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Like type-2 diabetes mellitus (T2DM), neurodegenerative disorders and stroke are an ever increasing, health, social and
economic burden for developed Westernized countries. Age is an important risk factor in all of these; due to the rapidly
increasing rise in the elderly population T2DM and neurodegenerative disorders, both represent a looming threat to
healthcare systems. Whereas several efficacious drugs are currently available to ameliorate T2DM, effective treatments to
counteract pathogenic processes of neurodegenerative disorders are lacking and represent a major scientific and
pharmaceutical challenge. Epidemiological data indicate an association between T2DM and most major neurodegenerative
disorders, including Alzheimer’s and Parkinson’s diseases. Likewise, there is an association between T2DM and stroke
incidence. Studies have revealed that common pathophysiological features, including oxidative stress, insulin resistance,
abnormal protein processing and cognitive decline, occur across these. Based on the presence of shared mechanisms and
signalling pathways in these seemingly distinct diseases, one could hypothesize that an effective treatment for one disorder
could prove beneficial in the others. Glucagon-like peptide-1 (GLP-1)-based anti-diabetic drugs have drawn particular
attention as an effective new strategy to not only regulate blood glucose but also to reduce apoptotic cell death of pancreatic
beta cells in T2DM. Evidence supports a neurotrophic and neuroprotective role of GLP-1 receptor (R) stimulation in an
increasing array of cellular and animal neurodegeneration models as well as in neurogenesis. Herein, we review the
physiological role of GLP-1 in the nervous system, focused towards the potential benefit of GLP-1R stimulation as an
immediately translatable treatment strategy for acute and chronic neurological disorders.
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Neurological benefits of GLP-1 receptor activation

Introduction

Neurodegenerative and cerebrovascular disorders are an ever
increasing, health, social and economic burden for developed
Westernized countries. While certain neurological conditions
can present after episodes of clearly defined pathological
causes, such as stroke or head trauma, some of the more
common neurodegenerative conditions are insidious in
nature. Of the more insidious forms of neurodegenerative
diseases are Alzheimer’s and Parkinson’s disease (AD and PD,
respectively) and amyotrophic lateral sclerosis (ALS) along
with Huntington’s disease (HD). These disorders can present
with a mixture of motor function and cognitive function
abnormalities and are primarily due to a selective type of
neurological pathology, derived from quite distinct areas of
the brain. Commonalities between many neurodegenerative
disorders exist on multiple levels. For example, one tends to
find abnormal protein processing, and deposition takes place
in those areas of the brain that are classically associated with
each disease. Some conditions can manifest as either sporadic
or genetic in their origins. An example of a purely genetic
disorder is HD. In HD, genetic abnormalities lie in the exist-
ence of multiple repeats of a tri-nucleotide sequence (CAG,
glutamine) on chromosome 4 in the Huntington gene. The
number of CAG repeats appears to be pivotal to the develop-
ment of the disease condition, as under normal healthy con-
ditions there are 1 to 35 repeats within the gene, while in HD
there are 40 to 100 repeats (Huntington Disease Collaborative
Research Group, 1993). In PD, there is also a genetic compo-
nent, and while the majority of cases are sporadic in nature,
a small part of PD is caused by various genetic mutations.
Mutations encoding a dysfunctional protein called o-
synuclein were the first discovered PD disease-causing
mutations (Singleton et al., 2003). In AD, there are two well-
defined abnormal proteins widely regarded to be pivotal to
the pathology of the disease; amyloid-p (AB) and hyperphos-
phorylated microtubule-associated protein (commonly
referred to as tau protein), both of which can form insoluble
neurotoxic aggregates (Flament ef al., 1990; Chartier-Harlin
etal., 1991; Citron etal., 1991; Goate et al., 1991; Murrell
et al., 1991). As it has been observed in HD and PD, a genetic
association is also present in AD. Another commonality lies
in the shared nature of the final biochemical effectors of
neurodegeneration (Mattson, 2000; Greig et al., 2004). These
can be mediated by the transmission of signals through cell
surface receptors, or mitochondrial-derived mechanisms that
ultimately lead to the activation of apoptotic pathways,
leading to cell death and neurological disorder. Needless to
say, the pathways leading to cell death are not exclusive to
the CNS and are extensively found in tissues organism-wide.

Recently, a striking resemblance has been described
between the altered metabolic status of the AD brain, with
that of type 2 diabetes mellitus (T2DM) (Arvanitakis et al.,
2004; Craft, 2007; Akter et al., 2011). In T2DM, peripheral
tissues display a reduced sensitivity to insulin-dependent sig-
nalling events leading to a subsequent insufficiency of the
secreted insulin, which with progressive disease eventually
leads to decline in pancreatic beta-cell insulin synthesis and
secretion. The brain is a highly insulin-sensitive organ, and
some of these biochemical features are seen in the AD brain.
The stark similarity between T2DM and AD has given rise to

the hypothesis and new term for describing AD as, namely,
‘type 3 diabetes’ (Steen etal., 2005; de la Monte, 2009;
Kroner, 2009; Akter et al., 2011). This being the case, it opens
up a potential new strategy for treating AD as a metabolic
disease where the utilization of successtul therapeutic
approaches similar to those used in T2DM may be of benefit
to the AD patient.

Normal regulation of insulin secretion and function is
driven by the detection of glucose in the blood. When blood
glucose is elevated, pancreatic beta cells detect this increase
and secret insulin in an attempt to regulate glucose levels by
facilitating the transport of glucose into cells where it is
utilized in cellular metabolism.

