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ABSTR ACT: Transgenic (Tg) mouse models of Alzheimer’s disease (AD) have been extensively used to study the pathophysiology of this dementia and 
to test the efficacy of drugs to treat AD. The 5XFAD Tg mouse, which contains two presenilin-1 and three amyloid precursor protein (APP) mutations, 
was designed to rapidly recapitulate a portion of the pathologic alterations present in human AD. APP and its proteolytic peptides, as well as apolipoprotein 
E and endogenous mouse tau, were investigated in the 5XFAD mice at 3 months, 6 months, and 9 months. AD and nondemented subjects were used as a 
frame of reference. APP, amyloid-beta (Aβ) peptides, APP C-terminal fragments (CT99, CT83, AICD), β-site APP-cleaving enzyme, and APLP1 sub-
stantially increased with age in the brains of 5XFAD mice. Endogenous mouse tau did not show age-related differences. The rapid synthesis of Aβ and its 
impact on neuronal loss and neuroinflammation make the 5XFAD mice a desirable paradigm to model AD.
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Introduction
Sporadic Alzheimer’s disease (SAD), the most common neuro
degenerative disorder, is neuropathologically defined by amy-
loid plaques and neurofibrillary tangles (NFT). The discovery 
of mutations in three genes that produce familial Alzheimer’s 
disease (FAD), amyloid precursor protein (APP), preseni-
lin-1 (PSEN1), and presenilin 2 (PSEN2), led to the devel-
opment of the amyloid cascade hypothesis. This hypothesis 
contends that both SAD and FAD are caused by an excessive 
accumulation of amyloid-beta (Aβ) peptides as amyloid 

plaques in the extracellular space of the brain parenchyma and 
in cerebrovascular walls.

APP is a type 1 transmembrane protein whose gene is located 
on chromosome 21. This molecule is sequentially cleaved by β-site 
APP-cleaving enzyme (BACE)-1 and γ-secretase to generate Aβ 
peptides that accumulate in the brains of AD patients.1 Pres-
ently, 33 APP mutations are known to result in amyloid accu-
mulation (http://www.molgen.vib-ua.be/ADMutations). APP is 
ubiquitously expressed in cells throughout the body and its pro-
teolytic products are thought to be involved in many functions 
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levels of BACE1 protein sharply increase with age in 5XFAD 
Tg mice, but without apparent changes in BACE1 messenger 
ribonucleic acid (mRNA) levels.21–24 BACE1 localizes within 
dystrophic presynaptic neuron terminals that surround the 
amyloid plaques,22,25 as does PSEN1 and APP.23 The 5XFAD 
Tg mice express three fold more human APP molecules than 
endogenous mouse APP, and at 4–6 months, harbor enhanced 
levels of soluble Aβ oligomers compared to wt mice.13

A key phenotypic feature of the 5XFAD Tg mouse is the 
generation of neuronal loss, an attribute that is demonstrated in 
few other FAD Tg mice. By 9–12 months of age, the 5XFAD 
Tg mice have significant neuronal loss,12,18,26 which may begin 
to develop as early as 6 months.18 The observed neuronal defi-
cits coincide with the areas of most intense Aβ42 deposits.18,26 
Starting at 4 months of age, these mice also have increased 
activity of the apoptosis marker caspase-3 in areas of neuronal 
loss, intraneuronal Aβ42, and amyloid plaques.18 In addition, 
these mice exhibit motor and memory impairments, as well as 
reduced anxiety, related to neuronal loss and intraneuronal Aβ 
in layer 5 of some areas of the cerebral cortex, but sparing the 
hippocampus and the frontal cortex.26 A transcriptome analy-
sis of frontal cortex and cerebellum from 7-week-old 5XFAD 
Tg mice, prior to amyloid plaque appearance, revealed altera-
tions in the expression of genes related to cardiovascular dis-
ease and mitochondrial dysfunction, which were not observed 
in wt mice.27 The 5XFAD Tg mice also developed extensive 
astrogliosis and signs of neuroinflammation.12,28

Human AD patients exhibit a complex suite of specific 
biochemical pathologies and consequential global reactions 
that culminate in dementia. The construction of multigene 
Tg models has been driven by the desire to produce animals 
that recreate a broad array of the characteristic pathological 
alterations and deleterious reactions of SAD. We investigated 
Aβ accumulation, as well as the changes in APP/CT-APP in 
three different age groups of 5XFAD Tg mice. In addition, we 
examined the levels of BACE1, PSEN1, amyloid precursor-
like protein 1 (APLP1), Fe65, apolipoprotein E (ApoE), and 
endogenous mouse tau in 5XFAD Tg mice. Human SAD and 
nondemented control (NDC) subjects were employed in this 
study to provide a frame of reference.

