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REVIEWS I

The role of G protein-coupled
receptors in the pathology of
Alzheimer’s disease

of receptors as a therapeutic target for AD.

Alzheimer’s disease (AD) is a neurodegenerative dis-
order characterized by the accumulation of protein-
aceous aggregates and neurofibrillary lesions composed
of the amyloid-P peptide and the hyperphosphorylated
microtubule-associated protein tau, respectively. Current
AD therapies mainly target acetyl cholinesterase (AChE),
which broadly stimulates cholinergic neurons. However,
neurodegeneration is not limited to a specific neurotrans-
mitter system. Glutamatergic, serotonergic, adrenergic
and peptidergic neurotransmitter systems are also dereg-
ulated in AD. Impaired neuronal signalling may affect the
proteolysis of the amyloid precursor protein (APP) and
promote amyloid formation in the AD brain. In addi-
tion, amyloid toxicity and neurodegeneration may affect
neurotransmission, suggesting the involvement of com-
plex positive-feedback loops in the pathogenesis of the
disease. Consequently, a complementary approach that
includes stimulation or promotion of neurotransmission
in addition to lowering the amyloid burden is an attractive
therapeutic strategy for the treatment of AD.

Several studies have presented compelling evidence
implicating G protein-coupled receptors (GPCRs) in
the pathogenesis of AD and in multiple stages of the
processing of APP. Sequential cleavage of APP by the a-,
B- and y-secretases, which are regulated by GPCRs,
determines the extent of amyloid-f peptide generation
(FIG. 1), and amyloid-P can directly or indirectly affect
GPCR function. In this Review, we discuss the GPCRs
that have been implicated in cholinergic, glutamatergic,
adrenergic and serotonergic dysfunction in AD, focus-
ing on GPCR modulation of the a-, B-, and y-secretases,
amyloid-p deposition and amyloid plaque formation.

Amantha Thathiah and Bart De Strooper

Abstract | G protein-coupled receptors (GPCRs) are involved in numerous key
neurotransmitter systems in the brain that are disrupted in Alzheimer's disease (AD).

GPCRs also directly influence the amyloid cascade through modulation of the a-, - and
y-secretases, proteolysis of the amyloid precursor protein (APP), and regulation of amyloid-f3
degradation. Additionally, amyloid-p has been shown to perturb GPCR function. Emerging
insights into the mechanistic link between GPCRs and AD highlight the potential of this class

We address the involvement of GPCRs in the amyloid
cascade and pharmacological approaches to target the
putative therapeutic properties of AD-associated GPCRs.
We also briefly discuss the role of GPCRs in amyloid--
mediated toxicity and neuroinflammation.

Regulation of a-secretase

Three enzymes, belonging to the ADAM (a disintegrin
and metalloproteinase) family — ADAM9, ADAM10 and
ADAM17 — are putative a-secretases (reviewed in
REF. 1). Cleavage of APP by a-secretase occurs within
the amyloid-p peptide sequence, precluding amyloid-f
generation and producing the soluble amino-terminal
ectodomain of APP (sAPPa) and a membrane-anchored
83-amino acid carboxy-terminal fragment (C83) (FIC. 1).
Subsequent cleavage of C83 by the y-secretase complex
yields the APP intracellular domain (AICD) and a short
fragment termed p3. sAPPa has neurotrophic and neuro-
protective properties>® and enhances long-term potentia-
tion (LTP)*. Lower levels of sSAPPa have also been found
in the cerebrospinal fluid (CSF) of patients with AD?,
suggesting that decreased a-secretase activity may con-
tribute to the development of AD. Thus, a-secretase has
therapeutic potential, although further work is needed to
evaluate the consequences of increased a-secretase activ-
ity in the brain. Of note, it remains unclear whether p3 is
truly innocuous® as is generally assumed.

The a-secretase-mediated cleavage of APP is regu-
lated by protein kinase C (PKC)™®, cyclic AMP-protein
kinase A (PKA)*", mitogen-activated protein kinase
(MAPK)-extracellular signal-regulated kinase (ERK)"
and phosphatidylinositol 3-kinase (PI3K)". Specifically,
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Figure 1 | Modulation of APP processing by GPCRs. Cleavage of amyloid
precursor protein (APP) by a-secretase generates the soluble amino-terminal
ectodomain of APP (sAPPa) and the carboxy-terminal fragment C83. Subsequent
cleavage of C83 by the y-secretase complex yields the APP intracellular domain
(AICD) and a short fragment termed p3. Several G protein-coupled receptors (GPCRs),
including muscarinic, metabotropic and serotonergicreceptors modulate
a-secretase-mediated proteolysis. Alternatively, cleavage of APP by B-secretase
generates sSAPPP and the C-terminal fragment C99. Subsequent cleavage of C99 by
the y-secretase complex yields the AICD and the amyloid-f peptide. Of the GPCRs
that regulate this processing, the §-opioid receptor (DOR) and the adensoine A, |
receptor (A,,R) have been shown to modulate B-secretase-mediated cleavage of APP,
whereas the B, adrenergic receptor (B,-AR), G protein-coupled receptor 3 (GPR3), and
CXC-chemokine receptor 2 (CXCR2) have been shown to modulate y-secretase-
mediated cleavage of C99 or C83. AB, amyloid-p; ADAM, a disintegrin and
metalloproteinase; BACE1, B-site APP-converting enzyme 1; CRHR1, corticotrophin-
releasing hormone (CRH) receptor type I; 5-HT, 5-hydroxytryptamine (serotonin);
mAChR, muscarinic acetylcholine receptor; mGluR, metabotropic glutamate
receptor; PAC R, pituitary adenylate cyclase 1 receptor.

activation of these signalling cascades shifts APP metab-
olism towards the a-secretase-mediated pathway and
away from B-secretase-mediated amyloid-p genera-
tion'*"® (FIC. 1). Conversely, a recent study suggests that
chronic, rather than acute, activation of PKC differ-
entially regulates the PKCa and PKCe isozymes, lead-
ing to increased amyloid-f generation'®. Nevertheless,
numerous studies have suggested that GPCRs and acti-
vation of their downstream signal cascades increases the
non-amyloidogenic processing of APP.

Muscarinic acetylcholine receptors. Muscarinic acetyl-
choline receptors (mAChRs), a family of five receptor
subtypes (M1-M5)'”", have been implicated in the
pathophysiology of major diseases of the CNS, includ-
ing AD" (BOX 1). Agonist-induced activation of the
M1 and M3 mAChRs, which are coupled to phosph-
oinositide hydrolysis and PKC activation, stimulates
sAPP release in vitro***, implicating mAChR activation
in increased a-secretase activity (FIC. 2). This effect is
blocked by treatment with a PKC inhibitor or a mus-
carinic antagonist®*?'. Furthermore, the effect can be
mimicked by phorbol esters, which directly activate

PKC and stimulate increased release of SAPP' and p3
(REF. 14), and decreased amyloid-f generation'*".