An alternative form of insulin regulation originates from
cells found in the gastrointestinal tract. These cells produce a
group of biologically active proteins called incretins that
stimulate pancreatic beta cells to release insulin after eating.
One incretin of particular interest is glucagon-like peptide-1
(GLP-1) (Figure 1). GLP-1 is a small peptide produced by
enteroendocrine L cells that are distributed throughout the
small intestine, with most of them located at ileum and colon
(Drucker and Nauck, 2006; Lovshin and Drucker, 2009). The
peptide was first identified in the early 1980s (Bell efal.,
1983). GLP-1 can be released from L cells as a consequence of
the ingestion of food. The immediate functions of GLP-1 are
to induce the release of insulin from pancreatic beta cells, to
slow gut emptying and also to inhibit the secretion of gluca-
gon. The role of the incretin, GLP-1, on insulin signalling is
quite well defined, and its effects on regulating glucose
metabolism and thus blood glucose levels have been
exploited in T2DM (Drucker and Nauck, 2006; Lovshin and
Drucker, 2009). In addition to the benefits of the peptide on
glucose regulation; GLP-1 receptor activation in pancreatic
cells incites the proliferation and the anti-apoptotic protec-
tion of beta cells (Baggio and Drucker, 2006; Drucker and
Nauck, 2006; Lovshin and Drucker, 2009). The peptide also
stimulates the differentiation of ductal precursor cells into
functional pancreatic beta cells. A small amount of GLP-1 is
also produced in the brain, particularly from the nucleus of
the solitary tract, area postrema and caudal brain stem
(Campos etal., 1994; Calvo etal., 1995a,b; Alvarez etal.,
1996; 2005; Larsen etal., 1997; Hamilton and Holscher,
2009). GLP-1 acts through a GLP-1 receptor (R), which
belongs to the class B family of seven-transmembrane-
spanning, heterotrimic GPCRs. Upon GLP-1R activation, the
major signalling pathway involves activation of adenylyl
cyclase via stimulatory Go, leading to increased intracellular
cAMP levels and a series of subsequent signalling events that
regulate various cell functions. GLP-1R is distributed in many
peripheral tissues, and it is also widely expressed in many
regions of the CNS. As stated, GLP-1-based drugs have proved
beneficial in T2DM patients. It is noteworthy that recent
epidemiological data indicate an association between T2DM
and stroke, as well as between T2DM and neurodegenerative
disorders such as AD and PD. Thus, it is conceivable that
these beneficial effects of GLP-1 receptor activation may be
relevant in other forms of disease, including those described
in the CNS (Figure 2).

The utilization of recombinant endogenous proteins,
such as GLP-1, has been invaluable in many fields of biomedi-
cal research and medicine. However, one caveat of the use of
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Figure 1

Amino acid sequence of GLP-1 and the long-acting GLP-1 analogs, Ex-4 and liraglutide. Ex-4 is known clinically as Byetta and Bydureon for twice
a day and extended release (once weekly) dosing, respectively, whereas liraglutide is known clinically as Victoza (once daily). Amino acid homology
(blue circles) and differences (orange circles) are highlighted. Peptidase cleavage by DPP-IV is shown. Of note, liraglutide possesses a C-16 fatty
acid (palmitic acid) with a glutamic acid spacer attached to the lysine residue at position 26, permitting its binding to albumin.

endogenous proteins is that biological systems usually
possess effective mechanisms to limit the resulting biological
effects in an organism. This is true for the GLP-1 peptide. A
very effective protease exists that rapidly cleaves the circulat-
ing GLP-1 peptide, rendering it inert at the GLP-1 receptor.
GLP-1 is rapidly digested by dipedylpeptidase-IV (DPP-IV)
(Figure 1); a few minutes after its release into the blood
stream, the majority of the incretin protein will have been
degraded by this protease (Vilsball et al., 2003). As it happens,
it is interesting to note that nature often tries to find ways to
circumvent these self-limiting measures. This is well illus-
trated by the existence of a naturally occurring GLP-1R
agonist, which has resistance to DPP-IV. The naturally occur-
ring GLP-1R agonist, exendin-4 (Ex-4), was discovered in the
saliva of a reptile native to the United States (Gila monster,
Heloderma suspectum). The DPP-IV-resistant features of the
protein have been identified, and synthetic forms of Ex-4 and
GLP-1 have been generated (Figure 1). These analogs allow
for substantially longer half-lives, and some forms are now in
clinical use as agents for T2DM. However, in recent years,
research involving GLP-1R stimulation has shifted from
T2DM to focus upon neurodegenerative disorders. A rela-
tively small but growing body of evidence now exists to
support neuroprotective functions of GLP-1R stimulation.
Activating the incretin pathway in neurons can produce cel-
lular protection, proliferation and the differentiation of pre-
cursor cells into neurons, thus drawing striking similarities
between cellular responses in pancreatic beta cells and
neurons. Additionally, behavioural and functional benefits to
GLP-1R stimulation in rodent models have been described.
In addition to GLP-1, there is a further but less well-
studied member of the incretin family, gastric inhibitory
peptide (GIP), that is also known as glucose-dependent insuli-
notropic polypeptide. GIP is similarly generated in gas-
trointestinal cells called K cells (Brown et al., 1975; Ross et al.,
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1977), and it is postulated to possess similar properties to that
of GLP-1. Presently, there is sparse documentation of the
effects of this peptide in connection with neurodegeneration.
For this reason, we will primarily focus upon the actions of
GLP-1 receptor (GLP-1R) stimulation in relation to the
peripheral and central nervous system. Thus, the following
article attempts to focus on existing scientific literature that
documents inroads to addressing the potential beneficial role
of GLP-1 receptor stimulation in neurodegenerative diseases.

GLP-1R activation in brain and
neuronal cell model systems
(physiological conditions)

Neuronal cell proliferation

GLP-1R activators stimulate neuronal proliferation. Investiga-
tions into this biological response have relied heavily on
immunohistochemical methods that employ the use of stains
that label various markers of cell division. Typically, increased
levels of nuclear DNA are measurable by incorporation of the
thymidine/uracil analog, bromodeoxyuridine (BrdU), or the
abundance of a specific nuclear protein found only in actively
dividing cells, the protein Ki-67. Alterations in these markers
can be visualized and utilized to indicate cell proliferation
occurring in both in vitro and in vivo models systems. With
this in mind, investigators have used these markers to
examine the effects of GLP-1R activation in various rodent-
based models of neuronal proliferation. When primary adult
mouse hypothalamic cultures were challenged with Ex-4, an
elevated level of BrdU staining was observed (Belsham et al.,
2009). Evidence exists that indirectly implicates GLP-1R-
mediated signalling events in ciliary neurotrophic factor
(CNTF)-dependent cell proliferation. The administration of
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Potential benefits of incretin signaling
in ALS

The release of incretins from the intestinal tract can be activated by the ingestion of food. Such release of GLP-1 and GIP into the blood stream
results in actions on peripheral systems as well as in the central and peripheral nervous systems that both peptides appear to readily access. Primary
systemic effects are on blood glucose regulation, via insulin. GLP-1 can additionally be synthesized and released from certain brain areas; however,
the mechanisms responsible for such an action are not fully understood and require further study. Interestingly, putative actions of GLP-1 signalling
within the CNS may be responsible for the suppression of appetite and, subsequently, weight loss. Known beneficial actions of GLP-1 signalling
in brain may be responsible for the benefits described in the settings of AD and PD and stroke, as described in in vivo models. Likely, benefits of
GLP-1 signalling in ALS, HD and brain and spinal trauma need to be fully addressed. Similarly, animal models of diabetic retinopathy and optic
nerve crush models show improved outcomes of cellular function when treated locally with GLP-1 receptor analogs (not shown); hence, effects

in human optic conditions warrant elucidation.

