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Abstract

Alzheimer’s disease (AD) is a pervasive, relentlessly progressive neurodegenerative disorder 

that includes both hereditary and sporadic forms linked by common underlying neuropathologic 

changes and neuropsychological manifestations. While a clinical diagnosis is often made on 

the basis of initial memory dysfunction that progresses to involve multiple cognitive domains, 

definitive diagnosis requires autopsy examination of the brain to identify amyloid plaques and 

neurofibrillary degeneration. Over the past 100 years, there has been remarkable progress in 

our understanding of the underlying pathophysiologic processes, pathologic changes, and clinical 

phenotypes of AD, largely because genetic pathways that include but expand beyond amyloid 

processing have been uncovered. This review discusses the current state of understanding of the 

genetics of AD with a focus on how these advances are both shaping our understanding of the 

disease and informing novel avenues and approaches for development of potential therapeutic 

targets.
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INTRODUCTION

Since the first published description of “a peculiar severe disease process of the cerebral 

cortex” by Dr. Alois Alzheimer in 1907 (1), Alzheimer’s disease (AD) has become 

recognized as a heterogeneous and polygenic group of both hereditary and sporadic 

neurodegenerative disorders with common underlying neuropathologic changes. In his 

landmark paper, Alzheimer described an individual who, at 51 years of age, presented 

with a history of paranoia, progressive sleep and memory disturbance, aggression, and 

confusion. Upon her death less than 5 years later, neuropathologic review of her brain 

revealed the plaques and tangles that are now considered pathognomonic for the disease 

(2). Today, although several variants of AD have been reported, the most common clinical 

presentation is similar to Alzheimer’s original case (albeit with later age of onset), and a 

clinical diagnosis is often based on initial memory dysfunction, which later progresses to 
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involve multiple cognitive domains. As originally described, a neuropathologic diagnosis 

of AD requires the presence of both amyloid plaques and neurofibrillary degeneration 

(prominently including tangles), which can now be readily identified, with the aid 

of immunohistochemical stains, as comprising amyloid beta (Aβ) and pathologic tau, 

respectively (3).

Although Alzheimer’s initial findings provided the foundation for the current clinical and 

neuropathologic diagnostic criteria for AD, the conceptualization and characterization of 

this disease have changed and evolved over time, driven most recently by advances in our 

understanding of the underlying genetics. The amyloid plaques and neurofibrillary tangles 

(NFTs) Alzheimer described had previously been reported in the brains of elderly subjects 

both with and without dementia, and some researchers considered them a part of the aging 

process (4). What set Alzheimer’s case apart was that it occurred in a relatively young 

individual, and therefore AD was defined as a separate disease from what was observed in 

older people. In the second half of the twentieth century, however, AD became redefined as 

a single neurodegenerative process that could affect more commonly older but also younger 

adults—a clinically heterogeneous disease, united by a common underlying set of pathologic 

changes in the brain. AD is now commonly divided into late-onset AD (LOAD) cases, which 

have some identified genetic risk factors but often occur sporadically and are by far the 

most common, and early-onset AD (EOAD) cases, which usually include disease-causing 

autosomal dominant mutations in genes involved in the amyloid processing pathway.

More than 100 years after the first report, AD has been recognized as a public health crisis, 

affecting at least 40 million people worldwide. While the field still struggles with defining 

the etiology, diagnosis, and treatment of AD, progress has been made in our understanding 

of the role of genetics both in LOAD and in sporadic and familial EOAD forms. The general 

consensus is that this complex, multifactorial disease will require a precision medicine 

approach that demands a highly sophisticated understanding of its genetic underpinnings.

GENETIC CAUSE

In 1991, Goate et al. (5) used genetic markers to map a locus segregating with familial 

AD to chromosome 21. Recombinants between this locus and the APP (amyloid precursor 

protein) gene had been reported, but the authors found that this locus segregated with the 

families that had EOAD and not LOAD. They sequenced exon 17 of the APP gene and 

found a missense mutation that causes a valine-to-isoleucine change at amino acid 717 

(p.Val717Ile). As it was initially discovered in an English family, the mutation is known as 

the London mutation. After this initial discovery, both Chartier-Harlin et al. (6) and Murrell 

et al. (7) found different mutations (V717G and V717F, respectively) at the same amino acid 

in other families with AD. Although the mutation identified by Murrell et al. became known 

as the Indiana mutation, it was in fact in an ethnically Romanian kindred. In 1993, Mullan 

et al. (8) found a double mutation located in the N terminus of APP (K670N/M671L) in two 

large Swedish families with EOAD (the Swedish mutation). Many additional mutations in 

APP have since been discovered, guiding research to focus on APP processing pathways (9).
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The occurrence of EOAD in multiple families could not be explained by the known 

APP mutations. In 1995, Sherrington et al. (10) identified the first non-APP mutations 

in the PSEN1 (presenilin 1) gene in multiple families of different ethnicities. These 

included PSEN1 C410Y (Ashkenazi Jewish), H163R (American and French Canadian), 

M146L (Italian), L286V (German), and A246E (Anglo-Saxon-Celt). Shortly after this initial 

discovery, Campion et al. (11) identified six novel PSEN1 mutations in eight additional 

families, all within highly conserved regions of the gene. Many additional PSEN1 mutations 

have since been identified (12).

The next major genetic discovery in AD was the identification of PSEN2 (presenilin 2), 

a gene homologous to PSEN1 on chromosome 1 (13, 14). Rogaev et al. (14) reported 

two different mutations, M239V and N141I, that segregated with familial AD in an Italian 

pedigree and a Volga German pedigree, respectively, while Levy-Lahad et al. (13) also 

noted the N141I mutation in a Volga German kindred. With the technology for sequencing 

improving, Finckh et al. (15) sequenced individuals with EOAD and found additional 

mutations in both PSEN1 (F105L) and PSEN2 (T122P and M239I). Known mutations in 

these three genes, APP, PSEN1, and PSEN2, account for approximately 1% of autosomal 

dominantly inherited AD.

GENETIC RISK

The heritability of LOAD has been estimated to involve more than half to three-quarters of 

affected individuals. However, in contrast to EOAD, no causative genes have been identified 

for LOAD, but several risk genes have been described.

APOE

Using an affected-member-pedigree linkage analysis, Pericak-Vance et al. (16) found 

that the patients’ genomic markers did not show linkage with the previously identified 

chromosome 21 locus but instead with chromosome 19 (HAS 19). They then applied a 

standard likelihood (logarithm of the odds, or LOD, score) analysis and discovered the first 

significant linkage association for LOAD on chromosome 19. At the same time, Namba 

et al. (17) unexpectedly found that apolipoprotein E localized to NFTs and Aβ deposits in 

brain, in both senile plaques and cerebral vessels, in patients with AD. Apolipoprotein E is 

encoded by APOE on chromosome 19, and humans are unlike all other mammals in having 

three prevalent alleles (ε2, ε3, and ε4). In 1993, Strittmatter et al. (18) used an in vitro 

assay and showed that apoE binds to Aβ with high avidity and that APOE ε4 was found at 

a higher frequency among LOAD patients compared with unrelated, age-matched controls. 