The M1 mAChR is the most abundant subtype in
the cortex and hippocampus'”'*?, two major brain
regions that develop amyloid plaques and neurofibril-
lary tangles (NFTs) in AD. Postsynaptic M1 mAChRs
also play a major part in hippocampus-dependent learn-
ing and memory and, in particular, short-term memory
and memory consolidation®, which is impaired in AD*-%.
Therefore, considerable efforts have been directed
towards developing M1 mAChR-selective agonists that
are capable of restoring the cognitive deficits in patients
with AD. In a mouse model of AD, a selective M1 mAChR
agonist, AF267B, reduces the amyloid- and tau-related
pathologies in the hippocampus and cerebral cortex, and
rescues impairments in hippocampus-dependent learn-
ing and memory?. The effect on amyloid- seems to be
mediated by an increase in PKC activation, ERK1 and
ERK2 phosphorylation, and an increase in ADAM17
expression, whereas the effect on tau is mediated by a
reduction in glycogen synthase kinase 3 (GSK3) activ-
ity and a corresponding reduction in tau phosphoryla-
tion?. Thus, the development of M1-selective agonists for
the treatment of AD could provide a symptomatic and a
disease-modifying treatment in one compound.

Genetic ablation studies provide additional support
for the development of an M1-specific therapy, as inac-
tivation of the M1 mAChR leads to a strong increase in
amyloid-p generation and amyloid plaque formation in
amouse model of AD*. Although it has been difficult to
synthesize fully specific M1 mAChR agonists, an allos-
teric M1 mAChR agonist, TBPD, was recently reported
to be highly selective for the M1 mAChR in rodents®.
Perhaps most importantly, M1-selective therapy would
avoid the general increase in ACh levels that follows
administration of AChE inhibitors, which activates all
mAChRs, including the M2 and M4 mAChRs — the
receptor subtypes that inhibit SAPPa release and aggra-
vate amyloid- generation?*® — negating the beneficial
effects of M1 mAChR stimulation.

Metabotropic glutamate receptors. Treatment of primary
neuronal cultures and brain slices with a general metab-
otropic glutamate receptor (mGluR) agonist stimulates
sAPP secretion®, suggesting that one or more mGluRs
are linked to the processing of APP by a-secretase. This
has prompted further investigation into the involvement
of specific mGluR subtypes in the pathogenesis of AD.
Based on their pharmacology, sequence homol-
ogy, G protein coupling and association with specific
second-messenger systems, mGluRs are divided into
three groups: group I (mGluR1 and mGluR5), group II
(mGluR2 and mGluR3) and group III (mGluR4,
mGluR6, mGluR7 and mGluR8)*2. Group I mGluRs
are positively coupled to phospholipase C (PLC)*
and participate in the regulation of synaptic plasticity** and
postsynaptic glutamatergic excitability®>. Group II
and group III mGluRs are negatively coupled to adeny-
Iyl cyclase, inhibit cAMP production and activate the
MAPK and PI3K pathways**?. Group I mGluR-linked
PLC activity is downregulated in the cerebral cortex
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Box 1| The cholinergic and amyloid cascade hypotheses

The amyloid cascade hypothesis

The amyloid cascade hypothesis postulates that gradual changes in the metabolism and aggregation of amyloid-f
initiates a cascade of neuronal and inflammatory injury that culminates in extensive neuronal dysfunction and cell death

associated with neurotransmitter deficits and dementia'*>*,

The cholinergic hypothesis

The cholinergic hypothesis posits that a dysfunction in acetylcholine (ACh)-containing neurons substantially contributes
to the cognitive decline observed in Alzheimer's disease (AD)'*. This is based on the observation that cholinergic
transmission has a fundamental role in cognition and is disrupted in patients with AD#8:14,

Convergence of the amyloid cascade and cholinergic hypotheses
ACh is a key neurotransmitter involved in learning and memory**° that binds to distinct receptor subtypes in the brain:
nicotinic ACh receptors (WAAChRs) and muscarinic ACh receptors (MAChRs). Nicotinic neurotransmission is implicated in the
pathogenesis of AD (TABLE 1). Additional evidence suggests that the major mAChR subtypes involved in AD are the
postsynaptic M1 mAChRs, which mediate the effects of ACh, and the presynaptic M2 mAChRs, which inhibit ACh release* **%.
Amyloid-p deposition may contribute to the cholinergic dysfunction in AD by decreasing the release of presynaptic
ACh and impairing the coupling of postsynaptic M1 mAChRs with G proteins. This leads to decreased signal
transduction, impairments in cognition, a reduction in the levels of amyloid precursor protein (APP), the generation of
more neurotoxic amyloid- and a further decrease in ACh release'**. Genetic ablation of the M1 mAChR in a transgenic
mouse model of AD decreases the production of the soluble amino-terminal ectodomain of APP (sAPPa), increases
amyloid-{ generation and exacerbates the amyloid plaque pathology?, supporting the development of M1-selective
agonists. In addition, M1 mAChR activation reduces tau phosphorylation”*** and alleviates hippocampus-dependent
memory impairments?’, making M1 mAChRs a compelling therapeutic target for AD. Furthermore, receptor subtype
specificity will be of key importance as M2 and M4 mAChRs seem to inhibit sSAPPa release and potentially aggravate
amyloid-f generation®**, and activation of NnAChRs exacerbates the tau pathology***.

of patients with AD*, and in vitro data indicate that
mGluR5 stimulation increases the translation of APP
mRNA¥. By contrast, mGluR2 is overexpressed in
the hippocampus of patients with AD*. Interestingly,
mGluR2 stimulation leads to ERK activation, tau phos-
phorylation and a reduction in oxidative stress-induced
neuronal cytotoxicity*! (FIC. 2).

A recent study demonstrates that group I mGluR
stimulation of synaptoneurosomes leads to activation of a-
and [-secretases (based on the accumulation of C83 and
C99, respectively) and increased release of amyloid-f,
(REF. 42), the 40-amino acid isoform of amyloid-p that is
anti-amyloidogenic in vivo®. Similar to group I mGluRs,
group II mGluR stimulation activates the a- and
B-secretases. However, group Il mGluR stimulation elicits
the release of amyloid-f3,, — the 42-amino acid isoform
of amyloid-{ that aggregates into amyloid much more
rapidly than amyloid-B,; in vitro (reviewed in REF. 44)
— which is the predominant isoform of amyloid-p that
accumulates in the brains of patients with AD and is
essential for seeding amyloid-f deposition in vivo*>*.
The group II mGluR-mediated increase in amyloid-B,,
could be blocked with a specific group II mGluR antag-
onist, with only a transient induction of amyloid-p,,
generation*. Thus, upregulation of group I mGluR sig-
nalling may increase synaptic amyloid-f, generation,
whereas downregulation of group II mGluR signalling
may decrease synaptic amyloid-f,, generation, support-
ing the inhibition of group II mGluRs as a therapeutic
approach for AD. Indeed, group II mGluR inhibitors
enhance hippocampus-dependent cognitive functions
in rodents”, although the effect on amyloid- generation
remains to be determined. It is also unclear how group II
mGluRs and group I mGluRs produce differential effects
on amyloid-f, and amyloid-B,, release.

