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Abstract: Cell adhesion molecules (CAMs) mediate interactions between cells and their 

surroundings that are vital to processes controlling for cell survival, activation, migration, 

and plasticity. However, increasing evidence suggests that CAMs also mediate mechanisms 

involved in several neurological diseases. This article reviews the current knowledge on the 

role of CAMs in amyloid-β (Aβ) metabolism, cell plasticity, neuroinflammation, and vascular 

changes, all of which are considered central to the pathogenesis and progression of Alzheimer’s 

disease (AD). This paper also outlines the possible roles of CAMs in current and novel AD 

treatment strategies.

Keywords: cell adhesion molecules, Alzheimer’s disease, neuroinflammation, plasticity, 

amyloid-beta, vascular changes

Introduction
Interactions between cells and the surrounding extracellular matrix (ECM) are crucial 

to processes controlling for cell proliferation, activation, migration, and survival. 

These interactions are dependent on specific adhesion processes that are orchestrated 

by a group of molecules referred to as cell adhesion molecules (CAMs). CAMs are 

transmembrane proteins with a cytoplasmic tail. Based on their specific molecular 

structures, they are generally classified into four major CAM families: selectins, 

integrins, immunoglobulin (Ig)-like CAMs (Ig-CAMs), and cadherins (schematically 

illustrated in Figure 1). These CAM families can be further divided into subfamilies 

(see Table 1).

The selectin family consists of three known members that mediate the initial steps 

of the leukocyte adhesion cascade,1 the lymphocyte homing receptor (L-selectin), 

the endothelial leukocyte adhesion molecule (E-selectin), and the platelet-activation-

dependent granule-external protein (P-selectin). All selectins interact with sialylated 

glycans in a Ca2+-dependent manner. As implicated by their names, L-selectin is primar-

ily expressed by leukocytes, E-selectin by activated endothelial cells, and P-selectin 

by platelets and endothelial cells.2 Soluble forms of all three selectins can be found 

in both plasma and in cerebrospinal fluid (CSF)3–6 and appear to reflect the activation 

state of the originating cells.

Integrins belong to a family that includes 18 alpha and 9 beta subunits.7 The 

subunits form at least 24 different heterodimeric receptors, and through these 

receptors, cells communicate with the ECM and surrounding cells, both outside-in 

and inside-out.8 When the ECM or CAMs expressed on neighboring cells adhere to 
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integrins, recruitment of cytosolic non-receptor tyrosine 

kinases (NRTK) and cytoskeleton proteins (CSK) occur and 

form focal adhesion complexes (FAC). These complexes 

associate with the actin cytoskeleton and multiple signal-

ing pathways that involve processes such as cell survival, 

inflammation, and angiogenesis, while synaptic transmission 

becomes efficiently regulated.9 Integrins are found on most 

cells throughout the brain and are region-specific as well as 

cell-type-specific.9 In addition, some integrins are known to 

actively shed from the cell surface in response to environ-

mental changes such as inflammation.10

The Ig-CAMs are defined by one or more Ig repeats 

of 60 to 100 amino acids forming the active adhesion site. 

CAMs in this family can be found both in the periphery, 

where Ig-CAM mediated interactions are mostly heterophilic, 

and in the nervous system, where interactions are predomi-

nantly homophilic.11 Several Ig-CAM members appear to 

be specific to nervous tissue12,13 where they play vital roles 

in, for example, neurogenesis, neurite elongation, and brain 

plasticity. Furthermore, Ig-CAMs can be shed from cell 

membranes14 and the soluble versions may have separate 

effects from the cell-bound forms.15

Cadherins, particularly the classical cadherin and 

protocadherin subfamilies, are found throughout the 

nervous system. The two cadherin subfamilies are found 

mostly on neuronal synapses16,17 and extensive studies 

have shown that classical cadherins play a crucial role in 

neuronal plasticity and synaptogenesis.17 The functions 

of classical cadherins are mediated by a complex that 

is formed between the cytoplasmic tail of the cadherin 

and the cytosolic catenins, which are linked to the actin 

cytoskeleton.17 Like the other CAMs, cadherins are 

sensitive to proteolytic shedding.18

Collectively, CAMs orchestrate important functions in 

many vital physiological processes. However, increasing 

evidence suggests that CAMs are involved in the pathophysiol-

ogy of several neurological diseases. This review summarizes 

current knowledge on the role of CAMs in events considered 

central to the pathogenesis and progression of Alzheimer’s 

disease (AD) such as amyloid-β (Aβ) metabolism, neuronal 

plasticity, inflammation, and vascular changes (data 

summarized in Table 2). We also discuss the potential impact 

of the involvement of CAMs in these processes in terms of 

cognitive symptoms in AD patients. Finally, this paper reviews 

current AD treatment strategies and the possible use of CAMs 

as targets in current and future AD treatments.