Corder et al. (19) subsequently assessed 42 LOAD families and identified a gene dosage 

effect such that carriers of a single APOE ε4 allele had a hazard ratio of 2.84, while those 

who were homozygous for APOE ε4 (APOE ε4/ε4 genotype) had a hazard ratio of 8.07. 

Although additional studies have shown that the frequencies of APOE genotypes vary across 

different ethnic populations, the ε4 allele has repeatedly been associated with an increased 

risk of AD. Interestingly, a carrier of the PSEN1 (E280A) mutation, from a large Colombian 

EOAD cohort, also has two copies of the rare APOE3 Christchurch (R136S) mutation, and 

she did not develop cognitive impairments until her seventies, nearly 3 decades after the 
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typical age of onset (20). This finding has piqued interest in the possible protective benefits 

of this mutation.

SORL1

After the discovery of the gene dosage–dependent risk of APOE ε4 with LOAD, other 

genes in the endocytic and cellular recycling pathways were investigated. Using a DNA 

microarray screen, Scherzer et al. (21) identified six genes that were differentially expressed 

in individuals with AD. One of these genes was SORL1, which encodes a neuronal apoE 

receptor. Rogaeva et al. (22) used previously identified single-nucleotide polymorphisms 

(SNPs) in these pathways and found that six SNPs in two different regions of the SORL1 
gene were significantly associated with AD. Lee et al. (23) corroborated the intronic variants 

within SORL1 as being associated with familial and sporadic AD, and these findings were 

replicated in the TGen (21) data set and in an urban, multiethnic community (24). These 

variants are intronic and thought to be in regulatory sequences, which may affect the 

physiological role of SORL1 in the processing of APP (22).

MAPT

NFTs have been found in multiple neurodegenerative diseases, and MAPT (microtubule-

associated protein tau) was initially investigated in association with frontotemporal 

dementia, leading to the discovery of multiple missense mutations, insertions, deletions, 

and splice-site mutations thought to be causative for some forms of the disease (25). Using 

the A169 polymorphism in exon 9 and the (CA)n-repeat polymorphism in intron 9, Roks 

et al. (26) performed an association study and found no mutations causally associated 

with EOAD. When initially looking for an association between MAPT and progressive 

supranuclear palsy (PSP), Baker et al. (27) sequenced the MAPT gene and identified a series 

of SNPs that were in complete disequilibrium with one another. These SNPs revealed two 

extended haplotypes (H1 and H2) that cover the entire MAPT gene. Further investigation 

revealed that the H1 haplotype is overrepresented in Caucasian patients with tauopathies, 

but subsequent studies of the relationship between MAPT haplotype and AD have been 

discordant, with some demonstrating an association between the H1 haplotype and AD 

and others failing to confirm these findings (28). Sun & Jia (29) evaluated only the H1 

haplotype in a Chinese Han population, since the H2 haplotype is almost exclusively in 

Caucasian populations, and identified a SNP within the promoter of MAPT. The 347C allele 

was overrepresented in sporadic AD Chinese Han patients compared with healthy controls, 

and when evaluated in cell lines the SNP (347C/C versus 347 G/G) significantly increased 

transcriptional activity, thereby upregulating gene expression.

TREM2

In the early 2000s, researchers discovered that mutations in TREM2 could cause polycystic 

lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL), also known 

as Nasu–Hakola disease (30). One of the symptoms of PLOSL is presenile dementia with 

neurological abnormalities. TREM2 was not considered a candidate gene for dementia, 

however, until a Lebanese family with early-onset dementia but without PLOSL was found 

to have mutations in TREM2 (31). The implication of TREM2 in early-onset dementia 

led Guerreiro et al. (32) to study whole-exome/genome sequencing of 281 AD patients 
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and 504 healthy controls. They found a disproportionate number of variants in exon 2 of 

TREM2 in the AD patients compared with the healthy controls, and, in a heterozygous 

state, these variants increased the risk of developing AD (32). Thus far, 46 genetic variants 

identified in TREM2 have been studied in association with LOAD (33). Different variants 

associate with LOAD in different populations, but within each group the variants lead to 

approximately a two- to four-fold-increased risk of developing LOAD (33). TREM2 variants 

have also been associated with frontotemporal dementia, amyotrophic lateral sclerosis, and 

Parkinson’s disease, suggesting that altered TREM2 function may nonspecifically increase 

risk for neurodegeneration, perhaps through microglial dysfunction (34).

Additional Risk Loci from Genome-Wide Association Studies—A more recent 

strategy for identifying AD genetic risk has been through genome-wide association studies 

(GWASs). Through 1,395 GWASs and 320 meta-analyses, a total of 695 genes have been 

identified as affecting the risk of LOAD (35). The top 10 genes most strongly associated 

with the risk of LOAD identified via GWASs are APOE, BIN1, CLU, ABCA7, CR1, 

PICALM, MS4A6A, CD33, MS4AE, and CD2AP. Several of these studies were done by 

combining multiple GWAS data sets with the idea that a common disease might present with 

a common variant, thus requiring large numbers of samples. When trying to confirm CLU, 

CR1, and PICALM as risk loci for LOAD, Jun et al. (36) investigated the SNPs within each 

gene in different populations (Caucasian, African American, Arab, and Caribbean Hispanic) 

as well as in a combined data set. In the Caucasian population, the SNP rs11136000 in 

CLU had an odds ratio of 0.91, the SNP rs3818361 in CR1 had an odds ratio of 1.14, 

and the SNP rs3851179 in PICALM had an odds ratio of 0.89. None of these SNPs 

were significantly associated with LOAD in any of the other ethnic groups analyzed either 

together or separately. Interestingly, when these SNPs were evaluated collectively with 

APOE genotypes, the authors found that the association with CLU was evident only in 

patients without the APOE ε4 allele, whereas the association with PICALM was evident 

only in patients with the APOE ε4 allele.

Using 94,437 individuals diagnosed with LOAD, Kunkle et al. (37) confirmed many 

previously identified genome-wide significant loci (CR1, BIN1, INPP5D, HLA-DRB1, 

TREM2, CD2AP, NYAP1, EPHA1, PTK2B, CLU, SPI1, MS4A2, PICALM, SORL1, 

FERMT2, SLC24A4, ABCA7, APOE, and CASS4). These genes may have pleiotropic 

associations with traits that are relevant to AD. To investigate this hypothesis further, Kunkle 

et al. (37) looked at the genetic architecture of LOAD in comparison to 792 other human 

diseases, traits, and behaviors. They corroborated Marioni et al.’s (38) findings that the 

genetic architecture of LOAD is more highly positively correlated with a maternal family 

history of AD than for paternal AD (genetic correlation = 0.91 and 0.66, respectively). 