5-hydroxytryptamine receptors. Several lines of evidence
suggest that 5-hydroxytryptamine (5-HT; also known as
serotonin) signalling is impaired in AD, and studies in
animal models have shown the potential of this recep-
tor system — in particular the S—HTZ, 5-HT .\ and 5—HT6
receptor subtypes — as therapeutic targets to address the
cognitive deficits in AD.

5-HT stimulates sAPP release through activation of
the 5-HT,, and 5-HT,_ receptors. 5-HT,, receptor bind-
ing is decreased in the AD brain*, and polymorphic vari-
ations have been described for the 5-HT,, gene that may
be risk factors for hallucinations®, aggression® and major
depression™ in AD. Although there is evidence to suggest
that the 5-HT,, and 5-HT, receptors modulate sAPP
secretion in vitro®> and in vivo®™ (FIC. 2), further studies
are required to determine whether this effect is mediated
by a change in a- or B-secretase activity and whether this
effect correlates with a change in amyloid-p generation.

The 5-HT, receptors are highly expressed in the hip-
pocampus, basal ganglia and amygdala®, and might
also be involved in the memory and cognition defects
in AD. Application of 5-HT to Chinese hamster ovary
(CHO) cells that stably express the 5-HT, receptor
enhances sAPPa release’®. Similarly, in vivo administra-
tion of prucalopride, a 5-HT, agonist, to C57BL/6j mice
and an AD transgenic mouse model leads to an increase
in sAPPa levels in the hippocampus and cortex. This
effect is blocked by pretreatment with the 5-HT, receptor
antagonist GR125487 (REF. 55). Pharmacological activa-
tion of the 5-HT, receptor also stimulates ACh release
in the rat frontal cortex and improves cholinergic func-
tion®, which is important for memory acquisition and
retention. Interestingly, activation of the 5-HT, receptor
leads to a reduction in amyloid-{ generation in neuronal
cultures from a mouse model of AD¥".
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Table 1| G protein-coupled receptors reported to be involved in Alzheimer’s disease

Receptor

mAChR

Group |
mGluR

Group Il
mGluR

5-HT R

5-HT R

5-HT,R
CRHR1

PAC,R

DOR
B,AR

GPR3

CXCR2

AT R

2

Subtype

M1 or M3
mAChR

mGluR1 or
mGluR5

mGluR1a

mGluR2 or
mGluR3

mGluR2
5-HT,,R

5-HT, R

5-HT4 R

5-HT4 R

(e/g)

Agonist or antagonist

Carbachol
AF267B

AF102B

TBPB
DHPG
ACPD
Melittin

DCG-IV

LY379268
5-HT

5-HT
Dexnorfenfluramine

(DEXNOR)

Prucalopride or
renzapride

RS 67333

Prucalopride
5-HT
SB-74257 and SAM-531

(antagonists)*

CRH

PACAP

DADLE

Isoproterenol or
clenbuterol

IC1118,551 (antagonist)
Overexpression
Genetic ablation

SB-225002 (antagonist)

ARB,, treatment

Second messenger

1PLC, PKC and DAG
1'PIP2 hydrolysis

TPKC, ERK1 and ERK2
1GSK3p

TPIP2 hydrolysis
ND
ND

TPLC
TPIP2 hydrolysis

TPLA2

TAC, MAPK and PI3K
JcAMP

TERK

TPLA2
TPIP2 hydrolysis

TPLA2 and PKC
TPIP2 hydrolysis

ND

1TAC, Rac, Rap and EPAC
TcAMP

ND
ND

JPKA(H89) TRac, Rap
and EPAC

ND
TAC INF-«xB

TERK1, ERK2, PI3K
and PKC (partially,
independent of MAPK)

ND
ND

ND
ND

ND

TPI3K, ERK1 and ERK2
ND

Mode of action

a-secretase
(unconfirmed)

1ADAM17

a-secretase
(unconfirmed)

a-secretase
(unconfirmed)

o- or B-secretase

a-secretase
(unconfirmed)

a-secretase
(unconfirmed)

a-secretase
(mainly)

[B-secretase
(transiently)

ND

o-secretase
(unconfirmed)

o-secretase
(unconfirmed)

o-secretase
(unconfirmed)

o-secretase
(unconfirmed)

ND

a-secretase
(unconfirmed)

a-secretase
(unconfirmed)

JGABA
TACh and Glu

a-secretase
(unconfirmed)

o-secretase
(ADAM10)

- and y-secretase

y-secretase

y-secretase

ly-secretase
expression

TAT R oligomers
IM1mAChR
signalling

Relevance to AD
1sAPP and JAB
JAB,, and tau

No effecton AR,
JAB

TsAPPocand JAB,,
17C83,C99 and AB,,
1'sAPP and sAPPou
15APP

1C83,C99 (transiently)
and AB,,

Ttau
1'sAPP and APLP2

1sAPP and APLP2
LAB,,

1'sAPPa. (in vitro and
in vivo)

IAB

1sAPPaand JAB

1sAPPa.
No effect on A

Improved cognition
and memory

1sAPPa

TsAPPa

i,ABm and AB,,
TAB,,and AB,,

JAmyloid plaques
TAB,, and AB,,
JAB, and AB,,
JAB, and AB,,

Ttau

MMtau and
neurodegeneration

Refs
15, 20,21

27

177,178

29

42

31,179,180

180

42

41
52

52

52,53

10, 55,181

57
182

10,181

63,64

(reviews)

67

74

78
80

92

99

183
110,184
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Table 1 (cont.) | G protein-coupled receptors reported to be involved in Alzheimer’s disease