Materials and Methods
Human subjects. Gray matter from the frontal cortex was 

obtained from neuropathologically confirmed SAD (n  =  3) 
and NDC (n = 3) subjects provided by the Banner Sun Health 
Research Institute Brain and Body Donation Program.29 All 
operations have been approved by the Banner Health Institu-
tional Review Board, and all subjects that enrolled in the Brain 
and Body Donation Program signed an informed consent form, 
approved by the Banner Health Institutional Review Board. 
All cases were male and ranged in age from 65–86 years.

Animals and brain harvest. The Tg6799 transgenic line 
of the 5XFAD mouse model of amyloidosis has been described 
previously,12 and was maintained on a B6/SJL F1 hybrid 

such as the modulation of neuroprotection, neurogenesis, 
neuronal differentiation and migration, cell adhesion, synapse 
formation, neurite outgrowth, regulation of transcription, axonal 
transport,2 and regulation of the coagulation cascade.3–5

Gamma-secretase is a unique intramembrane prote-
ase complex responsible for amyloidogenic APP processing 
and is composed of PSEN1 or PSEN2, nicastrin, anterior 
pharynx-defective 1 (Aph-1), and presenilin enhancer-2 (Pen- 2).6  
One  hundred and eighty-five mutations have been described 
for the PSEN1 gene, located on chromosome 14, while 13 have 
been described for the PSEN2 gene, located on chromosome 
1 (http://www.molgen.vib-ua.be/ADMutations). Importantly, 
there is evidence that PSEN has additional functions unrelated 
to γ-secretase activity, such as controlling the levels of the epi-
dermal growth factor receptor, neuronal survival promotion, 
neuronal protection, inhibition of apoptosis, and regulation 
of the phosphatidylinositol-3-kinase/Akt/glycogen synthase 
kinase-3 pathway.7 Approximately 90 substrates for γ-secretase 
are known, and most are type 1 transmembrane signaling pro-
teins that modulate a large number of cellular activities.8

The discovery of FAD mutations enabled the development 
of multiple lines of APP and PSEN transgenic (Tg) mice9 that 
have been extensively used for the development and testing of 
therapeutic interventions intended to modify the clinical course 
of SAD.10 However, only a minority of dementia patients (less 
than 2%) suffer from genetically-determined early-onset FAD. 
Expression of specific FAD mutations produces strikingly 
diverse pathogenic consequences in the Tg animals. Transgenic 
mice overexpressing APP mutations result in extensive amyloid 
plaque deposition, while PSEN Tg mice do not accumulate 
amyloid plaques, despite the presence of greatly elevated lev-
els of Aβ42.11 However, PSEN Tg mice exhibit a broad range 
of neurodegeneration such as loss of neurons and synapses, as 
well as vascular pathology.11 Combining PSEN mutations with 
APP mutations in Tg mice results in a more severe amyloid 
plaque deposition compared to APP alone.11

An example of an enhanced amyloid pathology model is 
the 5XFAD Tg mouse.12 This Tg mouse line contains five FAD 
mutations: PSEN1 M146L, PSEN1 L286V, APP K670N/
M671L (Swedish), APP I716V (Florida), and APP V717I 
(London).12–17 Detectable levels of Aβ42 are seen in these mice 
as young as 1.5 months, and the levels rapidly increase with age, 
resulting in the formation of amyloid plaques by 2 months.12,13,18 
Aβ40 is also detected in these mice and increases with age, but 
not to the same magnitude as Aβ42.12,17 The 5XFAD Tg mice 
exhibit cognitive deficits starting at about 4 months of age.12–17 
The appearance of aggregated intraneuronal Aβ immediately 
prior to amyloid plaque emergence suggests that amyloid 
plaques originate from intraneuronal Aβ deposits in these ani-
mals.12,19 In 5XFAD Tg mice, intraneuronal Aβ42 colocalizes 
with markers of both endosomes and lysosomes.18,20

APP and its C-terminal (CT) proteolytic peptide CT99, 
are sharply increased in the brains of 5XFAD Tg mice com-
pared to wild type (wt) controls.17,21 In parallel with APP, the 
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according to the manufacturer’s instructions. Total mouse tau 
was also measured with an ELISA kit from Life Technologies 
Corporation, which utilizes antibodies that capture and detect 
total tau, regardless of the protein’s phosphorylation state.