When examining the genetic effect attributable to these candidate genes, Naj et al. (39) 

found that the most highly associated SNPs at each locus (other than APOE) had population-

attributable fractions between only 2.72% and 5.97%. However, these estimates may vary 

widely among studies and populations.

To understand how all of these genetic risk loci might contribute to AD, Kunkle et al. (37) 

performed a pathway analysis for common and rare variants found in patients with LOAD. 

Most of the genes fell into the gene ontology pathway of activation of immune response; the 
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most significant common variant pathway identified was protein–lipid complex assembly, 

while the most significant rare variant pathway was tau protein binding.

INSIGHTS INTO ALZHEIMER’S DISEASE

The neuropathologic and neuropsychologic changes of AD have been well characterized and 

are similar regardless of the genetic underpinnings. However, an increased understanding of 

AD genetics has aided in the elucidation of subtle differences associated with the various 

causative and risk genes, which in turn has helped shape the development of animal models 

and may ultimately lead to advances in the diagnosis, treatment, and prevention of AD.

Neuropathology and Pathophysiology

Postmortem neuropathologic examination remains the gold standard for a definitive 

diagnosis of AD. There are several nonspecific, but likely very important, changes that occur 

in the brain of an individual with AD that implicate a progressive neurodegenerative process, 

including synapse loss, neurodegeneration, and glial reaction. However, the pathologic 

diagnosis requires the presence of two disease-defining features: extracellular Aβ plaques 

and intraneuronal NFTs of hyperphosphorylated tau (Figure 1). While neurofibrillary 

degeneration is characteristic of many neurodegenerative diseases, its co-occurrence with 

Aβ plaques is what distinguishes AD. Cerebral cortical Aβ accumulation situates a 

person on a continuum of AD neuropathologic change (ADNC). The apparent spread of 

neurofibrillary degeneration out of perihippocampal structures to involve subregions of the 

hippocampus, and ultimately the cerebral cortex, is most closely associated with cognitive 

impairment and a clinical diagnosis of dementia (40). Note that, as expected for a chronic 

disease, mild pathologic changes of AD are commonly observed in individuals without 

significant cognitive impairment, while individuals with advanced pathologic changes 

of AD are usually diagnosed with dementia (3). However, exceptions to this simple 

clinicopathologic correlation are well known. Indeed, an area of intense research interest 

is apparently resilient individuals who have extensive AD pathologic changes without 

cognitive impairment (41).

Amyloid Beta Pathologic Change

A histologic diagnosis of AD hinges on the presence of extracellular Aβ, which can be 

found throughout the brain in several different forms of plaque, generally described as 

diffuse or neuritic (43). Neuritic plaques are more specific to ADNC, and in addition 

to accumulations of Aβ they contain dystrophic neurites, distorted by accumulations of 

intracellular hyperphosphorylated tau protein.

The neuropathologic assessment of amyloid pathology includes both the distribution of 

Aβ accumulation throughout the brain and the density of cerebral neuritic plaques (3, 

44). Although neuritic plaques can be identified in cognitively normal subjects, studies 

implementing this semiquantitative technique have shown that neuritic plaque density 

positively correlates with risk of dementia (40). In 2002, Thal et al. (45) described the 

brain regions involved by amyloid plaques, dividing amyloid progression into five phases 

and showing that the higher phases are associated with an increased likelihood of dementia. 
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In addition to parenchymal amyloid deposits, Aβ can be localized to blood vessels. 

Cerebral amyloid angiopathy (CAA) is observed to varying degrees in the setting of AD 

(and occasionally in the absence of plaques and tangles) and tends to involve the small 

arteries and arterioles in the meninges as well as in cortical gray matter. Because the 

normal constituents of the vessel wall are replaced by Aβ protein, the integrity of the wall 

is compromised, leading to a tendency, particularly in older adults, toward spontaneous 

hemorrhage.

Amyloid Pathophysiology

Amyloid plaques are derived from the sequential endoproteolytic cleavage of a 

transmembrane glycoprotein, APP. The gene encoding this protein is located on 

chromosome 21, and mutations in it are causative for AD (see the section titled Genetic 

Cause, above). APP processing can proceed along either a nonamyloidogenic pathway, 

driven by ⍺-secretases, or an amyloidogenic pathway, involving β-secretase activity. γ-

Secretases, a complex of four individual proteins, including PSEN1 and PSEN2, further 

cleave the protein products generated by either α- or β-secretases. In the amyloidogenic 

pathway, following β-secretase cleavage, γ-secretase activity yields peptide fragments of 

varying lengths, but mainly those comprising 40 or 42 amino acids. Aβ42, the predominant 

Aβ peptide of neuritic plaques, is highly amyloidogenic and can form neurotoxic oligomeric 

species. In the nonamyloidogenic pathway, cleavage by α-secretases occurs near the middle 

of the Aβ region of APP, thereby precluding generation of Aβ; instead, the N terminus of the 

peptide is generated by subsequent γ-secretase activity within the transmembrane domain 

(46).

The amyloid cascade hypothesis postulates that the generation of Aβ peptides is the 

causative event in AD and that all other changes are a consequence of this primary process 

(47). This theory has been shaped by our combined understanding of the APP processing 

pathways, the neuropathologic features, and the genetics of AD. As described, the known 

disease-causing alleles in AD are related to APP processing (APP, PSEN1, and PSEN2), 

and experimental models have shown that they cause increased production of neurotoxic Aβ 
species and Aβ plaque formation. However, despite the concordance of genetics and Aβ 
deposition, the amyloid cascade hypothesis has failed to lead to disease-modifying therapies. 

Furthermore, Aβ plaques do not seem sufficient to cause clinical dementia, and the link 

between Aβ generation and neurofibrillary degeneration, the other neuropathologic hallmark 

of AD, remains enigmatic.

Pathologic Changes in Tau

Intracellular NFTs comprise extensively posttranslationally modified and, famously, 

hyperphosphorylated aggregates of tau. NFTs can be recognized on hematoxylin and eosin–

stained sections as faintly basophilic, fibrillary structures within the neuronal cell body. 

These are best seen in the large pyramidal neurons of the hippocampus, where they often 

have a flame shape. Tangles are also identified in the cerebral cortex, with a preference for 

the larger neurons of layers III and V. Silver-based histochemical stains can be used to aid in 

the identification of tangles, as can antibodies to phosphorylated tau protein. These staining 

techniques also highlight the neuritic plaque–associated dystrophic neurites and background 
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neuropil threads. The threads are nerve cell processes that have become distorted secondary 

to their accumulation of hyperphosphorylated tau. Finally, although not a diagnostic feature, 

glial tau is often present in AD and is found in subpial, subependymal, and perivascular 

locations (48). White matter is relatively devoid of pathologic tau.

The distribution of NFTs has been well described by the neuroanatomists Braak and Braak 

and their colleagues (49, 50), using both silver staining and immunohistochemical methods. 