Receptor

AR

Subtype

CCR2

CX,CR1

GLP1R

AMY
receptor

a7nAChR

NMDA
receptor

FPRL1
SSTR

Agonist or antagonist Second messenger Mode of action Relevance to AD Refs
Caffeine (antagonist) ND 1B-secretase JAB, and AB,, 119
JPS1 expression
SCH 58261 (antagonist) Tp38 MAPK JAPB toxicity 118,120,185
AB,, treatment ND ND 1TCCL2 127
Genetic ablation TA[340 and AB,, 128
(Tg2576)
Genetic ablation ND ND INeuronal loss 131
(3xTg-AD)
(ValS)GLPl ND ND ,LAﬁ“ or ABZS%S toxicity 164, 165
Exendin-4 ND J,Aﬁm 164
Exendin (1-9) TMAPK, ERK1 and ERK2 Improved cognition 172
AC187 (antagonist) JCaspase activation ND LAB toxicity BB
(JNK and p38 MAPK?)
Nicotine Tp38 MAPK ND Ttau 154
No effecton AB, orAB,,
Ja7nAChR
Nicotine ND ND ,LA[?)wand AB,, 186,187
JAmyloid plaque
formation
AB,, treatment TERK1, ERK2 and JNK1 ND Ttau 188
AB,, treatment JERK2 and CREB ND Ta7nAChR 189,190
AB,, treatment ND UnACHR currents 191
Genetic ablation ND No effect on AB or 192
(PDAPP) plaque formation
T'synaptic markers and
LTP Improved cognition
Memantine** or NA Channel blocker JAPP, sAPP, sAPPo, AR, 190, 193-196
MK-801 (antagonist) and AB,,
AB,, treatment 1'PLD, ERK1 and ERK2 ND Internalization of AR 197
Somatostatin ND TNeprilysin LAB,, 139

*These compounds are in Phase |l trials for the treatment of AD. **This compound has US Food and Drug Administration approval for the treatment of AD.

AP, amyloid-B; AC, adenylate cyclase; ACPD, 1-aminocyclopentane-1,3-dicarboxylic; AD, Alzheimer's disease; ADAM, a disintegrin and metalloproteinase; AMY,
amyloid; APLP2, amyloid-like protein 2; A R, adenosine 2A receptor; B,AR, B, adrenergic receptor; AT R, angiotensin type 2 receptor; cAMP, cyclic AMP; CCL2,
CC-chemokine ligand 2; CCR2, CC-chemokine receptor 2; CREB, cyclic AMP-responsive element-binding protein; CRHR1, corticotrophin-releasing hormone
receptor type |; CXCR2, CXC-chemokine receptor 2; CX,CR1, CX,C-chemokine receptor 1; DAG, diacyl glycerol; DHPG, dihydroxyphenylglycine; DOR, 5-opioid
receptor; EPAC, exchange protein directly activated by cAMP 1; ERK, extracellular signal-regulated kinase; FPRL1, formyl peptide receptor-like 1; GLP1R,
glucagon-like peptide 1 receptor; Glu, glutamate; GPR3, G protein-coupled receptor 3; GSK3p, glycogen synthase kinase 3f; 5-HTR, 5-hydroxytryptamine
receptor; JNK, Jun N-terminal kinase; NA, not applicable; LTP, long-term potentiation; mAChR, muscarinic acetylcholine receptor; MAPK, mitogen-activated protein
kinase; mGluR, metabotropic glutamate receptor; nAChR, nicotinic acetylcholine receptor; ND, not determined; NF-kB, nuclear factor kB; PACAP, pituitary
adenylate cyclase-activating polypeptide; PAC R, pituitary adenylate cyclase 1 receptor; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol-4,5-
bisphosphate; PKA, protein kinase A; PKC, protein kinase C; PLA2, phospholipase A2; PLC, phospholipase C; PLD, phospholipase D; PS1, presenilin 1; sAPP, soluble
amyloid precursor protein; sAPPa, soluble amino-terminal ectodomain of APP; SSTR, somatostatin receptor.

As with 5-HT, , the post-mortem brains of patients
with AD display a reduction in the number of 5-HT,
receptor binding sites in the hippocampus®. However, it
remains unclear whether the effects of the 5-HT, recep-
tor on APP metabolism are directly linked to an increase
in the activity of the a-secretases or an effect on cellular
trafficking of APP. Nevertheless, the beneficial effects on
APP processing and the enhanced cognitive perform-
ance observed in vivo provide a theoretical foundation
for further development of 5-HT receptor-mediated AD
therapeutics.

In the CNS, the 5-HT, receptor is mainly localized in
the striatum, hippocampus and cortex in rodents®, and
predominantly in the caudate nucleus and to a lesser
extent the hippocampus and amygdala in humans®.
Although the 5-HT, receptor has not been shown to
directly modulate a-secretase activity, 5-HT, receptor
antagonism improves cognition and memory forma-
tion and retention®. This effect is probably mediated
by increasing the release of glutamate and/or ACh,
which enhances memory consolidation (reviewed
in REF. 62).
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5-HT, receptor antagonists have met with some suc-
cess in Phase I and Phase II clinical trials. Cognitive
improvement was observed in patients with AD treated
with SB-742457 following completion of a Phase II clin-
ical trial. SAM-531, another 5-HT| receptor antagonist,
has also completed an initial Phase II clinical trial with
some success (reviewed in REFS 63,64). Interestingly, a
polymorphism in the 5-HT, gene seems to be a risk fac-
tor for AD, as patients with AD are more likely to carry
the C267T allele variant®, and 5-HT, receptor expres-
sion is decreased in the prefrontal cortex of patients
with AD®.

Agonist

AA Abinding

M1 mAChR

AA Abinding

Group | mGluRs

Corticotrophin-releasing hormone receptor type I.
Activation of the corticotrophin-releasing hormone
(CRH) receptor type I (CRHR1) by CRH stimulates an
increase in the release of sAPPa in rat cerebellar neu-
rons, and to a lesser extent in the human neuroblastoma
IMR32 cell line and in mouse hippocampal HT22 cells®’,
although it remains to be determined whether this is
mediated by a-secretase. Brain areas affected in AD
show morphological abnormalities in CRH-containing
neurons and also a dramatic reduction in the CRH lev-
els®®®°. Moreover, cognitive impairment is accompanied
by decreased concentrations of CRH in the cerebrospinal

Agonist Agonist

AA Abinding

Group Il mGluRs |

Agonist

: \
5 ERK1/2-(P)
PI3K
v P
TsAPP T sAPP T Cognitive
183 TAB,, deficits
T sAPPa. 1 Potentiation of $§99 Ttau ®
i p3 NMDAR currents TAE;O hesi
LA { Cognitive deficits SYMEEE
dtau-P Responsiveness
of M1 mAChRs

Antagonist

Abinding

Agonist A

> [rsave

T sAPPo,

T ACh release

Improved cognition
and memory

Figure 2 | GPCR signalling and the a-secretase pathway. G protein-coupled receptors (GPCRs) exert their multiple
functions through a complex network of intracellular signalling pathways. Ligand-bound GPCRs activate heterotrimeric