CNTF in vivo has been shown to induce an increased expres-
sion of GLP-1 immunoreactivity in the hypothalamus of
adult wild-type mice, thus indicating a role of GLP-1R signal-
ling in CTNF-regulated cell proliferation. Furthermore,
primary hypothalamic cultures derived from GLP-1R knock-
out mice failed to display CNTF-induced BrdU incorporation,
implicating a functional requirement of GLP-1R signalling
events in the induction of CNTF-dependent proliferation
(Belsham et al., 2009). Similarly, when cells in vitro were
administered a GLP-1R antagonist under basal conditions,
Ex-(9-39), these cultures showed a decreased level of Ki-67
staining, indicating a role of GLP-1R stimulation in cell divi-
sion. Chronic in vivo treatment of adult rodents with Ex-4
incited cell proliferation in the rat hippocampus dentate

gyrus, as indicated by increased BrdU and doublecortin
(DCX) staining, a marker of immature neuronal tissue. Also,
the levels of gene transcripts for Ki-67 were elevated (Isacson
etal., 2011), further demonstrating the proliferative proper-
ties of Ex-4 in adult brain. Long-term administration of Ex-4
in vivo (21 days) led to higher levels of proliferation (based
upon Ki-67 staining) in the subgranular zone of adult mouse
dentate gyrus (Li et al., 2010c). Additionally, in mouse models
of diabetes, chronic treatment with GLP-1 analogues for 4-10
weeks significantly increased the number of progenitor cells
or DCX-positive young neurons in the dentate gyrus, as mea-
sured by BrdU or DCX immunohistostaining. Conversely and
not surprisingly, the GLP-1 receptor antagonist exendin(9-
36) reduced progenitor cell proliferation in these mice
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(Hamilton et al., 2011), confirming that this action is GLP-1R
mediated.

Interestingly, findings related to cellular proliferation in
vitro appear to be somewhat dependent upon the model used
to study the phenomenon. As the use of the PC12 cell line,
which are derived from a form of tumour located in rat
adrenal tissues, failed to show any significant levels of prolif-
eration after GLP-1 treatment (Perry etal., 2002a). Yet
SH-SYSY cells, a human neuroblastoma cell line and another
commonly used cell-based model system, showed evidence of
proliferation at physiologically relevant doses of either GLP-1
or Ex-4 (Li etal., 2010b). This likely relates to the level of
endogenous GLP-1R expression, which can be measured both
in cell culture as well as in specific brain areas. Such levels
can, additionally, be enhanced by GLP-1R overexpression in
the former to aid characterize GLP-1 signalling mechanisms.
In a primary rodent culture system, GLP-1R activation (Ex-4
and GLP-1) significantly increased mouse neural stem cell
numbers in vitro, as indicated by BrdU incorporation and ATP
level measurements (Bertilsson et al., 2008). The same find-
ings were observed in a rat striatal embryonic cell line, ST14A
cells (Bertilsson et al., 2008).

Neuronal cell differentiation and

neurite outgrowth

Similar to measuring levels of cell division, assessments of cell
differentiation are chiefly determined by immunohistochem-
istry methods, which allow the identification of the different
maturation stages of neuronal cells, and can also be used to
determine the phenotype of a given cell. As indicated above,
GLP-1R activators can induce the differentiation of neural
stem cells into neurons. Treatment of adult mice with Ex-4
showed a 1.7-fold increase in DCX-positive cells in the medial
striatum and doubled the number of BrdU-positive cells in
the subventricular zone, a known pool of neuronal stem cells
(Bertilsson et al., 2008). Isacson et al. (2011) demonstrated
that the administration of Ex-4 (2 weeks) to adult rodent
induced an elevation in DCX and Mash-1 gene transcripts,
both markers of neurogenesis in the hippocampus. Li et al.’s
(2010c¢) study also showed an enhanced level of neurogenesis
and neuroblast differentiation in mouse dentate gyrus, as
indicated by double staining with BrdU and DCX.

Another beneficial feature of incretin pathway signalling
lies in the production of neurite outgrowths. Neurites are
essential components in the formation of functional synapses
between neurons and their surrounding microenvironment.
The treatment of human SH-SYSY cells with Ex-4 has been
shown to increase the numbers of neurite-bearing cells, in
addition to the actual number of neurites per cell (Luciani
et al., 2010). Interestingly, when the morphology of Ex-4-
induced neurites were compared with that of neurites pro-
duced by treatment with retinoic acid (RA), a well-defined
promoter of neurite outgrowth, the overall morphology was
similar to that of RA neurites; yet the Ex-4 neurites were
shorter in length (Luciani et al., 2010). Likewise, in another
widely used model of neuronal differentiation using PC12
cells, GLP-1R stimulation incited neurite outgrowth in a
manner similar to nerve growth factor (NGF). Paralleling the
finding in SH-SYSY cells, Ex-4-induced PC12 cell neurites
displayed comparable morphology and yet were shorter in
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length and smaller in number, with less branching when
compared with NGF control cells (Perry et al., 2002a).

Enhanced synaptic plasticity and

memory formation

Long-term potentiation (LTP) is widely held as the cellular
correlate of memory formation, and it is defined as a long-
lasting enhancement in signal transmission between two
neurons, resulting from their synchronous activity. This phe-
nomenon has a highly significant meaning when considering
that several neurodegenerative conditions manifest clinical
symptoms of abnormal memory (epitomized by AD and mild
cognitive impairment). Under normal physiological condi-
tions, GLP-1 receptor stimulation has been shown to promote
LTP. Liraglutide (Figure 1), (Asp’) GLP-1, (Pro’) GLP-1 and
N-glyc-GLP-1 are all GLP-1R agonists that also enhance LTP
(McClean et al., 2011). Further evidence supporting a positive
role of GLP-1R stimulation on LTP is described in studies
where neurons from GLP-1R knockout mice (Glp-1r7") dis-
played impaired LTP (Abbas et al., 2009). When extrapolating
the LTP phenomenon from neuronal cells to a whole organ-
ism, it becomes clear that GLP-1R-dependent benefits to LTP
are in fact translated to rodent behavioural paradigms. Wild-
type rodents treated with Ex-4 had improved reference
memory over controls, in a radial maze paradigm (Isacson
etal., 2011). GLP-1 and the incretin mimetic [Ser(2)]ex(1-9)
administered to rats improved the treated animal perfor-
mance in passive avoidance and Morris Water Maze para-
digms, suggesting heightened hippocampal-dependent
associative and spatial learning. Improvements were deter-
mined to be dependent on GLP-1R signalling as co-treatment
with an antagonist, Ex-(9-39), reversed the effects. Examples
further solidifying the beneficial role of GLP-1R signalling in
in vivo behavioural studies are illustrated by the use of GLP-1R
knockout mice. The animals demonstrated significant deficits
in contextual hippocampal fear conditioning assessments
when compared with heterozygous (Glp1r*-) and wild-type
animals. Additionally, phenotypically restored GLP-1R
knockout animals performed better than (GlpIr”) animals.
Likewise, GLP-1R overexpression in the hippocampus
improved Morris Water Maze and contextual fear learning
performance (During et al., 2003). Glp-1r"- mice have been
shown to fail to distinguish between new and familiar objects
in novel object recognition assessments along with poor
Morris Water Maze results; however, these deficiencies could
not be explained by anxiety or exploratory differences
between groups, so impaired memory formation was the
likely cause (Abbas et al., 2009). EEG hippocampal 6 waves are
a measure of brain arousal states in rodents. These waves are
also indicative of hippocampal memory function and have
been linked to learning across mammalian species (Hasselmo,
2005; Kesner and Hopkins, 2006; Hyman et al., 2011). The
wave forms can be subdivided into two types (types I and II),
where type I waves are associated with voluntary behaviour
and are suppressed under conditions of anaesthesia. In an
anaesthetized rat study, when the animals were administered
GLP-1, a transient elevation in hippocampal 6 waves was
observed, indicating an increase of predominately type II
waves (Oka et al., 1999a), which are indicative of sedentary
states of mental arousal associated with learning and memory
retrieval and are believed to be vital to the induction of LTP
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(Hyman et al., 2003; Hasselmo, 2005; Kesner and Hopkins,
20006). In synopsis, it appears that GLP-1R signalling events
possess desirable effects on neuronal tissues under healthy
physiological conditions. The observed benefits of GLP-1R
stimulation at the cellular level may be responsible for the
associated enhancements in learning and memory, which
may in turn be efficacious in the treatment of neurodegen-
erative disease as well as diabetes-associated cognitive
impairments.