In their method, the early stages of NFT formation (stages I–IV) are relatively confined 

to the medial temporal cortex. Neocortical NFTs denote stage V, while primary motor and 

sensory cortex are involved only late in the disease (stage VI). Although not all cases 

progress exactly in this manner, the Braak staging system provides a useful construct 

with which to determine the extent of pathologic tau throughout the brain. Use of this 

approach has demonstrated that the extent of NFT pathology correlates well with the clinical 

presentation, such that higher Braak stages are associated with an increased risk of dementia 

(40). Several studies have also used various quantitative and semiquantitative techniques to 

investigate the degree of pathologic tau burden, with the general finding that pathologic tau 

burden also correlates with clinical symptoms (41, 51).

While pathologic tau is considered characteristic of AD, features including NFTs, threads, 

and glial tau are not specific and are observed in many neurodegenerative diseases, most 

notably some forms of frontotemporal lobar degeneration (FTLD-tau), including PSP 

and corticobasal degeneration (CBD), as well as chronic traumatic encephalopathy (52). 

These other tauopathies have patterns of pathologic tau accumulation that differ from that 

described in AD, with glial and white matter tau often more prominent than in AD, although 

there is overlap. Also, like diffuse plaques, NFTs and some glial tau pathology in a restricted 

distribution can be considered age-related processes that are not necessarily associated with 

cognitive decline (53, 54).

Tau Pathophysiology

MAPT is encoded by a gene on chromosome 17 and aids in the stabilization of microtubules 

within neuronal processes. It is expressed in six isoforms produced by alternative splicing. 

The isoforms differ from one another on the basis of the number and location of microtubule 

binding domains, with three isoforms having three (3R tau) and three having four (4R tau). 

In the setting of neurodegenerative disease with pathologic tau, the tau protein becomes 

abnormally phosphorylated, either prompted by or a consequence of its disengagement from 

microtubules, and is then aggregated into paired helical filaments, ultimately forming NFTs. 

In AD, both 3R and 4R tau are abnormally phosphorylated, but in some of the primary 

tauopathies, pathological tau is restricted to either 3R tau (Pick’s disease) or 4R tau (CBD 

and PSP) (55).

Comorbid Neuropathologic Changes

In addition to Aβ plaques and neurofibrillary degeneration, several other pathologic changes 

are often comorbid with AD, including Lewy body disease (LBD), TDP-43 proteinopathy, 

hippocampal sclerosis (HS), and vascular brain injury (VBI). While each of these other 

diseases can cause cognitive decline on its own, the severity is usually worse when 
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combined with AD, although it is unclear whether this is due to synergistic or additive 

effects.

Genetic Associations with Neuropathologic Features

There are subtle differences between the pathologic features of familial AD and those of 

sporadic cases (56). For example, in cases due to causative mutations in APP, PSEN1, and 

PSEN2, there is a greater burden of neocortical senile plaques and a higher ratio of Aβ42 

to Aβ40 compared with cases of sporadic AD (57). This is perhaps not surprising, as these 

genes are involved in the processing of amyloid. CAA is also a more frequent finding in 

familial AD than in sporadic cases and is particularly severe in the setting of the APP 
mutations p.Asp694Asn and p.Ala713Thr. The p.Glu693Gln, or Dutch, mutation in APP is 

also associated with severe CAA but lacks significant parenchymal Aβ deposition. In stark 

contrast to Aβ deposition, there has been no well-characterized difference in pathologic tau 

burden between cases of sporadic AD and cases arising from causative mutations. CAA is 

also observed in sporadic AD, but to a lesser extent than in the familial forms.

With respect to comorbid pathologic changes, LBD, particularly brainstem and limbic Lewy 

bodies, is observed in AD with APP, PSEN1, or PSEN2 mutations more commonly than 

expected by chance (58, 59). VBI and TDP-43 copathology are rare in the setting of 

autosomal dominant AD mutations, in stark contrast to LOAD (60–62).

Neuropathologic Features of Alzheimer’s Disease Risk Genes

In the hope of identifying genetic associations with specific pathologic features, Beecham 

et al. (63) performed a GWAS on 3,887 AD patients and 1,027 healthy controls that 

used a clinicopathologic definition of AD, reducing the potential confounding effects of 

cases of dementia not due to ADNC. Having detailed neuropathologic data also enabled 

secondary analyses to identify genes associated with specific pathologies, including NFTs, 

neuritic plaques, LBD, CAA, HS, and VBI. This study confirmed 13 of the 21 previously 

identified gene associations with AD (APOE, CR1, BIN1, CLU, MS4A6A, PICALM, 

ABCA7, CD33, PTK2B, SORL1, MEF2C, 2CWPW1, and CASS4), 9 of which were 

strengthened. Subsequent analyses revealed that APOE was strongly associated with the 

pathologic features of AD, specifically NFTs, neuritic plaques, and CAA, as well as LBD; 

however, it was not associated with VBI or HS. The coincident neuropathologic features of 

AD showed only nominal associations with other known AD loci. Overall, finding additional 

LOAD risk alleles will require larger studies, with increased genotyping for candidate genes, 

to test for the effects of common and rare variants. At present, APOE is still the most highly 

associated and replicated risk locus associated with LOAD.

NEUROPSYCHOLOGY

In sporadic AD, anterograde amnesia is the hallmark neuropsychological feature and usually 

the primary presenting concern. Patients with AD frequently report an insidious onset and 

slowly progressive difficulty learning new information as a result of impaired encoding, 

retrieval, and, most strikingly, storage of new information. Semantic networks are generally 

disrupted early in the disease, commonly leading to impaired verbal recall. As the disease 
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progresses, word-finding difficulty, impaired executive function (including working memory, 

abstract reasoning, problem solving, and judgment), and visuospatial impairment are often 

affected. However, simple attention, syntactic processing, long-term recall, and procedural 

memory generally remain relatively intact until later stages of the disease. The following 

subsections describe neuropsychological features of AD associated with known causal and 

risk genes (summarized in Figure 2).

Autosomal Dominant Alzheimer’s Disease (APP, PSEN1, and PSEN2 Mutations)

With the exception of earlier dementia onset and accelerated cognitive decline, the 

cognitive profile most commonly described in autosomal dominant AD is predominantly 

amnestic and effectively indistinguishable from sporadic AD (64, 65). Although atypical 

cognitive presentations (e.g., visuospatial, executive, or language-predominant impairment) 

are reported, particularly among patients with PSEN1 mutations, a recent evaluation from 

the DIAN (Dominantly Inherited Alzheimer Network) observational cohort suggests that the 

rate of uncommon cognitive presentations in mutation carriers is either consistent with or 

lower than that reported in sporadic AD (66).

During preclinical stages, consistently poorer performance on episodic recall, executive, 

and visuospatial functions is reported in otherwise asymptomatic mutation carriers (64). 