G proteins, inducing the exchange of GDP for GTP and the formation of a GTP-bound G_ subunit and the release of a Gﬁy
dimer. The G protein subunits then activate specific secondary effector molecules, such as adenylyl cyclase (AC),
phospholipase C (PLC) and phospholipase A2 (PLA2), leading to the generation of secondary messengers and activation of
extracellular signal-regulated kinase 1/2 (ERK1/2), Janus kinase (JAK) and phophoinositide 3-kinase (P13K), and modulation
of the a-secretase pathway. In the case of the M1 muscarinic acetylcholine receptor (M1 mAChR), the group | metabotropic
glutamate receptors (mGluRs) and the 5-hydroxytryptamine receptors 5-HT,, , Rand 5-HT R, agonist stimulation leads to an
increase in soluble amyloid precursor protein (sAPP) release, a decrease in amyloid-f (AP) generation, a decrease in tau
phosphorylation and/or an alleviation of the cognitive deficits in a mouse model of Alzheimer’s disease (AD). Conversely,
agonist stimulation of the Group Il mGluRs leads to an increase in amyloid-,, generation, tau phosphorylation and an
exacerbation of the cognitive deficits in an AD mouse model. In the case of the 5-HT, receptor (5-HT R), antagonism of the
receptor leads to an improvement in cognition. Solid arrows represent direct signalling pathways and dashed arrows
represent signalling via intermediates that are not shown. ACh, acetylcholine; ADAM, a disintegrin and metalloproteinase;
cAMP, cyclic AMP; GSK3, glycogen synthase kinase 3f; NMDAR, NMDA receptor; PKC, protein kinase C; sSAPPa, soluble
amino-terminal ectodomain of APP; STAT, signal transducer and activator of transcription.
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fluid™. A possible application of CRH for the treatment
of AD is mainly based on the memory-enhancing effects
of CRH in rodents”".

Pituitary adenylate cyclase 1 receptor. The pituitary
adenylate cyclase 1 receptor (PAC R) is a GPCR that
is stimulated by the neuropeptide pituitary adenylate
cyclase-activating polypeptide (PACAP). The receptor
is primarily localized to the hypothalamus but is also
expressed in the cerebral cortex and hippocampus’,
areas of the human brain affected by AD. The major form
of PACAP, composed of 38 amino acids (PACAP38), has
been show to improve memory in rats”. Together with
a C-terminal truncated form, PACAP27, it stimulates
an increase in SAPPa release™. This effect is blocked by
a broad-spectrum metalloprotease inhibitor and by an
ADAM10-specific inhibitor, GI254023X™. Thus, stimu-
lation of PAC R enhances a-secretase activity. Although
the molecular mechanism of this effect has not been elu-
cidated, neuropeptide hormones such as PACAP27 and
PACAP38 display a high flux rate across the blood-brain
barrier (BBB)”, which should permit the in vivo exami-
nation of the effect of PACAP in a transgenic mouse
model of AD.

Regulation of B-secretase

The p-secretase BACE1 (B-site APP-converting enzyme 1),
isa type I transmembrane aspartyl protease that is active at
low pH and is predominantly localized in acidic intracellu-
lar compartments, such as endosomes and the trans-Golgi
network. Cleavage of APP by BACEI generates a soluble
N-terminal ectodomain of APP (sAPPp) and the N ter-
minus of amyloid-f. Subsequent cleavage of the mem-
brane-bound C-terminal fragment C99 by the y-secretase
liberates the amyloid-P peptide species (FIC. 1).

BACE1 isabundantly expressed in neurons in the brain.
Bacel”~ mice are viable and fertile, facilitating the study
of the role of this enzyme in AD. BACEI deficiency in
an AD mouse model abrogates amyloid-f generation,
amyloid pathology, electrophysiological dysfunction and
cognitive deficits, implying that therapeutic inhibition of
BACEL1 would decrease generation of all amyloid- spe-
cies. However, Bacel” mice display phenotypic abnor-
malities that are related to the processing of additional
proteins by BACEL1, suggesting that therapeutic inhibi-
tion of BACE1 could have adverse side effects (reviewed
in REFS 76,77). Nevertheless, BACELI is arguably the
primary therapeutic target to deter amyloid- genera-
tion. Detailed structural analysis of BACE1 has led to
the discovery of many transition state-based inhibitors
with activity in the low nanomolar range, although the
in vivo efficacy of these compounds is limited because
most of them do not penetrate the BBB or are actively
exported from the brain by P-glycoprotein. Recent evi-
dence suggests that GPCRs such as the §-opioid recep-
tor (DOR)”® could provide a therapeutic opportunity to
modulate BACE1 and amyloid- generation .

8- and p-opioid receptors. The opioid receptors, which
play important parts in learning and memory, are
deregulated in specific regions of the AD brain”. There
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is evidence to suggest that the DOR, together with the 3,
adrenergic receptor (B,-AR), promotes the y-secretase-
mediated cleavage of the APP C-terminal fragment after
its generation by P-secretase®. A more recent study by
the same group suggested that activation of the DOR
promotes the translocalization of a complex consisting
of the DOR, [-secretase and y-secretase from the cell
surface to the late endosomes and lysosomes (LEL),
which results in enhanced - and y-secretase proteolysis
of APP”. In a mouse model of AD, administration of
natrindole, a selective DOR antagonist, improved spa-
tial learning and reference memory, and reduced the
amyloid plaque burden. Similarly, in vivo knock down
of the DOR reduced amyloid-f,, accumulation in the
hippocampus of an AD mouse model. However, there
was no effect on the more hydrophobic (and therefore
more toxic) amyloid-B,, (REF. 78). By contrast, admin-
istration of a p-opioid receptor (MOR) antagonist had
no effect on amyloid-p generation or amyloid plaque
formation and was unable to reverse the learning and
memory deficiency of the AD mouse model”, although
another group reported improved spatial memory reten-
tion in this transgenic AD mouse model®".

DOR binding is decreased in the amygdala and ven-
tral putamen, and MOR binding is decreased in the
hippocampus and subiculum? of post-mortem brain
samples from patients with AD. Elevated hippocampal
levels of enkephalin, the ligand for these receptors, have
been detected in AD transgenic mice and in the human
AD brain®#, Excessive stimulation by enkephalin may
uncouple the opioid receptors from G proteins, result-
ing in receptor internalization®* and reduced receptor
binding in patients with AD”*. These adaptive changes
in opioid receptor expression in response to increased
enkephalin levels might limit the efficacy of opioid
receptor antagonists in AD and could explain the vari-
able effects of different DOR antagonists on amyloid-f8
generation in AD transgenic mouse models.