Western blot analysis. All steps were completed at 4°C. 
Approximately 100 mg of human gray matter from the frontal 
lobe or one hemisphere of mouse cerebral cortex (all males) was 
homogenized in 1,000 µL of radioimmuno precipitation assay 
buffer (Sigma-Aldrich) containing a PIC (Roche Diagnostics) 
and PhosSTOP (phosphatase inhibitor cocktail; Roche Diag-
nostics) using an Omni TH electric grinder. After centrifuga-
tion at 14,000 × g for 20 minutes in a Beckman 22R centrifuge, 
the supernatant was collected and total protein determined with 
a Micro BCA protein assay (Pierce Biotechnology). The pro-
teins were heated for 10 minutes at 80°C in NuPage 2XLDS 
sample buffer (Life Technologies) with 50 mM of dithiothreitol 
and a total of 40 µg of protein was then separated on 4%–12% 
Bis-Tris gels (Life Technologies) with NuPage 1XMES-SDS 
run buffer (Life Technologies) containing NuPage antioxidant 
(Life Technologies). A prestained molecular weight marker 
(Kaleidoscope; Bio-Rad Laboratories, Hercules, CA, USA) 
was loaded onto each gel. After transferring the proteins onto 
nitrocellulose membranes (0.45 μm pore) with NuPage transfer 
buffer (Life Technologies) and 20% methanol, the membranes 
were blocked in 5% Quick-Blocker (G-Biosciences, Maryland 
Heights, MO, USA) in PBS and 0.5% Tween 20. The primary 
and secondary antibodies used for Western blots are detailed in 
Table 1. All primary and secondary antibodies were diluted in 
the same blocking buffer.

To detect the APP intracellular domain (AICD), the 
methods of Pimplikar and Suryanarayana30 were employed. In 
brief, Western blots were performed as described above with 
the following changes: 1) 65 µg of total protein was loaded 

background. For brain harvest, mice of 3 months, 6 months, or 
9 months of age were transcardially perfused with cold phos-
phate buffered saline (PBS) containing protease and phospha-
tase inhibitors, including 20 mg/mL of phenylmethylsulfonyl 
fluoride (Sigma-Aldrich, St Louis, MO, USA), 500 ng/mL of 
leupeptin (MP Biomedicals, Santa Ana, CA, USA), 20 mM 
of sodium orthovanadate (MP Biomedicals), and 10 mM of 
dithiothreitol (Sigma-Aldrich). A hemibrain from each mouse 
was dissected, snap-frozen in liquid nitrogen, then stored at 
–80°C until used for biochemical analysis. Procedures were 
performed with Northwestern University Institutional Ani-
mal Care and Use Committee approval.

Aβ40, Aβ42, and tau ELISA quantification. The fol-
lowing steps were all performed at 4°C. One hemisphere of 
Tg mouse cerebral cortex was gently homogenized with a 
Teflon tissue grinder (Sigma-Aldrich) in 800 µL of 20 mM 
Tris-HCl, 5 mM ethylenediaminetetraacetic acid, pH 7.8, 
with a protease inhibitor cocktail (PIC; Roche Diagnostics, 
Mannheim, Germany). The mixture was then centrifuged at 
430,000 × g for 20 minutes in a Beckman TLA 120.2 rotor 
(Beckman Coulter, Inc, Fullerton, CA, USA) and the soluble 
Aβ supernatant was collected. The remaining insoluble pellets 
were rehomogenized in 800 µL of 5 M guanidine hydrochlo-
ride (GHCl), 50 mM of Tris-HCl, pH 8.0 with an Omni TH 
electric grinder (Omni International, Kennesaw, GA, USA), 
shaken for 4 hours, centrifuged at 430,000 × g for 20 minutes 
in a Beckman TLA 120.2 rotor (Beckman Coulter, Inc) and 
the supernatant was collected. Total protein for the Tris-soluble 
and GHCl-soluble supernatants was determined with a Micro 
BCATM Protein Assay kit (Pierce Biotechnology, Rockford, 
IL, USA). Human Aβ1-40 and human Aβ1-42 were mea-
sured with enzyme-linked immunosorbent assay (ELISA) kits 
from Life Technologies Corporation (Carlsbad, CA, USA) 

Table 1. Antibodies used in Western blots.