The estimated onset of cognitive decline among mutation carriers ranges from 5 to 10 

years prior to expected age of dementia onset, beginning with a decline in episodic verbal 

recall followed by other cognitive functions, including executive skills, processing speed, 

visuospatial abilities, and performance on global cognitive screening measures (67). The 

length of time between initial cognitive symptoms and dementia diagnosis may be mediated 

by factors such as age and education (64).

APOE

The APOE ε4 allele confers the greatest known genetic risk for LOAD; thus, the 

relationship between the APOE gene and cognition in AD has been studied extensively. 

Here, we summarize current knowledge relating APOE to cognition in AD and across the 

life span.

APOE and Alzheimer’s disease cognitive phenotype.

The presence of an APOE ε4 allele is associated most prominently with more severe 

learning and memory impairment in AD, while non–ε4 carriers with AD tend to have 

a greater diversity of cognitive deficits (68). These memory-specific deficits among ε4 

carriers are associated with greater hippocampal atrophy in a dose-specific manner (69). 

In ADNI (Alzheimer’s Disease Neuroimaging Initiative), poorer memory performance by 

ε4 carriers was associated with greater medial temporal lobe atrophy; conversely, non–ε4 

carriers had lower executive, verbal, and working memory scores in combination with 

greater frontoparietal atrophy (70).

Initial findings related to the association between the presence of an ε4 allele and AD 

progression and course were mixed (71, 72). Currently, there is a general consensus that 

while the APOE ε4 effect on progression of cognitive decline may be important in the early 
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stages of the disease and in younger patients (73), it does not appear to substantially modify 

cognitive decline as the disease progresses (74). The presence of an APOE ε2 allele may 

be associated with slower cognitive decline in AD (75); however, given that the ε2 allele 

confers a lower overall risk for AD and represents a much smaller proportion of the overall 

population, sample sizes are small and conclusions are limited.

APOE across the life span.

Initial reports examining APOE allele effects throughout the life span supported antagonistic 

pleiotropy, such that the presence of an ε4 allele confers cognitive advantages early in life 

but disadvantages later in life (76). However, a recent meta-analysis showed that, across 

studies, young ε4 carriers did not statistically differ from noncarriers in any cognitive 

domain (77). Notably, socioeconomic factors such as education and health-related factors 

such as traumatic brain injury (TBI) may modify the effects of ε4 on cognition in younger 

ages (78, 79). With regard to middle age, although the ε4 allele is associated with increased 

ADNC (80), APOE-associated effects on cognition are unclear, with positive, negative, 

and null effects reported (81). Overall, in nondemented populations, APOE effects on 

cognition appear strongest in older adults, in which possession of an ε4 allele has been 

associated with impairments in learning and memory, working memory, executive function, 

and global cognition. Unlike in AD dementia, nondemented ε4 carriers demonstrate faster 

progression of cognitive symptoms, most prominently in memory, than noncarriers among 

initially nondemented adults (82). Non–ε4 carriers are also more likely to benefit from 

cognitive training (83) and are more likely to revert from mild cognitive impairment (MCI) 

to cognitively unimpaired (84). A dose effect of ε4 has also been reported, with more 

severe impairment and faster progression generally noted among ε4 homozygotes (85, 

86). Alternatively, possession of an ε2 allele is associated with slower decline in episodic 

memory and executive function in nondemented older adults (82). Despite these reports, the 

conclusion that APOE is associated with cognitive performance in older adults independent 

from AD diagnosis is not necessarily justified. Indeed, not all studies support an association 

between the ε4 allele and cognitive performance and progression in this group, perhaps 

owing to factors such as sample size or inclusion criteria (87).

APOE interactions.

In addition to potentially independent effects on AD and cognition, APOE appears to 

interact with many other factors to affect cognitive performance. Interactions with age, sex, 

and education may all modulate the association between APOE and cognition. For example, 

cognitively normal female ε4 carriers show steeper declines in hippocampal volumes (88), 

and older adult female ε4 carriers have faster rates of decline in verbal recall (89). Education 

has been identified as a potential protective factor against the negative impact of APOE ε4 

throughout the life span (90, 91).

The APOE ε4 allele may also compound the effects of other AD risk factors. Worse 

memory performance has been reported in patients with preclinical AD who have both 

an ε4 allele and a high Aβ burden (92). The ε4 allele also interacts with cerebrovascular 

disease to impede Aβ clearance, and it may have independent effects on the development 

of cerebrovascular disease and related cognitive functions (93). Similarly, the ε4 allele 
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may predispose people to type 2 diabetes and metabolic syndrome, and ε4 interactions 

with diabetic status have been described with regard to cognitive functions including 

global cognition, episodic memory, and executive functions (94). Additionally, the negative 

cognitive impact of TBI may be more severe for combat veterans who are ε4 positive, 

particularly in the areas of memory and processing speed (95). Importantly, APOE may also 

interact with other genes (e.g., COMT, BDNF, TOMM40) to influence cognition (96).

SORL1

Despite the reported association between SORL1 variants and both familial and sporadic 

AD, the relationship between this gene and specific cognitive functions among nondemented 

adults is unresolved (97, 98); conflicting results in some studies may be related to 

disparities in study design, sample size, and possibly region, ethnicity, or sex. Among 780 

nondemented Chinese participants, carriers of the SORL1 rs1699102 T allele demonstrated 

poorer episodic (verbal and nonverbal) recall and processing speed than noncarriers (99). 

Conversely, SORL1 rs1784933 genotypes were not associated with any cognitive measures 

administered to a sample of Chinese participants who were separated into AD, MCI, 

and cognitively unimpaired groups. In this study, however, the cognitively unimpaired 

participants were administered only the Mini Mental State Exam, which is considered an 

insensitive instrument among nondemented adults (100). In a very large, predominantly 

Caucasian sample that included participants from the Rotterdam Study and the Erasmus 

Rucphen Family Study, there was no association between AD or specific cognitive functions 

and SORL1 SNPs, and a meta-analysis of studies conducted up to that point confirmed this 

finding, once a study that enrolled Chinese participants was excluded (101).

These differences may be further influenced by sex as a potential mediator and possible 

confounder in earlier studies. Reynolds et al. (102) reported associations between multiple 

SORL1 SNPs and cognitive trajectories across spatial memory, episodic memory, and 

verbal cognitive domains. These associations differed according to sex: Males who were 

homozygous for the rs2070045 G allele showed initially protective effects across these 

cognitive domains, while female carriers of this allele showed worse performance overall. 

Conversely, another study showed that for the same SNP, males who were homozygous 

for the G and T alleles performed worse on executive function measures than male 

heterozygotes, while female T allele carriers exhibited worse performance than female 

homozygous G carriers (103). Yet another study found that initially nondemented males with 

the rs11218343 risk allele were more susceptible than females to global cognitive decline 

(104). Thus, the relationship between this gene and factors such as sex and ethnicity need to 

be further elucidated to provide greater understanding. In addition, an understanding of the 

role of SORL1 across the life span is currently lacking, with only one small study suggesting 

no association between SORL1 polymorphisms and cognition during middle age (105).