Neuroprotective action of
GLP-1R stimulation in
neurodegenerative disease

As indicated previously, specific neurodegenerative condi-
tions display shared hallmark features in the forms of protein
aggregates (AP peptide and hyperphosphorylated tau in AD
and o-synuclein in PD), genetic predispositions (sporadic and
familial disease origins) and shared mechanisms of neuronal
cell death. Additional shared facets of neurodegenerative
disease often include immune cell-derived pathophysiologi-
cal events, such as damage induced by oxidative stress and
the consequences of unregulated pro-inflammatory cytokine
responses. As the term neurodegeneration implies, the patho-
logical processes appear to follow a continuum of events
where the destruction of existing neurons and synaptic con-
nections ultimately cause the clinical manifestation of a spe-
cific human disease. Potential therapeutic strategies that are
capable of limiting the destructive effects of pathological
cellular processes on neuronal tissues while directly or indi-
rectly promoting the creation of new functional neurons are
highly desirable. Agents such as these will prove to be crucial
in preserving healthy neuronal function, if not also possibly
reversing existing neuronal dysfunction. The observed ability
of GLP-1R stimulation to induce beneficial physiological
effects on neural cell proliferation, neural stem cell differen-
tiation with neurite outgrowth and improved memory in
adult rodents indicates a highly exploitable feature of incretin
signalling (Perry and Greig, 2002; 2003; 2005). If these physi-
ological properties carry over under pathological conditions
and then translate to the human brain, they could be of great
benefit in neurodegenerative disease. The beneficial effects of
GLP-1R signalling events under pathophysiological condi-
tions in cell-based and animal model systems are described.

GLP-1R stimulation rescues

memory dysfunction

AP and its insoluble aggregates found in post mortem human
brain have been implicated as a key contributor to the pathol-
ogy of AD. Amyloid-p precursor protein (APP) is proteolyti-
cally cleaved to generate a variety of products by the actions
of three proteases, o-, B- and y-secretase. Cleavage of APP by
o- and y-secretase tends to generate non-toxic forms of the
protein, while cleavage of APP by B- and y-secretase generates
the formation of peptides that can form soluble or insoluble
neurotoxic proteins (Sambamurti et al., 2002; 2006; O’Brien
and Wong, 2011). The insoluble version of the peptide can
form aggregated protein deposits that are associated with

cellular toxicity; while the soluble form of the peptide, par-
ticularly in the form of oligomeric assemblies or Af—derived
diffusible ligands (ADDLs), has been described to target syn-
apses, induce neuronal dysfunction and impair cognition
(Lacor et al., 2007; Shankar et al., 2008; Ashe and Zahs, 2010;
Marchetti and Marie, 2011). Thus, the formation of A pep-
tides from - and y-secretase cleavage in brain are considered
to be highly undesirable. Based on in vitro tissue culture and
from transgenic mouse models of AD, the toxic form of AR
has been shown to promote cellular dysfunction within the
CNS, which is associated with cognitive impairments. Under
such conditions, GLP-1R stimulation has been shown to alter
cellular production and accumulation of AB deposits in asso-
ciation with reduced toxicity (Qin et al., 2008). Ex-4 and
GLP-1 pretreatment of cultured hippocampal neuronal cells
in vitro reduced both AB- and Fe*-induced cell death. While
GLP-1R stimulation failed to reduce elevated levels of AB in
NGF-stimulated PC12 cells, GLP-1 treatment reduced the
mouse brain-derived AP (Perry et al., 2003). Exposure of PC12
cells to Ex-4 and GLP-1 resulted in reduced levels of both
secreted APP and cellular APP (Perry et al., 2003). Ex-4 pro-
tected rodent primary cortical neurons and SH-SYSY cells
from AB- and oxidative stress-induced toxic insult respec-
tively. Also, GLP-1R stimulation by Ex-4 decreased the levels
of secreted AP in human neuroblastoma cultures under eug-
lycaemic and hyperglycaemic conditions (Li ef al., 2010a).
Administration of streptozocin to rodents generates a diabetic
pathology; in addition, this agent has been demonstrated to
increase APP and soluble AP levels, and to a lesser extent T,
measured within the brain of triple transgenic AD mice that
express both AB and t pathology and, thereby, mimic human
AD (Li et al., 2010a). Chronic administration of systemic Ex-4
at a dose that compared favourably with that administered to
humans fully ameliorated streptozocin-mediated changes in
brain AD protein levels and may have reduced the number of
amyloid plaques, localized in the hippocampus (Li et al.,
2010a). In addition, it appeared to lower levels of Af in AD
transgenic mice without streptozocin. The use of a different
long-acting GLP-1R agonist, Val(8)GLP-1, likewise reduced
the number of Congo red-positive amyloid plaques as well as
activated microglia in an elderly cohort of a transgenic (APP/
PS1) AD mouse line (Gengler et al., 2012); and recent studies
of Val(8)GLP-1 in streptozocin-challenged rats effectively
lowered brain levels of T and ameliorated associated learning
impairments (Li et al., 2012a), both validating and strength-
ening reported beneficial actions of GLP-1R activation on
AD-associated proteins and their action on cognition.

