nervous system (CNS). Previous studies have shown 
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that GLP-1 (9-36) decreases oxidative stress in cultured cells and in AD model 

mice [6, 7, 11], but no studies have examined the effects of GLP-1 (9-36) 

treatment in a non-oxidative stressed environment. Chapter two is the first study 

to investigate the molecular mechanisms through which GLP-1 (9-36) alters 

neurochemistry in young, wild-type mice. In those experiments, we demonstrated 

that GLP-1 (9-36) is not merely an inactive hormone – but a peptide that has real 

biological significance, as it relates to synaptic activity and neuronal function. 

 The studies presented here also provide novel insight into the 

mechanisms underlying DS cognitive impairments and their underlying 

mechanisms. Chapter three of this dissertation is the first study to show that 

Ts65Dn mice have deficits in passive memory acquisition. This type of memory 

assessment is currently not used in DS model mice because recent literature has 

asserted that Ts65Dn mice do not have deficits in passive avoidance memory 

acquisition [16]. This assertion is based on three older studies that failed to find 

any differences in passive memory acquisition between wild-type and Ts65Dn 

mice [17-19]. However a critical analysis of those studies reveals that this claim 

may not be as strong as previously thought. One fundamental difference 

between our findings and those found in previous work is in our experimental 

design. Two of the three studies used a passive avoidance step-down paradigm, 

whereas we used a light/dark passive avoidance paradigm [17, 18]. The third 

study used the same light/dark passive avoidance paradigm as our study, but 

issued a stronger shock stimulus than ours (0.4 mA vs. 0.2 mA) [19]. Those 

studies also tested mice at a young age (12-14 weeks [17], 4-6 months [19], and 
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6-8 months [18]), whereas the mice we used were older (9-12 months). These 

dissimilarities in experimental paradigm, protocol, and subject age may explain 

why they failed to detect cognitive deficits in passive memory, and are the basis 

for the assertion that Ts65Dn mice do not have passive memory deficits. 

However, based on our findings the light/dark passive avoidance paradigm is a 

useful tool to study and detect cognitive deficits in Ts65Dn mice and should be 

used in future studies. 

 Chapter three is also the first study to characterize dendritic spine 

morphology within CA1 pyramidal neurons, and to quantify morphology in terms 

of spine maturity in DS model mice. As discussed in chapter one, dendritic 

spines are dynamic structures whose functions are directly related to their forms 

[20-22]. Briefly, dendritic spine morphology is typically described in terms of 

maturity, ranging from “immature” to “mature” spines (Figure 1.4). Immature 

spines are typically transient and have little (if any) synaptic function, while 

mature spines are highly stable and have a high synaptic function [23-25]. 

Immature spines are typically described as “learning spines” while mature spines 

are described as “memory spines” [26]. While several studies have examined 

spine density in individuals with DS and in DS model mice, this is the first study 

to specifically quantify mature and immature spine density [27, 28]. Compared to 

wild-type mice, we found that DS model mice have significnatly more immature 

spines and fewer mature spines in CA1 pyramidal neurons – this translated to a 

significantly reduced mature/immature spine ratio, which corresponded with 

memory and synaptic plasticity deficits. These difficiencies were normalized 
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following GLP-1 (9-36) treatment. This is the first study to not only characterize 

spine morphology in DS model mice, but also the first to show that altered spine 

density corresponds with behavioral and electrophysiological abnormalities in DS 

model mice. 

 

IMPLICATIONS 

 The studies presented in this dissertation contribute to the growing body of 

evidence which refutes the assertion that GLP-1 (9-36) is a physiologically inert 

peptide. As has been exhaustively demonstrated in this dissertation, GLP-1 (9-

36) has beneficial properties that contribute to memory and synaptic plasticity. 

The work described in chapters two and three demonstrate the functional and 

mechanistic effects of GLP-1 (9-36) treatment on memory and synaptic plasticity. 

Mechanistically GLP-1 (9-36) effectuates these global changes 1) by decreasing 

the expression of ion channels which regulate synaptic transmission; 2) 

modifying the modifying the activity of factors governing mRNA translation; 3) 

decreasing neuronal superoxide levels; and 4) stabilizing synaptic connections 

by increasing the number of mature dendritic spines (Figure 4.1). 

Conceptually, LTP can be divided into two phases: early-phase LTP (E-

LTP), which describes the initial synaptic response and lasts a few minutes; and 

late-phase LTP (L-LTP), during which the synaptic connection is sustained and 

can last for several hours [29]. As discussed in chapter one, Kv4.2 controls 

dendritic excitability by regulating backpropagating action potentials (bAP) [30-

32], and pharmacologically inhibiting or genetically deleting Kv4.2 amplifies the  
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Figure 4.1 Summary of the molecular mechanisms through which GLP-1 

(9-36) treatment altered memory and synaptic plasticity.  