Alzheimer’s disease pathogenesis
Neuropathologically, AD is primarily characterized by intra-

neuronal neurofibrillary tangles (NFTs) of hyperphosphory-

lated tau and extracellular deposits of mainly aggregated Aβ 

peptide, known as senile or neuritic plaques.19 According to 

the amyloid cascade hypothesis, the aggregation and depo-

sition of Aβ in brain tissue is key to AD pathogenesis with 

the formation of tau pathology, inflammatory processes, 

and neurodegeneration as downstream events.20 The Aβ 

peptide is generated by proteolytic processing of the amyloid 

precursor protein (APP) via sequential cleavage by the 

Plasma membrane

Cytosol

SelectinIntegrinCadherin

β α

Ig-like CAM

Figure 1 Schematic illustration of the various CAM structures. Ig-like CAMs are defined by one or more extracellular Ig repeats of 60 to 100 amino acids that form the 
active adhesion site and a transmembrane segment with a cytoplasmic tail. Classical cadherins have five extracellular cadherin repeats, a single transmembrane domain, and 
an intracellular tail. Integrin heterodimeric receptors are formed by α and β transmembrane units. Selectins have a short cytoplasmic carboxyl terminus, a transmembrane 
sequence followed by complement regulatory-like molecules, and an extracellular component containing an epidermal growth factor-like domain and an amino terminal 
domain that is homologous to C-type lectins. Adapted with permission from Marchetti PJ, O’Connor P. Cellular adhesion molecules in neurology. Can J Neurol Sci. 
1997;24(3):201.11

Abbreviations: CAM, cell adhesion molecule; Ig, immunoglobulin.
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enzymes β-secretase 1 (BACE 1) and γ-secretase of which 

the latter is a complex consisting of presenilin 1 (PSEN1), 

presenilin 2 (PSEN2), and nicastrin.21 Genetic evidence links 

mutations of the genes encoding PSEN1 and PSEN2 to the 

familial early onset form of AD (EOAD).22 Furthermore, the 

presence of the ε4 allele of apolipoprotein E (APOE) – the 

most well described genetic risk factor for sporadic AD, 

known as late onset AD (LOAD)23 – was shown to promote 

Aβ fibrillogenesis, deposition, and plaque formation.24 

Therefore, imbalanced Aβ metabolism with increased Aβ 

production and insufficiently augmented Aβ clearance in 

EOAD, as well as normal Aβ production, but defective Aβ 

clearance in LOAD, are believed to be central events in the 

development of AD.

Next to the core pathological events of Aβ deposition 

and intraneuronal tau accumulation, the presence of 

inflammatory processes, mainly driven by glial cells, are 

well described findings in the brains of patients with AD.25 

Numerous studies have demonstrated increased levels of 

inflammatory markers in the brain tissue as well as in the 

CSF and plasma of AD patients,26,27 and epidemiological 

studies have suggested that non-steroidal anti-inflammatory 

treatment may reduce the risk and slow down the 

progression of AD.25 Also, neurovascular alterations and 

white matter lesions reflecting cerebrovascular pathology 

as well as blood brain barrier (BBB) alterations have 

frequently been described in dementia disorders such as 

AD.28 Vascular pathology has even been proposed as a 

causal or contributing factor in at least 50% of all dementia 

cases.29 Importantly, most AD patients are affected by the 

vascular deposition of Aβ, cerebral amyloid angiopathy 

(CAA).30

The alteration of the glutamatergic and cholinergic sys-

tems are other well-described AD features. The glutamateric 

aberration, including glutamate excitotoxicity mediated 

through glutamate receptors such as N-methyl-D-aspartate 

receptors (NMDARs), can either be caused by an Aβ-induced 

increase in glutamate release or a decrease in glutamate 

uptake. Furthermore, the loss of cholinergic neurons and 

various subtypes of acetylcholine receptors are hallmarks 

of AD, and may interfere with the cholinergic mechanisms 

that contribute to glutamatergic transmission and synapse 

plasticity. Together, these alterations may contribute to a 

decline in cognitive functions.31–33

Not all of the described pathological events can be 

directly linked to the cognitive deterioration associated with 

AD, which causes uncertainty surrounding the potential 

causal roles of these events. Approximately one-third of 

cognitively normal elderly subjects display some degree of 

AD pathology and many of these individuals would fulfill 

the criteria for postmortem AD diagnoses despite the absence 

of cognitive symptoms. Attempts to elucidate the correla-

tion between postmortem findings and clinical symptoms 

displayed a better correlation between neurofibrillary tau 

pathology, rather than amyloid pathology, and cognitive 

impairment.34,35 However, the best morphological correlate 

of cognitive dysfunction in clinical AD appears to be loss 

of synapses36,37 with synaptic injury developing early in AD 

pathogenesis.38,39

Taken together, the current understanding supports the 

notion that AD results from a series of slowly developing 

neuropathological changes with a long asymptomatic phase 

preceding cognitive impairment. Therefore, early treat-

ment strategies may prove to be the most efficient mode of 

prevention.