As accumulations of abnormal A peptide levels, particu-
larly soluble oligomeric forms, are considered to be pivotal to
the progression of AD in humans (Sambamurti et al., 2002;
2006; O’Brien and Wong, 2011), reductions in peptide levels
and protection from AP peptide by GLP-1R-mediated pro-
cesses should be beneficial. Current studies show this to be
the case and suggest a strong candidate for the treatment of
AD and possibly other dementia-related human disorders.

Functional evidence illustrating the benefits of GLP-1R
stimulation in conditions of memory dysfunction is pre-
sented (D’Amico et al., 2010). The significance of this feature
of GLP-1R signalling becomes clear when examining the
effects of GLP-1R stimulation on abnormalities in LTP as
observed in models of dementia. This is specifically relevant
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to the setting of AD, as animal studies involving AP toxic
insult can induce a severe inhibition of LTP, while the impair-
ment has been shown to be reversed by treatment with the
GLP-1R agonist Val(8)GLP-1 (Gault and Holscher, 2008;
Wang et al., 2010). Moreover, control (wild-type) mice dis-
played an enhanced LTP as the result of administration of
GLP-1 and Val(8)GLP-1 (Gault and Holscher, 2008). AD trans-
genic mice, which overexpressed human APP, were also
found to have a diminished or no LTP; yet treatment with
Val(8)GLP-1 rescued the observed LTP deficit. In addition to
this, wild-type mice displayed an enhanced LTP, more specifi-
cally subtypes of LTP associated with short-term memory
formation (Gengler et al., 2012). Rodents challenged with
central (i.c.v. injected) AP displayed deficits in spatial learning
and memory capabilities, as assessed by the Morris Water
Maze. However, pretreatment with Val(8)-GLP-1 improved
performance in both parameters (Wang et al., 2010).

Conversely, AP peptide treated rats that displayed
impaired learning and memory displayed increased expres-
sion of endogenous GLP-1 peptide (Oka et al., 1999b). The
relevance of this compensatory action remains to be deter-
mined. In the same animal model, electrophysiological
studies suggested that endogenous GLP-1 lowered hippocam-
pal activity in the presence of Ap, whereas a GLP-1R antago-
nist (Ex-(9-39)) elevated spontaneous neuronal firing and
ameliorated AB-induced memory impairments (Oka et al.,
2000). These findings are at odds with the direction of the
majority of the more recent literature, and their significance
currently remains unknown. As accumulations of abnormal
AP peptide levels, particularly soluble oligomeric forms, are
considered to be pivotal to the progression of AD in humans
(Sambamurti et al., 2002; 2006; O’Brien and Wong, 2011),
reductions in peptide levels and protection from A peptide
by GLP-1R-mediated processes should be beneficial. Current
studies show this to be the case and suggest that GLP-1R
activation in brain represents a strategy worth assessing for
the treatment of AD and possibly other dementia-related
human disorders.

Interestingly, when Ex-4 was administered over an
extended period in rodents, studies indicated a decreased
immobility observed in the forced swim test, a classic
measure of depression. This effect was not reproduced when
Ex-4 was administered 1 h before behavioural assessment,
suggesting a possible neurogenic mechanism (Isacson et al.,
2011). Hence, Ex-4 may well have antidepressant functions
mediated by possible neurogenic properties, but further
research is required to confirm such function, which certainly
would be of value in light of the accompaniment of depres-
sion with neurodegenerative disorders (Aarsland et al., 2011).

GLP-1R stimulation decreases

neuromotor impairment

PD is characterized by a loss of dopaminergic neurons and
cellular degeneration of the striatum. It is associated with
deficits in motor function, which are often the initial indica-
tors of the disease in humans. To study PD and possible
therapeutics that may ameliorate the disease symptoms and
progression, investigators invariably utilize toxins that selec-
tively kill dopaminergic cells or transgenic animals models
that possess mutations in genes associated with the human
disease (for review, see Jackson-Lewis et al., 2012; McDowell
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and Chesselet, 2012). Presently, data obtained regarding
GLP-1R stimulation in models of PD are derived from studies
that utilize neurotoxins in animals, or in neuronal tissue
culture studies. A toxin widely used as a basic research tool for
PD in humans and other mammals is 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). This agent, following its
metabolism to 1-methyl-4-phenylpyridinium (MPP+) that is
then selectively transported into the axons of dopaminergic
neurons causes cell death by inhibiting mitochondrial
complex 1 (Denton and Howard, 1987; Nicklas et al., 1987;
Chan et al., 1991; Kang et al., 1997; Marini and Nowak, 2000)
and, possibly as a consequence of this, by the formation of
reactive oxygen species (Kovacic etal., 1991; Przedborski
etal., 1992). When MPTP was administered to rats or mice,
substantial losses of dopaminergic neurons occurred, which
was associated with a heightened inflammatory response.
The use of GLP-1R agonists has been shown to protect
animals against MPTP toxic insult. The MPTP toxicity was
fully reversed by Ex-4, which increased numbers of viable
dopaminergic neurons and tempered the level of inflamma-
tion (Kim et al., 2009; Li et al., 2009). TH is a key enzyme
important for the production of dopamine; it converts
tyrosine into L-DOPA, a direct precursor of dopamine. Cell
culture studies have demonstrated that Ex-4 elevates endog-
enous TH levels in primary dopaminergic neurons (Li et al.,
2009). Studies in TH expressing catecholamine neurons in
the area postrema have, likewise, demonstrated that Ex-4
significantly elevates TH levels and suggest this is mediated
by Ex-4 induction of TH gene expression through the TH
promoter (Yamamoto etal, 2003). In contrast, MPTP
treatment reduces TH-positive neurons, decreases concen-
trations of dopamine as well as its metabolites 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA), and increases the ratio of dopamine metabolites to
dopamine. These effects were fully prevented by treatment
with Ex-4 (Li et al., 2009). Similarly, MPTP administration in
rats resulted in severe impairments in motor function, yet
treatment with Ex-4 restored the observed deficits (Li et al.,
2009).