Regulation of y-secretase

The y-secretase complex is composed of four integral
membrane proteins: the catalytic component presenilin 1
(PS1) or PS2 and the essential cofactors nicastrin,
anterior pharynx defective 1 (APH1) and presenilin
enhancer 2 (PEN2)*. Proteolysis of the a- cleavage prod-
uct C83 by the y-secretase complex generates a short p3
fragment, which precludes formation of amyloid-p. By
contrast, proteolysis of the -secretase product C99 by
the y-secretase complex generates the amyloid-p pep-
tide, which ranges in length from 35 to 43 residues
(FIG. 1). The majority of amyloid-p produced is 40 amino
acids in length (amyloid-f, ), whereas a small proportion
(~10%) is the 42-residue variant (amyloid-p,,). Several
y-secretase inhibitors have been developed but they have
limited clinical efficacy owing to the severe side effects
associated with inhibition of the Notch receptor, which is
a substrate for y-secretase proteolysis. Therefore, deter-
mination of the cellular mechanisms that specifically
regulate amyloid-[ generation by y-secretase is of crucial
importance for understanding the factors that cause AD
and could highlight new therapeutic targets.
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B,-adrenergic receptor. Stimulation of ,-AR increases
amyloid- generation in vitro, independently of an
elevation in cAMP levels®. In an AD transgenic mouse
model, treatment with a 3,-AR agonist or antagonist
respectively increased and decreased the amyloid plaque
burden®. It has been suggested that the f,-AR constitu-
tively associates with PS1 at the plasma membrane and
undergoes clathrin-mediated endocytosis together with
the y-secretase complex following agonist stimulation®.
This proposed localization of the y-secretase in LEL
compartments, which is supported by other studies®”*,
could promote cleavage of C99 and thereby the genera-
tion of amyloid-B*. As a therapeutic application, it will
be important to determine whether 8,-AR activation
also modulates cleavage of the Notch receptor, given the
adverse side effects of targeting y-secretase discussed
above. Importantly, the 3,-AR is expressed in the hip-
pocampus and the cortex in humans®, and polymor-
phisms in the gene encoding the ,-AR are associated
with an increased risk of developing sporadic late-
onset AD*, providing support for the potential clinical
relevance of the in vitro and AD mouse model findings.

G protein-coupled receptor 3. G protein-coupled
receptor 3 (GPR3) is an orphan GPCR with a putative
ligand®' that has not been validated?®. The receptor was
identified as a modulator of amyloid-f generation in a
high-throughput functional genomics screen designed
to identify potential therapeutic targets for AD>. GPR3
is strongly expressed in neurons in the hippocampus,
amygdala, cortex, entorhinal cortex and thalamus in the
normal human brain®**, and its expression is increased
in a subset of patients with sporadic AD*.

Several lines of evidence support the involvement of
GPR3 in the generation of amyloid-. In vitro models of AD
suggest that this effect is independent of its ability to stimu-
late the production of cAAMP®. In an AD transgenic mouse
model”, hippocampal overexpression of GPR3 enhanced
amyloid-B, and amyloid-B,, generation in the absence
of an effect on y-secretase expression’. Genetic ablation of
Gpr3 in these mice dramatically reduced amyloid-f3,, and
amyloid-f,, levels”, demonstrating that endogenous GPR3
is involved in amyloid-{ generation. Further in vitro stud-
ies suggested that GPR3 promotes increased association
of the individual y-secretase complex components within
detergent-resistant membrane domains and stabilizes the
mature y-secretase complex®>.

Thus, similar to the ,-AR, the effect of GPR3 signal-
ling on amyloid-f generation is not mediated through an
elevation in cAMP levels. Rather, both GPCRs modulate
the trafficking and/or localization of the y-secretase com-
plex to membrane domains where it can more efficiently
process the B-secretase product C99. Importantly, the in
vitro effect of GPR3 expression on amyloid-{ generation
occurs in the absence of an effect on Notch process-
ing, suggesting that GPR3 can selectively target specific
y-secretase pathways.

CXC-chemokine receptor 2. The CXC-chemokine receptor
type 2 (CXCR2) is abundantly expressed in neurons and
is strongly upregulated in a subpopulation of neuritic

plaques in the post-mortem human AD brain®*®. In an
AD transgenic mouse model, treatment with the CXCR2
antagonist SB-225002 reduces amyloid-B,, levels” and
is accompanied by a reduction in PS1-C-terminal frag-
ment (CTF) levels, resulting in a probable decrease in
the proteolytically active mature y-secretase complex”.
Crossing the Cxcr2-deficient mouse with an AD trans-
genic mouse also results in a decrease in amyloid-p,
and amyloid-p,, generation, and y-secretase complex
expression'™. In vitro evidence suggests that antagonism
of CXCR2 reduces expression levels of other y-secretase
complex components, inhibiting generation of both the
AICD and the Notch intracellular domain. Whether
CXCR2 is involved in enhanced turnover, degradation or
stabilization of the PS1-CTF has not been determined.
However, inhibition of Jun N-terminal kinase (JNK)
activity, which is involved in signalling downstream of
CXCR2, correlates with reduced phosphorylation and
stability of the PS1-CTF'*"'*?, Given that antagonism of
CXCR2 leads to general changes in y-secretase expres-
sion and activity, it will be challenging to therapeutically
target CXCR2.

GPCRs and amyloid-f toxicity
One of the most puzzling aspects of the amyloid cascade
hypothesis is why amyloid-p exerts a neurotoxic effect
on cells. There is no clear correlation between exposure
of the brain to amyloid-P plaques and neurodegenera-
tion and, in cell culture models, the toxicity associated
with amyloid- is variable and poorly understood. Small
oligomeric structures of amyloid-f, known as amyloid-
B-derived diffusible ligands (ADDLSs)'%, cause synapto-
toxicity, interfering with glutamate signalling at several
levels, including direct and indirect effects on Ca** levels,
endocytosis, and possibly membrane damage and clus-
tering of various membrane proteins. A further com-
plication is that a component of the toxicity associated
with amyloid-f might be the consequence of a general
mechanism such as interaction with the plasma mem-
brane, which could affect multiple GPCRs. Moreover,
several GPCRs are involved in neuroinflammation, with
beneficial or detrimental effects on amyloid-B-mediated
toxicity depending on the model under investigation.
Thus, it remains unclear how the involvement of
GPCRs in amyloid-p-mediated toxicity can be clini-
cally exploited. Studies on the angiotensin type 2 recep-
tor (ATZR), the adenosine A,, receptor (A,,R) and
CC-chemokine receptor 2 (CCR2) provide insight into
this complicated matter.

Angiotensin type 2 receptor. Angiotensin II and the
AT R have been implicated in several CNS functions,
including neuronal apoptosis'®, behaviour'” and
memory'®. Activation of AT R inhibits stimulation
of Ga,, and Ga_,, by the AT, receptor'””. Interestingly,
constitutive and muscarinic agonist-dependent Ga, |
signalling is also impaired in the AD brain'®'*. There
is evidence that oxidative stress, induced by elevated
amyloid- levels, leads to dimerization of AT R"°.
Further elevation in amyloid-f levels initiates oli-
gomerization of AT R dimers and sequestration of
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Figure 3 | Amyloid-p toxicity and deregulation of AT R and M1 mAChR signalling . Oxidative stress and amyloid-
(AB) accumulation leads to an increase in reactive oxygen species (ROS) generation and dimerization of angiotensin type 2
receptors (AT R). Anincrease in levels of the protein-crosslinking enzyme transglutaminase, as occurs in Alzheimer’s
disease, and further Ap deposition trigger crosslinking and subsequent oligomerization of AT R dimers. The AT R
oligomers sequester Ga, ., and thereby inhibit Ga_,,, from coupling to M1 muscarinic acetylcholine receptors (M1
mAChRs). Sequestration of Ga,,,, results in tau phosphorylation, neuronal degeneration and Alzheimer’s disease
progression. PKC, protein kinase C. Figure is reproduced, with permission, from REF. 111 © (2009) American Association

for the Advancement of Science.