Table 1 Representative CAMs and expression distribution

CAMs Expression distribution

Selectins
E-selectin Endothelium, activated astrocytes
P-selectin Endothelium, platelets
L-selectin Leukocytes
Integrins
α5β1 B- and T-cells, astrocytes, endothelium

α1β1 Astrocytes, endothelium

α6β1 T-cells, microglia, oligodendroglia 
endothelium

αvβ3 B- and T-cells, monocytes, endothelium, 
microglia, oligodendroglia

αLβ2 Leukocytes, macrophages, T-cells, 
microglia

αMβ2 B-cells, NK-cells, macrophages, microglia

αXβ2 Dendritic cells, B-cells, macrophages, 
microglia

Immunoglobulin superfamily
ICAM-1 Endothelium, astrocytes, microglia
NCAM Neurons
VCAM-1 Endothelium, monocytes
PECAM-1 Endothelium, leukocytes
L CAM Neurons
Cadherins
Classical cadherins
  N-cadherin Neurons
  E-cadherin Endothelium, neurons
Protocadherins
  Clustered Neurons
  Nonclustered Neurons

Abbreviations: CAM, cell adhesion molecule; E-cadherin, epithelial cadherin; 
E-selectin, endothelial leukocyte cell adhesion molecule; ICAM-1, intercellular cell 
adhesion molecule 1; L CAM, L  cell adhesion molecule; L-selectin, leukocyte selectin; 
N-cadherin, neuronal cadherin; NCAM, neural cell adhesion molecule; PECAM-1, 
platelet endothelial cell adhesion molecule 1; P-selectin, platelet-activation-dependent 
granule-external protein; VCAM-1, vascular cell adhesion molecule 1.
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CAMs in altered synaptic  
and neuronal plasticity
The neurodegeneration and subsequent massive neuron 

loss associated with AD is considered to be paralleled by 

altered neurogenesis, which may be induced by Aβ-related 

mechanisms.40 In the adult brain, neurogenesis has been 

identified in the hippocampus and the subventricular zone 

(SVZ).41,42 Expression of the neural cell adhesion molecule 

(NCAM), especially the highly polysialylated NCAM 

(PSA-NCAM) is considered an indicator of neurogenesis, 

neuronal remodeling, and plasticity, and has therefore been 

evaluated in AD brains. Results obtained by the use of immu-

nohistochemistry and enzyme-linked immunosorbent assay 

(ELISA) suggest that alteration in NCAM expression in AD 

patients is brain-area dependent. Expression of hippocampal 

PSA-NCAM in AD patients was shown to increase with 

disease severity,43,44 whereas fewer NCAM positive neurons 

as well as lower NCAM expression were found in the frontal 

and temporal cortex of AD patients versus normal aging 

controls.45,46 The physiological roles of the soluble forms of 

NCAM are not completely elucidated but may implicate long-

term potentiation (LTP), which is a cellular model of learning 

and memory.47 In a small study on Parkinson’s disease and 

AD patients, the latter displayed increased CSF levels of the 

soluble NCAM-120 splice variant compared to the controls.48 

Similarly, another study demonstrated a tendency towards 

elevated levels of soluble NCAM in the CSF of AD patients 

versus the controls.49 The latter study also showed that CSF 

Table 2 CAMs linked to AD pathological events

Cell adhesion molecule Mechanism Reference

Neuronal plasticity
NCAM Increased expression in hippocampus of AD brain, decreased expression  

in frontal/temporal cortex of AD brain, tendency to increased CSF levels in AD patients
43–46

L CAM Increased in CSF from AD patients 49
N-cadherin Cleavage inhibited and upregulated/downregulated in response to Aβ in vivo,  

synapse stabilization dependent on presenilin cleavage
18,52–54,56,57,59,60

Integrin unit αv Mediate Aβ-induced LTP inhibition 61

Aβ metabolism
Integrin unit α4 Increased in aged brain, found adjacent to plaques 62

Integrin unit β3 Found adjacent to plaque and tangles 63

α5β1 Involved in degradation of Aβ in vitro 67
Integrin/FAK Involved in modulation of Aβ neurotoxicity 65

α1β1 Downregulated by Aβ in vitro, rescued by estradiol 66
N-cadherin Increased APP dimerization, Aβ release, decrease Aβ42/40 ratio 70,71
E-cadherin Promote APP derivate, inhibit Aβ production 75

Integrin unit β1 Mediate microglial internalization of fibrillar Aβ 68
Immunological events
ICAM-1 Upregulated in response to Aβ in vitro, increased plasma levels in AD patients,  

increased expression in Aβ plaque, identified in plaque, correlated with  
hyaluronic acid in female AD

84,90,92–96

VCAM-1 Upregulated in response to Aβ in vitro, increased plasma levels in AD patients,  
decreased CSF levels in AD patients,

84,92,93

PECAM-1 Involved in Aβ-induced transendothelial migration of monocytes, increased  
plasma levels in AD patients