GLP-1 (9-36) treatment enhanced synaptic plasticity and/or improved memory 

by decreasing the expression of ion channels which regulate synaptic 

transmission; modifying the modifying the activity of factors governing mRNA 

translation; decreasing neuronal superoxide levels; and stabilizing synaptic 

connections by increasing the number of mature dendritic spines and reducing 

the number of immature dendritic spines. 
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bAP and augments the excitatory post-synaptic potential (EPSP) [31, 33, 34]. 

Thus, decreased Kv4.2 expression may explain the initial peak during E-LTP 

which we observed in GLP-1 (9-36)-treated mice (chapter two). 

One interesting difference between the studies conducted in chapters two 

and three was the effect which GLP-1 (9-36) treatment had on LTP in wild-type 

mice. In chapter two, we demonstrated that GLP-1 (9-36) treatment enhanced 

LTP in wild-type mice while in chapter three we did not observe any such 

differences in wild-type mice. This discrepancy is less contradictory than it first 

appears, and can be explained by the age of the mice at the time of treatment 

and testing (3 months vs. 9-12 months). From this difference we can infer, at 

least among wild-type mice, that GLP-1 (9-36) has differing effects at different 

ages. Further research is necessary to explore this phenomenon.  

We also observed that GLP-1 (9-36) treatment increased eEF2 activity, as 

measured by decreased eEF2 phosphorylation. Long-term memory and L-LTP 

require de novo protein synthesis [35, 36], and eEF2 facilitates mRNA translation 

by binding to ribosome wherein it translocates the aminoacyl-tRNA from the 

ribosomal A-site to the P-site [37]. eEF2 phosphorylation by eEF2 kinase 

(eEF2K) disrupts  this process [37, 38]. While GLP-1 (9-36) treatment decreased 

eEF2 phosphorylation, it did not affect the activities of the proteins governing 

translation initiation, which is typically considered the rate-limiting step of de novo 

protein synthesis [37]. Consequently, we did not observe any differences in 

mRNA translation rates when GLP-1 (9-36) was administered to young, wild-type 

mice. However, it is worth noting that elongation and initiation factor activities and 
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mRNA translation rates were measured in tissue at resting state. Thus, the 

changes we observed may represent an increased capacity for high-frequency 

stimulation (HFS)-induced mRNA translation. 

Our lab has previously demonstrated that de novo protein synthesis is 

impaired in AD model mice. We have also shown that by ameliorating de novo 

protein rates corresponds with improved memory and synaptic plasticity [39]. 

Given the role of de novo protein synthesis in memory and synaptic plasticity and 

the relationship between AD and DS (see, chapter one), we hypothesized that 

DS model mice would have impaired de novo protein synthesis and that GLP-1 

(9-36) would improve memory by through this mechanism. Instead, we found that 

there were no differences in mRNA translation between wild-type and DS model 

mice. We also failed to detect any differences in the expression or activity of the 

peptides governing mRNA translation. Instead, we found that the primary 

mechanisms underlying memory and synaptic plasticity deficits in DS model mice 

that were corrected by GLP-1 (9-36) treatment were oxidative stress and 

dendritic spine morphology. 

Many studies have established a link between increased oxidative stress 

and impaired memory or synaptic plasticity [40, 41], and between spine 

morphology and memory or synaptic plasticity [22, 42].  Unfortunately, there has 

been little work investigating the mechanistic relationship between the two 

phenomena. Generally speaking, oxidative stress leads to neuronal degradation 

via membrane lipid peroxidation and actin oxidation [43], both of which could 

contribute to the altered spine morphology we observed in DS model mice 
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(mature spines << immature spines). The few studies exploring this relationship 

have only done so indirectly: either through external methods (cranial irradiation), 

or through genetic manipulation (transgenic mouse models of phenylketonuria) 

[44, 45]. While those studies provide a foundational link between oxidative stress 

and dendritic spine morphology, there is still much work to be done. Our lab has 

recently shown that mouse models of AD have significantly fewer mature spines 

than wild-type mice (unpublished data) and have increased neuronal oxidative 

stress [11]. However, further research is needed to understand the relationship 

between the two phenomena. 

GLP-1 (9-36) treatment has been shown to protect against and decrease 

oxidative stress in cultured cells and in AD model mice [6, 7, 11]; the experiments 

we conducted in chapter three are in line with these results. The lingering 

question underlying all these experiments is the mechanism through which GLP-

1 (9-36) is causing this effect. 

In cultured cells, transient hyperglycemia increases oxidative stress by 

increasing the mitochondrial transmembrane potential beyond its normal 

threshold [7]. The accompanying increase in superoxide production causes the 

release of Fe2+ into the cytosol where it reacts with H2O2 to form Fe3+ and 

hydroxyl radicals which then increases protein phosphatase-2A (PP2A) activity. 