6-Hydroxydopamine (6-OHDA) is a neurotoxin that,
similar to MPTP, kills dopaminergic neurons; likewise,
GLP-1R stimulation has been shown to protect neurons from
exposure to 6-OHDA. GLP-1 and Ex-4 dose-dependently pro-
tected SH-SYSY cells against 6-OHDA-induced cell death (Li
et al., 2009; 2010b). In mesencephalic neuronal cultures that
are rich in dopaminergic neurons, 6-OHDA lowered the
number of TH-positive cells, indicating dopaminergic neu-
ronal death. Treatment with Ex-4 was not only shown to
rescue dopaminergic neurons but induced a 60% increase in
TH-positive cells over control values (Li et al., 2009). In rats
injected with 6-OHDA or LPS, nigrostriatal dopamine levels
and the L-DOPA synthesizing capabilities of these cells
were markedly diminished, in line with reduced levels of
TH-positive neurons. These deficits were reversed by Ex-4
treatment (Harkavyi et al., 2008). Similarly, in 6-OHDA brain-
lesioned rats, lower levels of TH-positive and vesicular
monoamine transporter 2 (VMAT2)-positive cells were
observed; while these changes were halted by Ex-4 treatment
(Bertilsson et al.,, 2008). VMAT2 has regulatory functions
involved in the storage and processing of dopamine into
synaptic vesicles.
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As stated previously, PD is associated with selective neu-
ronal dopaminergic cell degeneration and consequently dis-
turbances in motor function. Apomorphine, a dopaminergic
drug, has been used to induce circling behaviour in PD
animals; the degree of circling behaviour indicates the sever-
ity of PD-like damage in the striatum. In 6-OHDA/LPS-
challenged rodents, the apomorphine circling behaviour was
alleviated by Ex-4 in a dose-dependent manner (Harkavyi
et al., 2008). Additional experiments using 6-OHDA to induce
lesions and abnormal behaviour have reinforced these find-
ings. The measurement of an animal’s circling behaviour
before and after Ex-4 treatment indicated a near complete
normalization in behaviour (Bertilsson et al., 2008). These
data illustrate GLP-1R stimulation benefits in the setting of
neurotoxin-derived models of PD in terms of dopamine cell
survival, cell functionality and the resolution of abnormal
behaviour. These findings strengthen the hypothesis that
GLP-1R stimulation may have therapeutic value in the setting
of human PD.

In line with findings obtained from CNS-derived Parkin-
sonian motor dysfunction, a form of peripheral neuropathy
induced by over-consumption of vitamin B6 (pyridoxine) has
displayed benefits of GLP-1R activation. In a model of
pyridoxine-induced peripheral neuropathy where the sys-
temic treatment of rodents with high concentrations of pyri-
doxine induces a severe sensory neuropathy that bears some
similarities to diabetic neuropathy and is accompanied by
abnormal nerve fibre geometry, axonal wasting and electro-
physiological abnormalities (Perry ef al., 2004), treatment of
animals with a GLP-1R agonist showed cellular and behav-
ioural benefits compared to control pyridoxine treated
animals (Perry et al., 2007). The sciatic nerve and dorsal root
ganglia have been indicated as central to the pathology of
peripheral neuropathy. Targeting these tissues with vitamin
B6 produced fewer large-diameter fibres, a greater number of
small-diameter fibres, a smaller number of myelinated fibres
and a larger area of connective tissue between fibres. Mor-
phological changes of this nature indicate neuropathy,
leading to functional impairments. Pyridoxine insult pre-
sented functionally as hind limb deficits, which quickly
spread to all four limbs, culminating in a severe walking
impediment. Measurements of motor coordination, rotarod
and inclined screen tests also underscored these deficiencies
in pyridoxine-treated rats. GLP-1 and Ex-4 improved vitamin
B6-induced functional and behavioural deficits in addition to
morphological normalization of the sciatic nerve and dorsal
root ganglia (Perry et al., 2007).

This peripheral neuropathy research has recently been
extended to diabetes, where Ex-4 treatment has been shown
to attenuate streptozotocin-induced reductions of motor
nerve conduction velocity and paw intraepidermal fibre
density evident in diabetic mice (Jolivalt et al., 2011), as well
as to significantly ameliorate diabetic polyneuropathy like-
wise in streptozotocin-induced diabetic mice (Himeno et al.,
2011). The pleiotropic effects of GLP-1-based therapies
with regard to their potential clinical utility in vascular com-
plications in diabetes have recently been reviewed (Yamagishi
and Matsui, 2011).

HD is a genetic disorder attributed to an expansion of
CAG trinucleotide repeats within the huntingtin protein
gene. This mutation results in abnormal, intracellular aggre-

gations of this protein in pancreatic and CNS tissues, with the
latter leading to a loss in motor coordination. Mouse models
of HD employing the mutant huntingtin protein, in addition
to reproduction of the motor dysfunction pathology,
also exhibit dysregulated blood sugar control. In an age-
dependent manner, animals display poor performance on a
rotarod with increasingly diminished motor function over
time, which was associated with increased levels of mutant
huntingtin protein aggregates. The use of GLP-1R stimulation
as an intervention in HD, in the HD mouse strain N171-82Q),
induced amelioration of abnormal blood sugar levels along
with reduced quantities of mutant huntingtin protein accu-
mulations in pancreas and brain. Ex-4-treated animals exhib-
ited reduced motor function deficits and enhanced the
animal survival time by 18% compared with control N171-
82Q mouse life span (Martin et al., 2009).

A recent study has focused on the potential benefits of
GLP-1R activation in cellular and mouse models of ALS, as
motor neurons express the GLP-1R (Li et al., 2012b). ALS, also
known as Lou Gehrig's disease, is characterized by selective
and progressive death of motor neurons within the brain and
spinal cord, which leads to paralysis of voluntary muscles
and, eventually, death within 5 years of clinical onset (Habib
and Mitsumoto, 2011). Whereas most cases of ALS occur
sporadically with unknown aetiology, some 10% are inher-
ited in an autosomal-dominant manner (Pasinelli and Brown,
2006). Of these, 20% are caused by mutations within the gene
encoding the superoxide dismutase 1 (SOD-1) protein, an
enzyme involved in the scavenging and detoxification of
superoxide radicals. Transgenic mice expressing the same
SOD-1 mutations as humans exhibit similar histopathologi-
cal and clinical phenotypes as ALS patients (Kato, 2008), and
together with neuronal cultures with and without SOD-1
mutations have been widely used to elucidate mechanisms
inducing ALS pathology as well as to screen for potential
therapeutics. In line with recent studies indicating that GLP-1
protects cultured motor neurons against glucosamine-
induced cytotoxicity (Lim et al., 2010), both GLP-1 and Ex-4
have been shown in NSC19 cells to be neurotrophic, elevat-
ing cholinergic markers and neuroprotective against oxida-
tive stress and apoptosis induced by serum deprivation (Li
etal.,, 2012b). These actions largely translated to SOD-1
(G93A) mice, in which s.c. Ex-4 not only mitigated the dys-
regulation of glucose evident in animals but also proved
neuroprotective at the level of the spinal cord, preserving
spinal cord structure and neuron density, and mitigating apo-
ptosis and loss of cholinergic markers (Li et al., 2012). Albeit
that survival time was not a focus of the study, this appeared
to be unaltered by the beneficial Ex-4 actions, suggesting that
GLP-1R activation in ALS mice may provide quality of life
improvements rather than impacting survival at the chosen
dose studies. Nevertheless, results from this recent study
encourage further research of GLP-1R activation in ALS to
define potential for clinical translation.