84,92

α6β1 Mediate fibrillar Aβ induced microglial activation 100

αvβ3/5 Mediate neuronal phagocytic signal to microglial 101

αLβ2 Increased expression in AD brain 143

αMβ2 Increased expression in AD brain, mediate Aβ induced neuroinflammation 103,143

αXβ2 Increased expression in AD brain 143
Vascular changes
E-selectin Increased in plasma of AD patients with vascular changes 93,108
P-selectin Increased in plasma of AD patients with fast cognitive decline
αvβ3 Increased in angiogeneic vessels in AD brain 114

Abbreviations: Aβ, amyloid-β; AD, Alzheimer’s disease; APP, amyloid precursor protein; CAM, cell adhesion molecule; CSF, cerebrospinal fluid; E-cadherin, epithelial 
cadherin; E-selectin, endothelial leukocyte cell adhesion molecule; FAK, focal adhesion kinase; ICAM-1, intercellular cell adhesion molecule 1; L CAM, L  cell adhesion 
molecule; LTP, long-term potentiation; N-cadherin, neuronal cadherin; NCAM, neural cell adhesion molecule; PECAM-1, platelet endothelial cell adhesion molecule 1; 
P-selectin, platelet-activation-dependent granule-external protein; VCAM-1, vascular cell adhesion molecule 1.
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concentrations of the L1 cell adhesion molecule (L1CAM), 

postulated to be involved in neurite elongation, fasciculation, 

and migration50 increased by 48% in AD patients versus the 

controls.49 The significance of these findings and the impact of 

altered NCAM and L1 expression on cognitive performance 

require further investigation.

As mentioned previously, synapse loss is strongly 

correlated with cognitive decline in AD patients.37 Since 

cadherins, particularly neuronal cadherins (N-cadherins), 

are important for synaptic formation and stability,51 they 

have become interesting research targets for their possible 

role in AD pathology and clinical disease manifestations. 

Studies of mice cortically injected with Aβ showed that the 

pedptide inhibited cleavage,52 but increased the expression, 

of N-cadherin.53 In contrast, a study on murine primary 

neurons showed that Aβ42 exposure decreased N-cadherin 

expression through the glutamate N-Methyl-D-aspartate 

(NMDA) receptors and that the N-cadherin downregulation 

was followed by phosphorylation of the p38  mitogen 

activation protein kinase (p38 MAPK) and tau. Therefore, 

the decreased N-cadherin expression may be linked to tau 

pathology and, ultimately, to cognitive malperformance.54 

The activation of p38 MAPK is noteworthy since it is an 

intracellular transduction factor that becomes activated by 

oxidative stress and cytokine secretion,55 both of which are 

processes linked to AD pathology.

As previously mentioned, mutations in the genes 

encoding for the presenilins, foremost known as the catalytic 

component of the Aβ generating γ-secretase, are linked to 

EOAD.21 However, presenilin is also recruited to the 

synaptic adhesion site, where it binds to the cadherin-catenin 

complex and, in response to membrane depolarization or 

NMDAR stimulation, cleaves N-cadherin.18 Support for 

its proteolytic effect on N-cadherin is found in functional 

studies showing a complete loss of N-cadherin cleavage 

caused by mutations in the PSEN1 gene.56 The cleavage 

of N-cadherin was also proven to generate a cytosolic 

protein fragment, termed the carboxy-terminal fragment 

of N-cadherin (N-Cad/CTF2). This fragment was also 

shown to disturb the interaction between cyclic adenosine 

monophosphate (cAMP), response element-binding 

(CREB), and CREB binding protein (CBP),57 a complex 

that is critical to several processes affected by AD, 

such as synaptic plasticity and memory.58 Interestingly, 

recruitment of presenilin to the cadherin-catenin complex 

occurs at the expense of the presenilin/γ-secretase cleavage 

of APP,59 which inhibits the amyloidogenic pathway. 

Finally, presenilin may also play a role in the trafficking 

of N-cadherin since cells that express mutant presenilin 

express less N-cadherin60 which, as previously mentioned, 

may lead to tau phosphorylation.54

Numerous studies have shown that integrins are also 

involved in synaptic transmission, synaptic plasticity, and 

LTP.9 Therefore, it is interesting that a preclinical study dem-

onstrated the preventative role of integrin αv on Aβ-induced 

LTP inhibition,61 which when extrapolated, may counteract 

the mild cognitive impairment and synaptic loss observed 

in the early stages of AD.

Taken together, increasing evidence suggests that mole

cules belonging to several CAM families are engaged in 

neurogenesis, synaptic, and neuronal plasticity, all of which 

are affected by AD. Therefore, specific CAMs may constitute 

novel targets in strategies aimed at restoring these processes 

in AD, which may ultimately lead to preserved cognitive 

functions.

Evidence linking CAMs to Aβ 
metabolism
The significant association between Aβ- and AD-related 

synaptic alterations highlights the importance of elucidat-

ing the potential links between CAMs and the production, 

degradation, and biological functions of Aβ.