Ga,,, by AT R oligomers. The subsequent decrease in
MI mAChR.Ga o coupling and activation correlates
with h1ppocampal neurodegeneration, tau phosphory-
lation and neuronal loss, contributing to the develop-
ment and exacerbation of the neuropathology of AD
(reviewed in REF. 111) (FIC. 3). This study indicates that
stimulation of M1 mAChR signalling , which alleviates
the aetiopathology of AD (discussed above), might not
be sufficient to improve cognition in patients owing
to concomitant toxic effects of the accumulation of
amyloid-p on other receptors and their downstream
signalling pathways.

Adenosine A,, receptor. The adenosine receptors
are GPCRs that are classified as ALAL A, and Al
receptors. A and A, receptors 1nh1b1t adenylyl cyclase
through G, proteins, whereas A,, and A, receptors
stimulate adenylyl cyclase through G_ proteins'. The
A,,Rs are mainly expressed in striatal neurons in the
human brain. In patients with AD, they are also abun-
dantly expressed in microglia, the hippocampus and
the cortex'”. Expression of the A and A,, receptors
is elevated in the frontal cortex of post-mortem brains
of patients with AD'*. A R-deficient mice display
improved spatial recognition memory', whereas
in vivo overexpression of the A, R leads to memory
deficits''®. Consequently, pharmacological blockade

or gene disruption of adenosine A, Rs confers neuro-
protection (FIG. 4a). Furthermore, caffeine, an A and
A,, receptor antagonist, is neuroprotective against
amyloid-p-induced neurotoxicity in cultured neurons of
rats'”” and against amyloid-p-induced cognitive impair-
ments in mice''® (FIC. 4b). Long-term administration of
caffeine to APP transgenic mice also improves cognition
and reduces amyloid-f,, and amyloid-f,, generation,
and is accompanied by a modest reduction in PS1 and
BACEI protein expression levels'”. This is supported
by studies in rats using a selective A R antagonist,
SCH 58261, which is protective against amyloid-§, -
induced synaptotoxicity and memory impairment''$'2,
However, earlier studies have suggested that caffeine,
via ryanodine receptor-regulated intracellular calcium
release channels, stimulates an increase in amyloid-f8
generation in vitro'?'. Nevertheless, caffeine also stimu-
lates acetylcholine release, an effect that is mediated by
blockade of the A ,R'**!%. Collectively, these findings
suggest that the adenosinergic system is a promising
therapeutic avenue for the management of the cognitive
dysfunction in AD.

Chemokine receptors. Microglia are macrophages of
the CNS. They have been shown to surround amyloid
plaques both in patients with AD and in AD trans-
genic mouse models', but whether they have
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beneficial or detrimental effects on plaque formation
remains unclear. Chemokine receptors are GPCRs
that are expressed by microglia. CCR2 is required
for macrophage infiltration at sites of axonal injury
in the hippocampus'*. The main ligand for CCR2,
CC-chemokine ligand 2 (CCL2; also known as MCP1),
has been localized to mature amyloid plaques in the
AD brain'*. Stimulation of microglia and astrocytes
with amyloid-{ leads to an elevation in CCL2 levels'?.
In a mouse model of AD, Ccr2 deficiency correlates
with decreased microglial accumulation and increased
amyloid-f deposition'.

A recent study suggests the chemokine receptor
CX,C-chemokine receptor 1 (CX,CR1) plays a part in
the recruitment of microglia to injured neurons'*'*
and is involved in neuronal loss''. The effect on amy-
loid plaque load was not assessed in this AD mouse
model. Nevertheless, a reduction in — or almost com-
plete ablation of — microglia does not affect the amyloid
plaque load'*? in another AD mouse model, suggesting
that microglia are not essential for initiation of cerebral
amyloidosis.

GPCRs and amyloid-f§ degradation

Promoting amyloid-P clearance from the brain is
an alternative therapeutic strategy to inhibition of
amyloid-f generation. Such an approach is the basis for
the passive and active immunotherapy with amyloid-f-
specific antibodies. However, stimulation of GPCRs, in
particular the somatostatin receptor, could represent an
interesting alternative approach to promoting amyloid-3
clearance, as these GPCRs induce expression of amyloid-
B-degrading enzymes, such as neprilysin, in the brain.
A combination of memory enhancement, neuroprotec-
tion and anti-amyloid- activity makes this an attractive
therapeutic approach for AD.

AP deposition
1y &
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TINK-P)
— 38 MAPK-®

vy ...
Synaptotoxicity
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Somatostatin receptors. Somatostatin (also known
as somatotropin release-inhibiting factor, SRIF) is a
regulatory peptide with two bioactive forms, SRIF14
and SRIF28, which are widely expressed throughout
the CNS and function in neurotransmission, protein
secretion and cell proliferation'*!*,

Expression of the two most abundant SRIF recep-
tors in the brain, somatostatin receptor type 2 (SSTR2)
and SSTR4, is reduced in the cortex of human patients
with AD'®. Interestingly, intracerebroventricular injec-
tion of amyloid-p,_ .. results in a selective decrease in
SSTR2 mRNA and protein levels in the temporal cor-
tex of rats, whereas cognitive deficits correlate with
reduced SRIF concentrations in the CSF**¢ or middle
front gyrus (Brodmann area 9)'¥”. SRIF levels are also
reduced in the CSF", cortex'** and hippocampus'* of
patients with AD.

Compelling evidence suggests that SRIF is a modula-
tor of neprilysin activity in the brain'*. Neprilysin, one
of the main amyloid-B-degrading enzymes, regulates
the steady state levels of amyloid-p,, and amyloid-f3,,
in vivo™?. SRIF has been shown to significantly elevate
neprilysin levels in primary murine cortical neuronal
cultures, which accompanies a reduction in amyloid-f,,
levels'. Conversely, neprilysin activity and localization
are altered in the hippocampus of SRIF-deficient mice,
with a corresponding increase in amyloid-f,, levels'*.
There are conflicting results from AD transgenic mouse
models, which show either an increase'' or a decrease
in SRIF levels'*. Further work is necessary to clarify the
cause of the changes in SRIF levels in these AD models.