MAPT

The MAPT H1 haplotype has been associated with MCI and more rapid progression 

to dementia (106, 107); however, reports vary, and the independent impact of MAPT 
genotype on cognition in AD remains unclear. Asymptomatic carriers of MAPT or two other 

FTLD-associated mutations (GRN, C9orf72) show worse executive function, language, and 
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visuospatial construction up to 5 years prior to expected symptom onset (108). Studies of 

MAPT in other diseases produce less consistent results, however. For example, carriers of 

the H1c subhaplotype may perform better on tasks of general cognitive function, executive 

function, and attention among those with PSP (109), and Mata et al. (110) found no 

association with cognition in Parkinson’s disease. Additional research into the role of the 

MAPT gene and cognition specific to AD is needed.

TREM2

To date, very little information is available regarding specific cognitive functions and 

TREM2 variants. Data collected for the Wisconsin Registry for Alzheimer’s Prevention 

suggested a possible association between TREM2 R47H carrier status and cognitive speed 

and flexibility, which is not surprising given the association between TREM2 variants and 

non-AD dementias that are likely to produce impairments in attention and executive function 

(111). However, these associations failed to meet statistical significance; thus, more research 

pertaining to the relationship between cognition and TREM2 variants is needed.

Genome-Wide Association Studies (Additional Candidate Genes)

Additional candidate AD risk genes identified through GWAS have been evaluated with 

regard to cognitive performance and decline in nondemented groups. Several, including loci 

on BIN1, CLU, CR1, CELF1, and ABCA7, were associated with baseline and/or subsequent 

decline in episodic learning or memory (112–114). Loci on genes associated with language 

(BIN1, CLU, CR1, MS4A4E) and with executive function/working memory (ABCA7, CLU, 

EPHA1, SORL1, INPP5D, FERMT2) have also been reported (112, 113). Further studies 

are needed to determine which of these genes are predominantly associated with decline 

across specific cognitive domains.

ANIMAL MODELS

As our understanding of how the underlying genetics of AD influence the pathologic 

features and clinical presentation has evolved, so has our approach to developing animal 

models with which to probe the mechanistic underpinnings of AD. The various models can 

be considered with respect to the methods used in their development, ranging from those 

that are naturally occurring to those that are induced, either with chemicals or with genetic 

engineering (Figure 3).

Naturally Occurring Models

Animal models of human diseases possess inestimable value as a source of understanding 

causation, pathogenesis, and therapeutic responsiveness. Approximately 70 years after the 

first diagnosis of AD, the quest for an animal model of the disease began, and in 1970 

neuritic plaques were discovered in the cortex of domesticated dogs (117). Neuritic plaques 

were also identified in the cortex of aged rhesus monkeys (118). Gradually, investigators 

added squirrel monkeys, orangutans, polar bears, black bears, rabbits, cows, pigs, and guinea 

pigs to the list of animals whose brains contain Aβ plaques (117). Mice and rats do not 

develop Aβ plaques, even though Johnstone et al. (119) found that the sequence of mouse 

and rat cDNA was approximately 90% homologous to that of humans. The other major 
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component of ADNC, neurofibrillary degeneration, seems quite rare in other species but has 

been found in aged bears, sheep, and mouse lemurs (120–122).

Animals have also been used to model the cognitive changes of AD. Ruehl et al. (123) found 

that dogs not only experience AD-like neuropathologic change within the same brain regions 

as humans but also develop cognitive impairment, making elderly dogs a spontaneously 

occurring model (124). Behavioral impairments in aged monkeys also resemble those in 

aged humans and positively correlate with number of neuritic plaques (125). Latimer et al. 

(126) investigated sporadic age-associated brain Aβ deposition and AD disease pathologic 

changes in African green monkeys. Aβ plaques were found in the cortex in all of the aged 

vervets, equating to Thal phase 1 in humans. The vervets did not present with true tau tangle 

pathology; instead, the immunoreactive lesions were localized to small cells with granular 

cytoplasmic immunoreactivity. With advancing age, the spontaneous development of these 

pathologic changes in the monkeys were remarkably similar to those observed in human 

patients with AD (126).

Transgenic Models

Numerous transgenic mouse models have been developed with the hope of better replicating 

the symptoms and pathologic changes of AD (127). Using a vector to insert the human 

APP gene with the V717F (Indiana) mutation, Games et al. (128) produced the first mouse 

model that developed Aβ aggregates in cortex and hippocampus with age. These mice also 

demonstrated cognitive impairments and behavioral abnormalities. Hsiao et al. (129) made 

another transgenic mouse that overexpresses APP by inserting the Swedish double mutation 

of APP695 (K670N and M671L). This mouse develops plaque-like deposits of Aβ40 and 

Aβ42/43 in the frontal, temporal, and entorhinal cortices; hippocampus; presubiculum; 

subiculum; and cerebellum. Sturchler-Pierrat et al. (130) made one of the first transgenic 

APP models that had multiple familial AD mutations; this was also the first model to 

display neuron loss. Several other models using APP mutations to drive expression of human 

APP followed, including the TgCRND8 mouse (131) and the double-mutant (Swedish and 

Indiana) APP mouse (132), each demonstrating similar pathologic and behavioral features. 

These models were soon followed by others that involved the PSEN1 and PSEN2 genes. The 

first PSEN1 null mice presented with skeletal and cerebral abnormalities and died shortly 

after birth (133). In contrast, transgenic mice overexpressing human PSEN1 have relatively 

few distinctive phenotypes and no plaque-like accumulations (127). PSEN2 knockout mice 

have a far less severe phenotype than PSEN1 knockouts but also do not develop plaques 

(134). In 1998, the first multiple transgenic AD mouse model was created by combining the 

APP Swedish double mutation and the PSEN1 (M146L) mutation (the APP+PS1 mouse). In 

these mice, Aβ40 and Aβ42/43 levels are up to fivefold higher than in the singly transgenic 

APP Swedish double-mutant mice (135).

The next AD gene pursued for transgenic models was BACE1 (β-secretase 1), and the 

first knockout mouse was found to be outwardly healthy with no apparent differences 

from control mice (136). Overexpression of human BACE1, resulting in levels of BACE1 

protein that were 4- to 10-fold higher than those of endogenous mouse BACE, generated 

a model that showed subtle behavioral changes (137). BACE1 knockout mice were also 
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crossed with mice harboring the transgenic APP Swedish double mutation to create another 

multitransgenic mouse. However, these BACE1 knockout/APP transgenic mice did not 

develop Aβ plaques or have β-site amyloid cleavage products (127). Along with β-secretase, 

APP is cleaved by ⍺-secretase to produce Aβ fragments. To investigate how altering this 

gene would affect AD pathologic features, Moechars et al. (138) generated a transgenic 

mouse that expressed a double-mutant form of human APP and a disturbed ⍺-secretase 

cleavage site. These mice had increased expression of APP in their brains and more 

β-site cleaved amyloid peptides, along with reactive gliosis in the amygdala, cortex, and 

hippocampus and abnormal neurons in the dentate gyrus.