Activated PP2A decreases Akt activity, which then allows for increased glycogen 

synthase kinase-3β (GSK3β) activity. Increased GSK3β activity further disrupts 

the mitochondrial membrane potential by phosphorylating the mitochondrial 

voltage dependent anion channel (VDAC) which dissociates from the glycolytic 



 
 

146 
 

enzyme hexokinase-2 (HK2), which further increases the mitochondrial 

transmembrane potential [7]. 

Mitochondria become similarly dysregulated in AD model mice when Aβ 

aggressively localizes to the mitochondria. As discussed in chapter one, this 

disrupts the mitochondrial membrane potential, respiration, and oxidative 

phosphorylation, which results in increased superoxide production [46]. Similar to 

the experiments in cultured cells, increased mitochondrial superoxide production 

in AD model mice is associated with decreased Akt activity and increased 

GSK3β activity within hippocampal neurons [11]; these changes are associated 

with impaired memory and synaptic plasticity. 

In chapter three we demonstrated that DS model mice have dramatically 

increased mitochondrial superoxide levels – indicating that mitochondrial 

superoxide may be the primary source of oxidative stress in DS. While Aβ does 

not aggregate and form plaques in mice as it does in humans [47], studies have 

shown that DS model mice have greater Aβ levels than their wild-type 

counterparts [48]. Although reduction of APP metabolites and Aβ improves 

memory in DS model mice [48, 49], it is unknown whether these reductions also 

decrease mitochondrial superoxide production. 

In AD model mce and in cultured cells exposed to transient 

hyperglycemia, GLP-1 (9-36) treatment lowered superoxide production and 

normalized Akt and GSK3β activities, disrupting the positive feedback loop 

between Akt-GSK3β activity and superoxide production. In both cases, GLP-1 (9-

36) treatment led to decreased mitochondrial superoxide even in the presence of 
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the initial insult – increased Aβ levels in AD model mice and high glucose 

exposure to cultured cells [7, 11]. This indicates that it is entirely possible that 

GLP-1 (9-36) stabilizes the mitochondria against stressors that would cause it to 

destabilize. Potentially, this could be accomplished by stabilizing the 

mitochondrial transmembrane potential, stabilizing the mitochondrial permeability 

transition pores (mPTPs), through increasing the resilience of the respiration and 

oxidative phosphorylation machinery, or by some other unknown mechanism. 

Future studies are needed to explore the effects of GLP-1 (9-36) on 

mitochondrial health. 

Several studies have demonstrated that the GLP1R is an essential 

component of memory and synaptic plasticity, and that GLP-1 (7-36) improves 

memory and synaptic plasticity. The question that remains is identifying the 

extracellular mechanism through which GLP-1 (9-36) effectuates the intracellular 

changes discussed in this dissertation. GLP-1 (9-36) has a low binding affinity to 

the GLP1R and does not have any insulinotropic effects. In chapter two, we 

demonstrated that GLP-1 (9-36) treatment enhances LTP in young wild-type 

mice, but that effect was negated when mice were cotreated with GLP-1 (9-36) 

and the GLP1R antagonist, Ex (9-39) [15]. This implies that GLP-1 (9-36) activity 

is dependent upon the GLP1R. However, one study casts doubt on this 

conclusion. To investigate whether GLP-1 (9-36) mediated its anti-oxidative 

effects through the GLP1R, cardiomyocytes from transgenic Glp1r-/- mice were 

exposed to H2O2 and then treated with GLP-1 (9-36) and/or Ex (9-39). GLP-1 (9-

36) treatment predictably increased cell viability, however GLP-1 (9-36) and Ex 
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(9-39) cotreatment did not protect the Glp1r-/- cardiomyocytes against H2O2-

induced cell death [6]. This indicates that GLP-1 (9-36) works through a 

mechanism independent of GLP1R activity, yet one through which Ex (9-39) 

interferes. It is important to note that those studies had been performed in non-

neuronal cell cultures. Thus, GLP-1 (9-36) may have different effects under 

physiological conditions. Further research is necessary to identify the pathways 

underlying this mechanism.  

 

CONCLUDING REMARKS 

  Within the last half-century, advancements in medical science and clinical 

care have improved health outcomes for the myriad of pathologies associated 

with DS and have improved the lifespan of these individuals by decades. Despite 

the improved medical care, there is still no effective therapeutic treatment to 

improve the learning and memory deficits in these individuals. One of the main 

features of DS neuropathology is an increased oxidative stress which is linked to 

cellular senescence, aging, DNA damage, and gene mutation [50, 51], and is a 

common phenotype in AD and other neurodegenerative diseases. The work 

described in this dissertation shows that GLP-1 (9-36) is not just the inactive 

waste product of an incretin hormone, but it is a peptide with real biological 

significance as it relates to memory and synaptic plasticity. These studies have 

shown that GLP-1 (9-36) improves DS-associated cognitive function by 

decreasing neuronal oxidative stress and normalizing dendritic spine 

morphology. Collectively the studies discussed in this dissertation provide 
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support for the use of GLP-1 (9-36) as a novel therapeutic to ameliorate DS-

associated cognitive deficits. 
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