Additional modulators of APP metabolism

This Review highlights the role of GPCRs and their
signal transduction cascades in the metabolism of
APP. However, numerous additional effectors and
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Figure 4| Adenosine A,, receptor and amyloid-B-mediated toxicity. a| Amyloid-p (AB) deposition has been shown to
activate the p38 mitogen-activated protein kinase (MAPK) signalling pathway, which leads to AB-induced neurotoxicity.
Pharmacological blockade of the adenosine A, receptor (A, ,R) with the compound SCH 58261 reduces AB-induced p38
MAPK phosphorylation, synaptotoxicity and cognitive impairment. b | Similarly, caffeine, an A ,R antagonist, is also
protective against AB-mediated toxicity and may regulate the expression levels of the -secretase, via the cRaf-1/nuclear
factor-kB pathway and presenilin 1, which leads to a decrease in AB, and AB,, deposition and is protective against
cognitive impairment in an Alzheimer’s disease mouse model. Solid arrows represent direct signalling pathways and
dashed arrows represent signalling via intermediates that are not shown. JNK, Jun N-terminal kinase.
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Box 2 | GPCRs, diabetes and Alzheimer’s disease

Glucagon-like peptide 1 receptor

Type 2 diabetes (T2D) has been identified as a risk factor for Alzheimer’s disease (AD)***, and insulin signalling has a role
in learning and memory*****%, which potentially links insulin resistance to AD dementia. Indeed, deregulated insulin
signalling has been observed in brains of patients with AD and may contribute to the development of AD**°. The
combination of insulin with other antidiabetic medications is also associated with lower amyloid plaque density and a
diminution of the cognitive decline associated with AD*%6*,

Strategies have therefore been developed to normalize insulin signalling in the brain to deter the progression of AD*2.
One promising intervention is the use of the incretin hormone glucagon-like peptide 1 (GLP1) as a treatment for
neurodegenerative diseases'®. In vivo administration of GLP1 or exendin-4, a more stable analogue of GLP1, reduces
endogenous levels of amyloid-B, in the mouse brain and protects against cell death'*. In addition, GLP1 and the stable
analogue (Val’)GLP1 enhance long-term potentiation (LTP) and reverse the LTP impairment induced by amyloid-B,, ..
administration in rodents, which might underlie an improvement in cognitive function'®®. Most recently, (Val®)GLP1 also

prevented amyloid-B, -induced impairment in late-phase LTP, and spatial learning and memory in rodents'®. Some
evidence also suggests that the desensitization of insulin receptors that occurs in AD can be reversed by activation of

GLP1 receptors (GLP1Rs)*".

GLP1 binds to GLP1R, which activates diverse signalling pathways, including cyclic AMP, protein kinase A,

phospholipase C, phosphatidylinositol 3-kinase, protein kinase C and mitogen-activated protein kinase

168-171

GLP1R-deficient mice display an impairment in synaptic plasticity’®®* and a decrease in the acquisition of contextual
learning, a learning deficit that can be reversed following hippocampal gene transfer of Glp1r'’2 By contrast,

overexpression of GLP1R through hippocampal gene transfer markedly enhanced learning and memory in rodents

172

Taken together, these studies suggest that the GLP1R represents a novel and promising therapeutic target for AD.

Amylin receptor

Amylin (also known as islet amyloid polypeptide) is a peptide that was first isolated from amyloid deposits from the
pancreatic islets of Langerhans of patients with type 2 diabetes'”. Interestingly, human amylin, which acts through the
G protein-coupled amylin receptor, possesses amyloidogenic and neurotoxic properties similar to amyloid-f*7*.
Accordingly, treatment of rat neuronal cultures with an amylin receptor antagonist, AC187, attenuates amyloid-, - and
amylin-induced neurotoxicity by blocking caspase activation'”. It would be interesting to determine whether treatment
with GLP1 could alleviate the cognitive deficits, and to determine the expression levels of GLP1R in this diabetic AD

mouse model.

Most recently, studies conducted by crossing two T2D mouse models with an AD mouse model have provided further
mechanistic insight into the relationship between diabetes and AD, demonstrating that the onset of diabetes exacerbates
cognitive dysfuntion in the absence of an elevation in amyloid- levels and leads to increased cerebrovascular inflammation
and amyloid angiopathy'’®. Conversely, the diabetic AD mice display an accelerated diabetic phenotype relative to the
diabetic mouse model alone, suggesting that the amyloid pathology may adversely affect the T2D and vice versa.

non-GPCRs have been implicated as modulators of
APP catabolism and metabolism. These studies have
been thoroughly addressed in a review by Slack and
Wurtman'®. Briefly, growth factors such as nerve growth
factor — which signals through neurotrophic tyrosine
kinase receptor type 1 (NTRK1) and nerve growth fac-
tor receptor (NGFR; also known as p75NTR), a member
of the tumour necrosis factor receptor family — as well
as epidermal growth factor and fibroblast growth factor
have been shown to enhance APP synthesis and sAPP
secretion. In addition, several inflammatory cytokines
are elevated in the serum and/or brains of patients with
AD, and various cytokines, interleukins and prostaglan-
din E2 have also been implicated in the modulation of
APP synthesis, sAPP secretion and/or amyloid-p depo-
sition. Besides neurotransmitters, growth factors and
cytokines, the hormone signalling molecules oestrogen
and testosterone, vasopressin and bradykinin have also
been implicated in the regulation of APP synthesis and
metabolism.

Concluding remarks

Numerous drug discovery efforts target the inhibition
of amyloid-P production, the prevention of amyloid-f
aggregation and the enhancement of amyloid- clearance.

Although these may seem to be straightforward bio-
chemical pathways, several feedback loops enhance
not only amyloid-P deposition but also its toxicity,
clearance and overall impact on memory function and
neuronal health. Such feedback loops also imply that a
monotherapy will not be sufficient to prevent the pro-
gression of AD. Based on the discussion above, it is
clear that several GPCRs are involved at many stages
of AD disease progression (TABLE 1). There also seems
to be a pathologically reinforcing loop between type 2
diabetes and AD, with GPCRs providing an avenue
for therapeutic intervention for both diseases (BOX 2).
Drugs that target GPCRs could diversify the sympto-
matic therapeutic portfolio for AD and potentially pro-
vide disease-modifying treatments. In this sense, they
complement the current areas of investigation, which are
primarily focused on secretase inhibitors”” and amyloid
immunotherapy'*.

Given that the current anti-amyloidogenic therapy
under development is considered to be most effective
as a preventative measure or in early stages of AD, addi-
tional drugs that preferentially enhance cognition will
become a necessary complement to treatment, espe-
cially as the disease progresses to more advanced stages.
In this regard, GPCRs represent the largest therapeutic
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target in the pharmaceutical industry and provide
ample opportunities for AD-related drug develop-
ment. Nevertheless, progress in the field is hampered
by the difficulty in developing highly receptor-specific
ligands and the adverse side effects of currently avail-
able drugs. Recent advances in the GPCR field suggest
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