The first transgenic model to develop both amyloid plaques and NFTs was the 3XTg-AD 

mouse, which contain the PSEN1M146V, APPSwe, and tauP301L transgenes (115). These 

mice progressively develop plaques followed by tangles in AD-relevant brain regions. 

Cognitively, the mice begin to show alterations in retention at 6 months of age (139). 

When tested with the Morris water maze, 6-month-old 3XTg-AD mice required 6 days 

of training to reach an escape latency of less than 20 s, whereas at 2 months of age 

they required only 3 days of training. Oddo et al. (140) tried to improve the cognitive 

function of 3XTg-AD mice by actively or passively immunizing them against Aβ42. Upon 

immunization against Aβ42, aged 3XTg-AD mice were exposed to two behavioral tests; the 

immunized mice showed significant improvements in behavioral dysfunction compared with 

the unimmunized controls. These studies encapsulate both the hope that model systems will 

help uncover disease modifying therapies for AD and the challenging reality of translating 

those efforts to humans, as the treatments have ultimately failed in human trials due to 

unacceptable toxicity.

Investigators have developed several transgenic mouse models with mutations that cause 

plaques to develop gradually across much of the normal mouse life span, but in 2006, 

Oakley et al. (116) generated a mouse model that coexpresses five causative AD mutations, 

resulting in very high cerebral Aβ42 deposition starting at age 1.5 months. This model, 

referred to as 5XFAD, was designed using transgenic human APP with three mutations 

(K670N/M671L, I716V, V717I) and human PSEN1 with two mutations (M146L and 

L286V). Behavioral studies show that at 2 months of age the 5XFAD mice had similar 

spontaneous alternation in the Y maze as age-matched nontransgenic littermates, but by 4 

to 5 months of age, the 5XFAD mice had become significantly impaired, demonstrating that 

these mice develop memory deficits with age.

The 5XFAD mouse model has allowed researchers to investigate different aspects of known 

AD pathology in a model that mimics some of pathology observed in humans. Ohno et al. 

(141) were able to reverse the pathologic changes in the 5XFAD mouse brains by crossing 

them with a BACE1−/− mouse. An immunoblot analysis showed that BACE1 levels were 

significantly increased in 5XFAD mice compared with the 5XFAD/BACE1−/− mice, which 

did not have any BACE1 protein. Immunostaining for Aβ42 showed that while the 5XFAD 

mice had a large quantity of Aβ deposition in the cerebral cortex and subiculum at 18 

months of age, this was completely abolished in all brain regions of the 5XFAD/BACE1−/− 

mice, making them indistinguishable from wild-type control mice. To investigate how the 

APOE genotype affects Aβ plaques, Youmans et al. (142) crossed 5XFAD mice with mice 
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containing human APOE ɛ2, ɛ3, or ɛ4, but immunostaining for Aβ showed that the overall 

regional pattern of accumulation was similar, with no changes due to APOE genotype. 

Overall, manipulation of genes known to cause familial AD, along with prominent risk 

genes like APOE, has created numerous transgenic models, each of which provides insight 

into the molecular mechanisms underlying the pathological and clinical progression of AD 

(127, 143). These efforts are continuing with incorporation of more AD risk variants in 

increasingly complex combinations in an attempt to improve on existing AD models.

Adeno-Associated Virus Models

The addition of adeno-associated virus (AAV) models has enabled investigations of 

combinational testing of several genes or variants in parallel. AAVs infect cells via a 

universal cellular receptor, and their molecular interactions differ in a serotype-dependent 

manner. Rosenberg et al. (144) found that AAVrh.10 was the best serotype for widespread 

central nervous system expression of APOE2 in African green monkeys, while Klein et al. 

(145) found that serotypes 9 and 10 worked best when inducing robust loss of tyrosine 

hydroxylase immunoreactive cells in the substantia nigra of rats.

AAVs have been used to induce AD-like symptoms or pathologic changes, as well as 

to evaluate potential interventions. Klein et al. (145) injected rats with AAV tau vectors 

to induce dopaminergic cell loss and found that, when injecting different serotypes of 

AAV tau into the substantia nigra, they could model graded disease states with respect 

to early expression levels and severity of striatal dopamine loss. Transgenic AD mouse 

lines have also been injected with various AAVs in an attempt to reproduce different 

aspects of AD. For example, in order to induce tau pathology, Ubhi et al. (146) bilaterally 

injected transgenic APP mice with an AAV that had a mutated tau cassette (AAV2-mut 

Tau) in the hippocampus. Within 3 months of the AAV2-mut Tau injection, the mice 

developed localized increased accumulation of tau and associated neurodegeneration. Chu 

et al. (147) used an Tg2576 AD mouse model carrying the Swedish double mutation and 

bilaterally injected AAV2/1 containing a 5-lipoxygenase cassette into the third ventricle. 

These mice are an AD-like amyloidosis model, and following the AAV injection they 

developed worsening behavioral deficits along with a significant increase in Aβ. Drummond 

et al. (148) injected AAV2 with various cassettes (Aβ mutant or mutant APP) into the 

hippocampus of mice; they found no accumulation of Aβ but instead saw increased 

microgliosis and altered permeability of the blood–brain barrier. Numerous other models of 

AD with concomitant AAV injection showing similar pathologic changes have been reported 

(149, 150).

In addition to using AAVs to induce disease, investigators have extensively evaluated them 

as a treatment strategy (gene therapy) in multiple diseases, including AD. Zhao et al. (151) 

gave intrahippocampal injections of an AAV with overexpression of APOE2 to two AD 

mouse models, APOE knockout mice and a mouse model of brain amyloidosis (PDAPP 

mice) (128) with the Indiana mutation, and found that soluble and insoluble Aβ in their 

brain, as well as the overall Aβ burden, was reduced. Wang et al. (152) used an AAV with 

a neurotrophin receptor to reduce brain Aβ burden in APP/PSEN1 transgenic mice. Through 

intramuscular delivery of this AAV, they significantly improved the behavioral phenotype 
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of the mice, reduced the brain Aβ burden, and attenuated tau hyperphosphorylation and 

neuroinflammation. Yang et al. (153) also decreased soluble Aβ levels in APP/PSEN1 mice 

by using AAV5 with interleukin (IL)-17A. Overexpression of IL-17A improved glucose 

metabolism, decreased soluble Aβ levels in the hippocampus and cerebrospinal fluid, and 

reduced CAA. When He et al. (154) injected APP/PSEN1 transgenic mice with an AAV 

that contained a Cdk5 inhibitory peptide cassette, brain atrophy and memory loss were 

prevented. These models as well as others demonstrate the therapeutic potential of AAVs 

(149, 150).