Immunohistological studies of brain tissue suggest that 

integrins may play a specific role in Aβ pathology. Expression 

of the α4 integrin unit in hippocampal pyramidal neurons and 

some neocortical neurons is increased in aged individuals.62 

Furthermore, increased expression of α4 and β3, their ligands 

fibronectin, and vintronectin, as well as the CSK proteins, 

paxillin and hydrogen peroxide-inducible clone 5 (Hic-5), 

were found in plaques and/or tangles in AD brain tissue.62–64 

Moreover, integrins may also mediate Aβ neurotoxicity. 

For instance, when bound to integrins, Aβ induced rapid 

phosphorylation of the NRTK focal adhesion kinase (FAK) 

and paxillin, which in turn activated an incomplete anti-

apoptotic signaling pathway and tau phosphorylation.65 

It is worth noting that neuronal cells can be rescued from 

Aβ-induced downregulation of α1β1 and cell cycle arrest 

in the presence of 17β-estradiol, which suggesed an inter-

esting mechanism underlying the previously demonstrated 

increase of AD in menopausal women.66 Interestingly, an in 

vitro study on human neuroblastoma cells suggested that 

the integrin receptor, α5β1 (cluster of differentiation [CD] 

49e), may play a role in the internalization and degradation 

of exogenous Aβ.67 Furthermore, the β1  integrin could 

mediate the microglial internalization of fibrillar,68 but not 

soluble Aβ,69 suggesting that this integrin may be important 
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at different stages of AD, where for instance, Aβ becomes 

more fibrillar at more advanced disease stages.

Additional evidence supporting links between CAMs 

and AD pathology shows that adhesion based on N-cadherin 

increased APP dimerization and Aβ release, whereas the ratio 

of Aβ42/40 was decreased.70,71 Another classical cadherin, 

epithelial cadherin (E-cadherin), also affected Aβ levels. This 

cadherin subtype is primarily expressed on epithelial cells,72 

but is also found on hippocampal synapses.73,74 E-cadherin-

catenin complexes recruit and can be cleaved by presenilin, 

similar to N-cadherin-catenin complexes. The cleavage 

product in this pathway, called carboxy-terminal fragment 

of E-cadherin (E-cad/CTF2), has been shown to promote 

the lysosomal degradation of APP derivates and to inhibit 

Aβ production.75

CAMs in AD neuroinflammatory 
events
Transendothelial migration of leukocytes to sites of inflam-

mation is central to immunological processes that respond 

to tissue damage in the periphery. However, under certain 

conditions such as in multiple sclerosis (MS),76 brain 

malignancies,77,78 and brain infections,79–82 leukocytes can 

also infiltrate the central nervous system (CNS) by crossing 

the BBB. The migration of leukocytes depends on integrin 

expression on the surface of the leukocytes and Ig-CAMs, 

including the intercellular cell adhesion molecule 1 (ICAM-1), 

vascular cell adhesion molecule 1 (VCAM-1), and the platelet 

endothelial cell adhesion molecule (PECAM-1) present on 

endothelial cells.1 Expression of ICAM-1 can be upregulated 

in vitro on primary cultures of human brain microvessel 

endothelial cells by cytokines such as γ-interferon, interleukin 

(IL)-1, tumor necrosis factor-α (TNF-α), and endotoxin.83 

Experimental studies performed on human brain endothelial 

cells demonstrated an Aβ-induced time-dependent increase in 

ICAM-1 and VCAM-1 expression. The same study showed 

the augmented adhesion and transendothelial migration of 

monocytic cells involving PECAM-1 upon Aβ interaction.84 

Interestingly, soluble ICAM-1 could block lymphocyte 

adhesion to cerebral endothelial cells, which stands in direct 

opposition to the role of cell-bound ICAM-1.15 Furthermore, 

it has been demonstrated that ICAM-1, VCAM-1, and 

PECAM-1 not only engage in transendothelial migration 

of leukocytes but also serve as signal transducers that initi-

ate endothelial signaling and influence the progression of 

neuroinflammation.85 Increased levels of both ICAM-1 and 

PECAM-1 have also been proposed as indicators of inflam-

matory conditions in the CNS86,87 and could originate from 

activated glial cells.88 Similarly, Rentzos et al found increased 

ICAM-1 levels in AD in the absence of endothelial activation 

and, therefore, proposed a neural, rather than endothelial, 

origin of ICAM-1.89,90 The authors also displayed a positive 

correlation between increased levels of CSF ICAM-1 and 

disease severity, as assessed by mini–mental state examina-

tion (MMSE) scores.