Although functional improvements in motor coordina-
tion within these paradigms may be the result of changes in
neuronal morphology and decreases in protein aggregation,
other factors may also account for these enhancements.
GLP-1R activation increases cellular cAMP levels, which may
promote motor neuron survival in response to nutrient dep-
rivations (Hanson et al., 1998). Similar to that observed with
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cognitive impairments, an increasing body of preclinical evi-
dence exists that supports a beneficial role of GLP-1R signal-
ling events in the setting of motor function degenerative
diseases.

GLP-1R stimulation ameliorates stroke

In the event of a cerebral stroke, a blood vessel can be
blocked or a blood vessel may rupture, which causes a dis-
ruption in blood flow to the surrounding tissues. The tissues
in the area of the stroke can become irreversibly damaged
and ultimately become necrotic and die. In this situation,
there is nothing that can be done to prevent the cell death
and resulting brain damage. However, in the area surround-
ing the damaged stroke infarct zone, there is a region of
tissue that may be amenable to therapeutic manipulation.
Studies have indicated alterations in GLP-1R expression asso-
ciated with areas of stroke and cellular damage, in which
receptor expression was elevated surrounding the area of
damage and was associated with glial cells (astrocytes and
microglia) (Chowen et al., 1999; Lee et al., 2011), in contrast
to its predominant association with neuronal cells in healthy
brain. The use of rodent transient middle cerebral artery
occlusion (MCAo) models of stroke has shown that both
pretreatment and post-treatment with the GLP-1R agonist
Ex-4 possess marked beneficial effects on infarct size, which
is absent in GLP-1R knock out mice (Li et al., 2009; Teramoto
et al., 2011). Benefits in rodent motor activity were evident
in activity chambers (Li ef al., 2009) and improvement in
neurological deficits observed (Teramoto et al., 2011). Inter-
estingly, a component of the damage caused by stroke to the
surrounding tissues of the infarct area may be due the phe-
nomenon of excitotoxicity.

Cellular damage due to excitotoxicity results from rapid,
heavy influxes of Na* and Ca?" upon activation of metabotro-
pic and NMDA receptors. These ion flux alterations produce
cellular enlargement and eventual lysis, as well as changes to
the endoplasmic reticulum and mitochondria, leading to
apoptosis (Mattson, 2008). GLP-1 treatment of cultured
neurons can protect against glutamate-induced alterations
in calcium currents (Gilman et al., 2003). Ibotenic acid, a
glutamatergic agonist (Bunch and Krogsgaard-Larsen, 2009),
is typically used to lesion the basal forebrain’s basal nucleus
in mice; this results in extensive loss of cholinergic neurons.
Treatment with GLP-1 and Ex-4 effectively protected the
animals against this form of cell loss, as measured by
increased choline acetyltransferase immunoreactivity in the
region. Moreover, neurons challenged with glutamate, an
NMDA receptor agonist, exhibited cell death marked by apo-
ptosis, which was decreased with Ex-4 treatment (Perry et al.,
2002b). Kainic acid, a glutamate receptor agonist, can cause
seizures and neuronal death and has been used to generate
rodent models of epilepsy. When GLP-1R knockout mice
(Glp1r’) were administered kainic acid, they displayed
decreased latency to seizure onset, increased seizure severity
and increased hippocampal apoptosis as compared with wild-
type animals (Glp1r”*). Furthermore, if wild-type mice were
treated with [Ser(2)]exendin(1-9), another incretin mimetic,
a reduction in kainic acid-induced hippocampal apoptosis
was detected (During et al., 2003).

In addition to promoting excitotoxicity, a stroke can
induce environmental deprivations in oxygen and glucose,
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and the lack of blood flow allows for the build up of harmful
metabolites of cell function. GLP-1R activation has been
shown to counteract some of these environmental deficits.
Primary cerebral cortical neurons were protected from
hypoxia-triggered cell death by GLP-1 and Ex-4. Supporting
the involvement of GLP-1R stimulation, neurons from
GLP-1R knockout mice (GIpIr”) and normal mice co-treated
with the GLP-1R antagonist Ex-(9-39) were not protected
from hypoxia-induced damage by Ex-4 treatment (Li efal.,
2009). Currently, the only human epidemiological data avail-
able on a neurological condition and the use of GLP-1 ago-
nists in humans is a retrospective study on the effects of
Exenatide (Ex-4) and cardiovascular disease, including stroke.
The study indicated that daily treatment of Exenatide in
T2DM patients lowered the occurrence of cardiovascular
disease (Best et al., 2012). Another example of a lethal envi-
ronmental deprivation is the removal of the neurotrophic
factor, NGF, from cells in vitro. Administration of GLP-1 was
shown to stop cell death and morphological degeneration in
PC12 cells and in cultured sympathetic neurons as a response
to NGF removal (Biswas et al., 2008).

Interestingly, in some conditions, dietary energy restric-
tion has been shown to protect against neuronal degenera-
tion (Mattson, 2010). Clinical studies wutilizing the
administration of GLP-1 or Ex-4 have found that patients
experience a decrease in caloric/food intake, hunger and
body weight (Drucker and Nauck, 2006; Lovshin and
Drucker, 2009; Vilsbell et al., 2012). In addition, subjects had
increased feelings of satiety/fullness and an increased resting
metabolic rate (Bradley et al., 2010). Aspects of these studies
are recapitulated in rodent studies (Hayes etal., 2011).
However, it is important not to confuse abnormal energy
availability and metabolism with dietary energy caloric
restriction, as the former tends to be associated with age-
associated disease and neurodegenerative conditions (Blass
etal.,, 1988); and unintentional weight loss in the elderly
should in general be avoided (Huffman, 2002; Amella, 2004).
Caloric restriction has been shown to reduce AP and t accu-
mulation in a mouse AD model (Halagappa etal., 2007).
Interestingly, the neurotrophic factor brain-derived neurop-
tophic factor (BDNF) promotes neural progenitor cell differ-
entiation and subsequent survival; it enhances neurite
outgrowth as well as synaptogenesis, thereby promoting
long-term potentiation and protecting neurons from excitox-
icity (Mattson, 2008; Zuccato and Cattaneo, 2009; Nagahara
and Tuszynski, 2011). Contrasting these effects, reductions in
BDNF add to cognitive impairments seen in diabetes and
enhance PD pathology. Impacting energy intake and expen-
diture may contribute to neuroprotective functions seen in
incretin pathway stimulation, and these functions are possi-
bly mediated by BDNFE. However, the described neurotrophic/
neuroprotective actions of GLP-1R activation can be
considered to be chiefly ‘direct” actions, rather than second-
ary ones consequent to reduced food intake. Not surprisingly,
given their wide range of trophic activities, GLP-1 and its
analogs join a list of neurotrophic factors that protect against
neuronal degeneration. The protective effects of BDNEF,
insulin-like growth factor, NGFs and in some conditions
TNF-o. are such examples (Pezet and Malcangio, 2004).
Neurotrophic protection is essential, as many neurodegenera-
tive states are accompanied by decreased cellular energy
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availability, as exemplified by AD and conditions of increased
oxidative stress.