CONCLUSIONS

Since Alois Alzheimer’s first description of AD more than 100 years ago, there 

has been substantial progress in our understanding of the underlying pathophysiologic 

processes, pathologic changes, and clinical phenotypes of this pervasive and devastating 

neurodegenerative disease. Much of this advancement has been fueled and enhanced by 

the elucidation of the relevant genetic pathways (Figure 4). Importantly, although amyloid 

processing is still recognized as a major component of the disease, this research has exposed 

a broader network of the relevant pathways involved in disease initiation and progression 

that may represent novel avenues for therapeutic target development.

Our increasing ability to interrogate the genome is a direct result of advances in our 

technological tools and analytical methods over the past few decades. We can now evaluate 

thousands of genes through GWASs, leading to an increase in the discovery of risk 

genes for AD that alone may not impart a substantial risk but may highlight possible 

molecular mechanisms underlying AD pathophysiology. For example, there are currently 

approximately 25 known risk genes in addition to APOE. These genes fall into broad 

categories, and while the exact role for each individual gene in the pathogenesis of AD 

remains to be determined, the broad categories point to mechanistic themes that include lipid 

metabolism, innate and adaptive immunity, cell adhesion, and endocytosis.

With the multitude of pathophysiologic pathways implicated by genetic risk thus far, 

there are already diverse potential therapeutic targets to pursue. As we continue to learn 

more about the underlying genetics of AD, we should be able to better predict an 

individual’s risk for developing AD, their likely AD phenotype, and how their disease will 

progress. Ultimately, as genetics have helped shape clinical management for other diseases, 

particularly cancer, the genetics of AD will hopefully inform a precision medicine approach 

wherein preventive and therapeutic strategies are tailored to the individual to maximize 

clinical impact.
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Figure 1. 
Neuropathologic changes of Alzheimer’s disease. (a) The hallmark features of Alzheimer’s 

disease neuropathologic change include extracellular amyloid beta (Aβ) plaques and 

intraneuronal neurofibrillary tangles of hyperphosphorylated tau. Aβ plaques include diffuse 

forms, highlighted by an anti-Aβ immunostain (left), and neuritic forms, characterized by 

the inclusion of dystrophic neurites containing hyperphosphorylated tau and highlighted 

by Bielschowsky silver stain (right). Neurofibrillary tangles can be identified with 

immunostains to hyperphosphorylated tau (left) as well as silver stains (right). Both amyloid 

and tau pathology appear to progress throughout the brain in stereotypical patterns. (b) 

Amyloid progression (purple), as described by Thal phases 1–5 and denoted by arrows, 

begins in the neocortex (phase 1), followed by limbic regions (phase 2), deep gray nuclei 

(phase 3), brainstem (phase 4), and, finally, the cerebellum (phase 5). Tau pathology 

(green), as described by Braak stages I–VI and denoted by arrows, begins in the mesial 

temporal structures (stages I–IV) before involving neocortex (stage V) and, finally, primary 

motor and sensory regions (stage VI). Abbreviations: AC, allocortex; BFB, basal forebrain; 

BN, brainstem nuclei; CB, cerebellum; ENT, entorhinal cortex; LC, locus ceruleus; NC, 

neocortex; TH, thalamus. Panel b adapted with permission from Reference 42; copyright 

2015 Springer Nature.
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Figure 2. 
Genetic influence on cognition in EOAD and LOAD. Age of onset and disease duration 

represent the average for autosomal dominant EOAD or LOAD related to the presence 

of at least one APOE ε4 allele. Actual age of onset varies according to mutation type, 

age of onset in the family, and other disease-related and nonrelated factors. The gray 

ovals represent factors mediating cognitive decline. Abbreviations: APOE, gene encoding 

human apolipoprotein E; EOAD, early-onset Alzheimer’s disease; GWAS, genome-wide 

association study; LOAD, late-onset Alzheimer’s disease; MCI, mild cognitive impairment.
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Figure 3. 
A Venn diagram of animal models of Alzheimer’s disease (AD). The yellow circle 

encompasses animals that develop amyloid beta (Aβ) plaques; the green circle encompasses 

animals that develop neurofibrillary tangles. Animals that, like humans, can develop both 

are shown in the overlap of the green and yellow circles. Rats and mice do not naturally 

develop either plaques or tangles, and thus are in their own circle. Adeno-associated vector 

(AAV) mice (symbolized by purple virus) and transgenic mice (symbolized by blue DNA 

strand) can develop both plaques and tangles in the same brain regions as in human 

AD brain, including hippocampus. The hippocampal pathology seen in these models is 

illustrated in the zoomed-in images of mouse brain sections. Images of the hippocampus 

from the 3XTg-AD model show that the transgenic-induced neurofibrillary tangles and Aβ 
plaques, as in human brain, are highlighted by silver stain (left, center), and neurofibrillary 

tangles are also highlighted by immunostains to hyperphosphorylated tau (right) (image 

adapted with permission from Reference 115; copyright 2003 Cell Press). The amyloid 

plaques in these models can also be highlighted by an anti-Aβ immunostain, shown in the 

zoomed-in images of mouse hippocampal section from the 5X-FAD model (image adapted 

from Reference 116; copyright 2006 Society for Neuroscience). Similarly, the zoomed-in 

images of the polar bear brain show that the naturally occurring tangles, highlighted in the 
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hippocampus with a silver stain (top), and plaques in prefrontal cortex, highlighted by an 

anti-Aβ immunostain (bottom), found in aged polar bears replicate the pattern of pathology 

seen in human AD brain (polar bear brain images reproduced with permission from http://

brainmuseum.org; specimens used for this publication are from the Department of Health 

Affairs, Neuroanatomical Collections Division, of the National Museum of Health and 

Medicine, the University of Wisconsin, and the Michigan State Comparative Mammalian 

Brain Collections, supported by the US National Science Foundation).
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Figure 4. 
Genetics and pathophysiology of Alzheimer’s disease (AD). (a) Amyloid processing and 

misprocessing. Amyloid precursor protein (APP) (green) is a transmembrane protein 

encoded by the APP gene; it is located on chromosome 21 and is therefore overexpressed 

in trisomy 21. Once at the plasma membrane, APP can be either physiologically cleaved by 

α-secretase (orange) or pathologically cleaved by β- and γ-secretases (purple) to generate 

amyloidogenic amyloid beta (Aβ) (red). This process is also influenced by the activity of 

SORL1, which sequesters APP in the Golgi network. The importance of these processing 

steps was initially revealed by genetic studies of AD, and they are still recognized as a major 

component of the disease (panel adapted with permission from Reference 155 copyright 
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2008 Canadian Medical Association). (b) An expanded network of AD-relevant genes that 

are implicated in disease initiation and progression and fall into the broad categories of lipid 

metabolism (blue line), innate and adaptive immunity (pink line), and cell adhesion and 

endocytosis (brown line). Although the genetics underlying the tau pathology of AD remain 

somewhat elusive, there appears to be a link between pathologic amyloid protein and tau 

pathology that is as yet poorly understood (dashed line with question mark).
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