The concentrations of the soluble forms of ICAM-1, 

VCAM-1, and PECAM-1  in patients with AD as well as 

other neurodegenerative diseases such as dementia with Lewy 

bodies (DLB) have been evaluated in several studies.89–92 In 

patients with LOAD, Zuliani et al found increased levels of 

plasma VCAM-1,93 while this study found that AD and DLB 

patients exhibited higher plasma levels of soluble ICAM-1 

and PECAM-1, but not VCAM-1.92 Discrepancies between 

the VCAM-1 plasma levels in these studies might be due to 

dementia severity – AD patients with moderate dementia may 

exhibit normal plasma VCAM-1 levels while patients with 

more severe dementia may exhibit different levels.92,93 Altered 

plasma levels of ICAM-1 were shown to be unrelated to the 

risk of dementia in non-demented individuals; therefore, 

increased levels might be secondary to the processes that lead 

to the onset of dementia.91 In direct opposition to the results 

on plasma, this review found that the CSF concentrations of 

VCAM-1 were significantly lower in patients with AD and 

DLB. In patients with AD, brain tissue ICAM-1 was repeat-

edly identified in plaques;94–96 however, this study only found 

increased CSF concentrations of soluble ICAM-1 in patients 

with DLB.92 Therefore, the soluble fraction of these CAMs 

may not necessarily reflect the amount of the cell-membrane-

bound forms. In a recent study we also showed that CSF 

levels of ICAM-1  in female AD patients correlated with 

levels of hyaluronic acid, an adhesion molecule implicated 

in both inflammatory events and vascular changes.97 The 

main significance of the described altered levels of Ig-CAMs 

in AD requires further investigation as neuroinflammation 

in AD appears to take place without any apparent influx of 

leukocytes from the blood.98 Thus, the altered levels of the 

soluble forms of Ig-CAMs may reflect inflammatory pro-

cesses unrelated to cognitive performance (as assessed with 

MMSE). Alternatively, they may mediate functions that are 

currently unknown in relation to AD pathology.

In addition to Ig-CAMs, integrins can also be linked 

to AD neuroinflammation. The integrins on the surface 

of leukocytes are considered important for the presenta-

tion of antigen in the CNS.99 Similarly, microglia express 

several integrins that can be upregulated when the cells are 

activated in response to inflammation and injury. A recent 
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study showed that microglia could interact with fibrillary Aβ 

through a complex including α6β1 and B-class scavenger 

receptor, CD36. This interaction induced proinflammatory 

activation of the microglia, which led to increased production 

of cytokines and chemokines.100 Moreover, results obtained 

from mixed neuron-glia cell cultures from cerebellum 

showed that neurons, when exposed to Aβ, signal a phago-

cytic request to microglia that is mediated through binding 

between phosphatidylserine (PS) on the neuron surface and 

the αvβ3/5 integrin receptors on microglia.101 Other integrins 

such as αLβ2 (CD11a), αMβ2 (CD11b), and αXβ2 (CD11c) 

found in immunohistological studies on the temporal cor-

texes of AD patients, were found to be strongly upregulated 

on the surface of activated microglia in presence of Aβ.102 

Antibodies blocking the microglial αMβ2 (CD11b) have also 

been shown to attenuate inflammatory reactions, vascular 

responses, and neurodegeneration induced by the injection 

of Aβ into rat hippocampuses.103

The proinflammatory activation of microglia is also 

associated with changes in β-catenin, a protein that links 

cadherins to the intracellular actin. A study performed on 

brain tissue from AD patients and transgenic AD mice dem-

onstrated the increased expression of β-catenin in activated 

morphologically transformed microglia. The authors of this 

study also used in vitro studies to show that Wnt signaling, a 

pathway controlling β-catenin metabolism, regulates the gene 

expression of microglial proinflammatory cytokines.104

Collectively, these data indicate that CAMs of the integrin 

and Ig-CAM families are involved in AD neuroinflamma-

tory events, and some of these molecules may function as 

inflammation markers whereas others may play active roles 

in mediating inflammation.

Role of CAMs in vascular changes 
linked to AD
Several CAMs that are specifically involved in endothelial 

alterations, as imposed by vascular alterations and CAA 

in AD, have been the focus of attention in studies aimed 

at characterizing the vascular component frequently found 

in AD. Based on the clinical and epidemiological evidence 

supporting the links between vascular risk factors and AD, 

Borroni et al investigated the peripheral blood concentrations 

of E-selectin in age-matched controls and AD patients with 

mild dementia. In line with the notion of endothelial dysfunc-

tion in AD, the study demonstrated significantly increased 

E-selectin levels in the AD group, which indicates that 

endothelial dysfunction in AD could potentially be monitored 

in peripheral blood.105 However, two recent studies could not 

confirm altered E-selectin levels in AD patients. The authors 

of the latter studies investigated soluble CAMs in patients 

with various neurological disorders including AD patients 

without the vascular component.90,106 However, when the 

authors divided the subjects into groups with small or large 

vessel disease confirmed by computer tomography (CT) 

scans, the patients with vessel disease exhibited significantly 

increased E-selectin compared to the group with no vascular 

lesions.93 Therefore, altered E-selectin levels in AD appear 

to be related to cerebrovascular lesions.