GLP-1R stimulation reduces oxidative stress
Oxidative stress is a common feature of several neurodegen-
erative conditions, and oxidative stress plays a key contribu-
tory role in the progressive nature of diseases like PD, AD and
ALS, as well as in acute disorders such as stroke and traumatic
brain injury. Principal sources of reactive factors responsible
for oxidative cell damage are mitochondria. These organelles
generate reactive oxygen species by the normal cellular pro-
cesses of mitochondrial function; however, when there is
an imbalance between the processes that generate and then
eliminate the highly active chemicals, problems can arise.
Additional to oxidative stress induced by abnormal cellular
activities, as is seen in ALS, a further source of oxidative
damage can originate from activated peripheral macrophages
or the brain resident glial cells in response to microenviron-
mental activators, such as AR and a-synuclein protein and
circulating cytokines; all of which are observed in the setting
of neurodegenerative disease. GLP-1R stimulation has been
shown to attenuate the synthesis of a pro-inflammatory cytok-
ine (IL-1P) in activated astrocytes (Iwai et al., 2006). A classic in
vitro model of oxidative stress involves the use of hydrogen
peroxide (H,O,) added to culture media. It has been shown
that GLP-1R stimulation is able to ameliorate the detrimental
cellular changes induced by this form of stress. GLP-1 and Ex-4
dose-dependently protected SH-SYSY cells from H,O, induced
cell death (Li et al., 2009; 2010b). It is likewise known that
6-OHDA exerts it toxicity through oxidative stress. As men-
tioned before, GLP-1R stimulation is able to reduce 6-OHDA-
induced cell death in SH-SYSY cells (Li et al., 2010b) as well as
primary ventral mesencephalic (dopaminergic) neurons (Li
et al., 2009). Similarly, the incretin mimetic geniposide has
been described to mitigate H,O,-mediated death in PC12 cells
(Liu et al., 2007; 2009). Furthermore, GLP-1R activation can
protect PC12 cells against the pro-apoptotic effects of meth-
ylglyoxal, an agent associated with oxidation-induced neural
damage in diabetes mellitus and more recently with AD
dementias (Kimura et al., 2009). Ischaemia-reperfusion injury
can also cause oxidative stress, which results in cell damage
and death. In this regard, in a MCAo stroke mouse model,
treatment with Ex-4 significantly reduced markers of oxidative
stress, namely 8-hydroxy deoxyguanosine and 4-hydroxy
2-hexenal (Teramoto et al., 2011).

GLP-1R stimulation ameliorates

retinal degeneration

The retina is considered part of the CNS. It has been demon-
strated that GLP-1R is expressed in rat retina (Zhang et al.,
2009b) and in a specialized eye cell type, the Miiller cell/glia
cell line rMc-1 cells (Zhang et al., 2011a). Diabetic retinopa-
thy, as a neurodegenerative disease of the eye, is the leading
cause of blindness in patients aged 20 to 70 years in the
United States. Using a streptozotocin-induced diabetic rat
model, whose retinal pathology resembles that observed in
the early stage of human diabetic retinopathy, Zhang Y et al.
demonstrated that an Ex-4 analog called E4a can protect
retinal cells when administered s.c. (Zhang et al., 2009) or
intravitreally (Zhang et al., 2011). Blood glucose levels were

normalized in rats when E4a was administered subcutane-
ously but not intravitreally. Electroretinogram (ERG) is used
as an objective method to evaluate the retinal function.
While both B-wave amplitudes and oscillatory potentials are
decreased in diabetic rats, E4a treatments significantly
rescued these deficits. Moreover, E4a treatment also protected
retinal neurons from death, as demonstrated by a significant
rescue of the thickness of different retinal layers (Zhang et al.,
2009a; 2011). In an alternative optic nerve crush model of eye
neurodegeneration in a rat model in which GLP-1 was deliv-
ered via an intraocular cell based implantation, neuroprotec-
tion was observed that resulted in a higher survival rate of
retinal ganglion cells following the crush procedure (Zhang
et al., 2009b; 2011).

Conclusion

In summary, activation of the GLP-1R-driven incretin
pathway has been shown to be neurotrophic, neuroprotec-
tive, and functionally and behaviourally beneficial under
numerous physiological and pathophysiological paradigms.
As GLP-1R stimulation has proven to be beneficial and well
tolerated in the setting of human T2DM, one can hypothesize
that these types of agents would likely perform similarly in
human neurological diseases. This hypothesis requires
validation in humans by clinical studies. In this regard, a
phase II clinical trial of Ex-4 for the treatment of AD is
currently recruiting participants (clinicaltrial.gov identifier:
NCT01255163). A pilot clinical study using Ex-4 to treat PD is
also ongoing (clinicaltrial.gov identifier: NCT01174810), as is
a further one to evaluate efficacy of the agent in diabetics
with peripheral neuropathy (clinical trial.gov identifier:
NCTO00855439). However, based on research data currently
available, obtained from models of AD, PD and HD, this new
potential treatment strategy shows great promise as a candi-
date treatment of human neurodegenerative disorders. Ben-
efits in cellular pathology have been described in rodents
administered with GLP-1 peptide secreting cells after brain
injury (Heile etal., 2009). Although such cells secrete a
number of factors in addition to GLP-1, these elegant studies
nonetheless point towards a further area of potential GLP-1
clinical utility. Presently, fully published data are lacking
exploring the utility of this approach in animal models of
head trauma; however, studies into these areas are ongoing,
and Ex-4 has been recently described as promising in models
of both blunt injury (weight drop) and blast injury (con-
trolled explosive detonation) (Rubovitch et al., 2011) (Chaim
Pick, Tel Aviv University, pers. comm.). This is of relevance to
neurodegenerative disorders as traumatic brain injury is con-
sidered a conduit to their later development (Johnson et al.,
2010; Costanza et al., 2011). In the meantime, research will
continue to identify benefits and possible drawbacks of using
GLP-1 peptide analogs for neurological disorders. Hopefully,
the promising preliminary characterizations of GLP-1R
pathway functions in neurons (Li et al., 2010b) will combine
with preclinical and clinical results to culminate in effica-
cious treatments for some of the most devastating human
diseases in aging patients. The ever-expanding elderly popu-
lation is of increasing social and medical relevance; thus, we
must continue to explore options to support healthy aging
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and alleviate deteriorations that occur consequent to age-
associated diseases, particularly those impacting the nervous
system.
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