In the periphery, platelets contain and metabolize the 

Aβ precursor protein APP, and altered APP processing in 

platelets of AD patients has been suggested to reflect chronic 

platelet activation in these patients.107 Furthermore, treatment 

with acetylcholinesterase inhibitors (AChEI) influences APP 

metabolism in platelets, which may be modulated by the APOE 

genotype.108 Interestingly, platelet activation was recently 

reinvestigated and suggested as a prognostic biomarker for 

cognitive decline in AD patients. Patients with faster cognitive 

decline demonstrated significantly higher baseline expression 

of platelet activation markers including P-selectin.109 The 

authors of the study proposed several mechanisms for how 

platelet activity could contribute to dementia progression 

including triggering perivascular inflammation, induction 

of vasoconstriction, and consecutive brain hypoperfusion in 

addition to contributing to the peripheral Aβ pool. In a recent 

study of platelet activation in sporadic AD patients, Järemo 

and colleagues found that circulating a lower density platelet 

population exhibits a reduced activation state, as assessed by 

the amount of platelet surface bound fibrinogen.110 Therefore, 

the activation of different platelet populations appears to be 

related to AD. The role of P-selectins in these processes is yet 

to be determined, but P-selectin antagonists, as modulators 

of inflammation, have been proposed in vascular pathologies 

such as atherosclerosis.111

Next to CAMs of the selectin family, integrins are also 

related to vascular processes. For instance, the increased 

expression of β3  integrin on endothelial cells is a well-

described marker for ongoing angiogenesis.112 Studies on 

brain tissue demonstrated upregulated αvβ3 (CD51) expres-

sion in AD patients,113 a finding that supports previous results 

proposing increased angiogenesis in AD patients.114 The 

upregulation of this integrin was also shown to correlate with 

Aβ load in the hippocampus and neurofibrillary tangles in 

the midfrontal cortex.113 Further investigation is required to 

determine whether there is a direct or an indirect link between 

αvβ3, AD pathology, and cognitive deterioration. In sum, 

the increasing evidence regarding the potential causal role 
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of vascular factors in AD pathogenesis warrants the further 

investigation of CAMs.

Currently available AD treatment 
options
To date, there is no approved pharmaceutical drug for the 

prevention or cure of AD. Instead, the available therapy con-

sists of symptomatic treatment based on glutamatergic and 

cholinergic alterations, which at certain stages of AD can 

slow the disease’s progression by boosting neuronal activity. 

Acetylcholinesterase inhibitors were the first AD pharma-

ceuticals to be approved, and today, the second generation 

of AChEIs (donezepil, rivastigmine, and galantamine) is the 

first line of pharmacotherapy for mild to moderate AD. By 

blocking the enzyme, acetylcholinesterase, AChEIs prevent 

the breakdown of acetylcholine in the synaptic cleft and 

partly replace the cholinergic transmission that is lost in 

AD patients.115 AChEIs have also shown favorable effects 

on the documented impaired vasodilation116 and neurovas-

cular coupling (regulation of blood flow demand in brain 

areas)117,118 found in AD patients. Moreover, a number of 

studies have presented evidence of the antiinflammatory and 

antiamyloidogenic properties associated with AChEI.119,120 

These findings can be related to the previously mentioned 

effects of AChEI on platelet APP metabolism.108

Memantine, a noncompetitive antagonist of the glutamate 

NMDA receptor, is the second type of medication approved 

for AD treatment and has documented effects alone or in 

combination with AChEI on moderate to severe AD. Its 

primary effect is the inhibition of pathological activation 

of NMDARs, which prevent excessive glutamatergically-

induced Ca2+ influx and cell death.121 In addition, results 

from preclinical studies suggest that memantine and NMDA 

antagonists could reduce the secretion of proinflammatory 

cytokines by blocking glutamate receptors on glial cells and 

thereby slowing neuroinflammation,122 protecting against 

BBB breakdown,123 reducing Aβ production,124,125 and Aβ 

neurotoxicity.126 However, AD is without a remedy despite 

the various beneficial effects of AChEIs and memantine and 

the laborious efforts of trying to find a cure. Therefore, the 

importance of research aimed at identifying the underlying 

AD mechanisms, which could yield new pharmaceutical 

targets, cannot be exaggerated.

Significance of CAMs in potential 
treatment strategies
In light of the reported involvement of CAMs in the various 

aspects of AD, these molecules may offer new unexplored 

treatment opportunities and when used as biomarkers that can 

provide potential tools to enable the clinical monitoring of 

AD related inflammation and cerebrovascular complications, 

disease progression, and treatment response. Depending on 

the overall treatment goal – prevention, disease-modification, 

or cure – different aspects of AD may need to be targeted.

Strategies to counteract 
neuroinflammation
In investigations of long-term use of anti-inflammatory 

agents, nonsteroidal anti-inflammatory drugs (NSAIDs) 

have shown beneficial effects in terms of reducing the risk of 

developing AD.127 Moreover, long-term treatment responses 

to cholinesterase inhibitors were better in individuals 

treated with NSAIDs.128 However, recently published 

extended results of the AD anti-inflammatory prevention 

trial (ADAPT) demonstrated that treatment with NSAIDs 

might have an adverse effect in the later stages of AD,129 

which indicates that inflammatory processes might shift 

from acute to chronic, meaning different pathways may be 

engaged. Anti-selectin substances have been suggested as 

another potential treatment to control inflammatory dis-

ease. However, similar to NSAID treatment, the timing of 

treatment may be of crucial importance.130 Finally, due to 

the significant association between inflammatory events, 

AD pathology,131,132 and increased levels of ICAM-1, it 

is necessary to emphasize the importance of evaluating 

the various roles of the soluble and membrane-bound 

forms of ICAM-1. Targeting ICAM-1 in animal models of 

reperfusion injuries demonstrated a neuroprotective effect 

of anti-ICAM administration.133,134 In addition, ICAM-1 

levels in cognitively conserved elderly patients have been 

linked to decreased parietal blood flow.135 Therefore, the 

elucidation of altered ICAM-1 expression as a consequence 

or disease modifying component may identify this molecule 

as a potential target for future anti-inflammatory AD treat-

ment options.

Strategies aimed at altering  
Aβ metabolism
One of the reported effects of the AChEI rivastigmine is the 

modulation of secretase activity, which results in decreased 

Aβ secretion.136 Therefore, interference with the proteolytic 

generation of the Aβ peptide by inhibition of β-secretase and 

γ-secretase activity could prove beneficial. However, β and 

γ-secretase inhibitors, as well as γ-secretase modulators, 

are yet to prove successful in clinical trials.137 An alterna-

tive approach could be to target competition for secretase 
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activity by taking advantage of certain mechanisms such as 

the recruitment of presenilin to the cadherin-catenin complex 

at the expense of presenilin/γ-secretase cleavage of APP.59

Elimination of already deposited Aβ is another strategy 

for eradicating Aβ toxicity. For this purpose, both active 

and passive immunization against Aβ have been evaluated. 

The administration of pre-aggregated or soluble Aβ gener-

ated an antibody response and Aβ plaque reduction in aged 

animals. However, due to serious adverse effects with aseptic 

meningoencephalitis caused by T-cell activation in a subset 

of patients,138 the initial clinical trial was interrupted. A new 

generation of active Aβ immunization using Aβ fragments, 

without the ability to activate T-cells, has currently entered 

Phase I trials.137 An anti-CAM treatment could be useful to 

circumvent adverse immunization effects such as the influx of 

leukocytes into the CNS. Lessons learned from the field of MS 

research, including its animal model experimental autoimmune 

encephalomyelitis (EAE), suggest anti-integrin (α4) treatment 

as a measure of preventing leukocyte influx.139 Passive immu-

nization strategies using humanized monoclonal antibodies 

directed against different sites of Aβ have shown improved 

cognitive functions in APOE carriers as well as reduced brain 

atrophy in APOE non-carrier in Phase II trials. Moreover, 

intravenously delivered immunoglobulins isolated from pooled 

human blood (IVIgs) were found to significantly reduce both 

Aβ plaques and inflammatory events in AD patients.137

Enhanced Aβ clearance can also be achieved via targeted 

gene delivery by use of CAM-dependent transendothelial 

migration. For instance, a recent study convincingly showed 

that endogenous CD11b+ bone marrow cells home to Aβ 

plaques in the brain of AD transgenic mice. The study further 

demonstrated that subcutaneous infusion of CD11b+ bone 

marrow cells transfected with the gene coding for neprilysin, 

an Aβ-degrading enzyme, and completely arrested Aβ 

deposition.140 Therefore, using CAM-dependent mechanisms 

to introduce cells harboring the appropriate genes into the 

CNS has large-scale potential.

Strategies targeting vascular 
alterations
Given the reported association between vascular risk fac-

tors and AD,29 it is worth noting that activation of different 

platelet populations, which is also linked to vascular altera-

tions and stroke,141 appears also related to AD110 and altered 

APP metabolism.107 Since the activation of platelets involves 

alterations in P-selectin expression142 as well as integrin 

αIIbβ complex activation,142 and since these molecules pos-

sibly regulate inflammatory processes,112 which are known 

to affect the vasculature, it is necessary to perform intensi-

fied studies that elucidate the potential of targeting platelet 

adhesion molecules in AD.

Conclusion
This review summarized current knowledge of CAMs 

associated with AD, as well as the potential clinical utility 

of CAMs as disease biomarkers or pharmaceutical targets 

in novel AD treatment strategies. It has also identified a 

major need for both experimental and clinical studies to 

characterize the specific mechanisms by which CAMs relate 

to AD. Numerous observational studies have reported altered 

levels of CAMs in AD, but the specific roles of CAMs as 

markers or mediators of biological events leading to cognitive 

deterioration and dementia remain undetermined.
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