PRIMARY ANTIBODY ANTIGEN SPECIFICITY OR IMMUNOGEN SECONDARY ANTIBODY COMPANY/CATALOG #

BACE1 3D5 clone, aa 46–460 M Provided by R. Vassar22

PSEN1 synthetic peptide, aa 25–50 of the 
N-terminus of human PSEN1

R GenScript/A00881

22C11 APP aa 66–81 M Millipore/MAB348

APLP1 Mouse myeloma cell line NS0-derived 
recombinant human APLP1

M R&D Systems/MAB3908

Fe65 Synthetic peptide corresponding to 
residues of human Fe65

R Thermo Scientific/PA5–17432

mCT20APP C-terminal 20 aa of APP M Covance/SIG-39152

pCT20APP C-terminal 20 aa of APP R EMD Millipore/171610

ApoE Recombinant human ApoE G Millipore/AB947

Actin Ab-5 Clone C4 M BD Transduction Laboratories/A65020

Actin N-terminus of human α-actin R Abcam/Ab37063

Abbreviations: BACE, β-site amyloid precursor protein-cleaving enzyme; aa, amino acid; PSEN, presenilin; m, monoclonal; p, polyclonal; CT, C-terminal; APP, 
amyloid precursor protein; APLP1, amyloid precursor-like protein 1; ApoE, apolipoprotein E; M, HRP conjugated AffiniPure goat-anti mouse immunoglobulin 
G (catalog # 111-035-144, Jackson Laboratory); R, HRP conjugated AffiniPure goat-anti rabbit immunoglobulin G, (catalog # 111-035-146 Jackson Laboratory); 
G, HRP conjugated AffiniPure bovine-anti goat immunoglobulin G (catalog # 805-035-180).
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One software (Bio-Rad Laboratories) was implemented 
to determine the density of each band with the units being 
reported in intensity × mm.

Statistical analyses. Statistical calculations for ELISA 
data were performed using GraphPad Prism version 5 (Graph-
Pad Software, Inc., La Jolla, CA, USA). Group comparisons 
were analyzed using the nonparametric Kruskall–Wallis test 
followed by a Dunn’s multiple comparison test. This method 
was used given the small sample size.

Results and Discussion
ELISA quantification of Tris-soluble and GHCl-soluble 
Aβ40 and Aβ42 pools in whole brain homogenates of 5XFAD 
Tg mice revealed relatively low quantities of these peptides 
at 3 months of age, which increased sharply at 6  months 
and reached higher levels at 9 months (Fig. 1; Table  2). 

per lane; 2) proteins were transferred to 0.2 µm nitrocellulose 
membranes; 3) after transfer, antigen retrieval was performed 
by completely drying the membranes then boiling them in 
1XPBS for 5 minutes; and 4) oversaturation of polyclonal 
CT20APP (pCT20APP; EMD Millipore, Billerica, MA, 
USA) and monoclonal CT20APP (mCT20APP, Covance) 
antibody concentration (1:1,000).

The proteins under study were visualized with Super Sig-
nal West Pico Chemiluminescent substrate (Pierce Biotech-
nology), CL-Xpose film (Pierce Biotechnology), and Kodak 
GBX developer and fixer (Sigma-Aldrich). All membranes 
were stripped with RestoreTM Western Blot Stripping Buf-
fer (Pierce Biotechnology) and reprobed with anti-actin anti-
bodies (Table 1) as a total protein-loading control. A GS-800 
calibrated densitometer (Bio-Rad Laboratories) was used 
to digitize the films. The trace quantity feature in Quantity 

Figure 1. Levels of soluble and insoluble human Aβ as quantified by ELISA in 3-month-old, 6-month-old, and 9-month-old 5XFAD Tg mice.
Notes: (A) Tris-soluble Aβ40 in pg/mg total protein. (B) Tris-soluble Aβ42 in pg/mg total protein. (C) GHCl-soluble Aβ40 in ng/mg total protein. (D) GHCl-
soluble Aβ42 in ng/mg total protein. (E) Total Aβ (Tris-soluble and GHCl-soluble Aβ40 + Aβ42) in ng/mg total protein. Statistical analysis was performed 
using a Kruskal–Wallis test followed by Dunn’s multiple comparison test (*P = 0.05–0.01; **P = 0.01–0.001). The horizontal bars represent the mean of 
the four cases from each age group. For further details see Table 2.
Formulations: Tris = 20 mM Tris-HCl, 5 mM EDTA, pH 7.8 buffer; GHCl = 5 M guanidine hydrochloride, 50 mM Tris-HCl, pH 8.0 buffer.
Abbreviations: f, female; m, male; Aβ, amyloid-beta; ELISA, enzyme-linked immunosorbent assay; FAD, familial Alzheimer’s disease; GHCI, guanidine 
hydrochloride; EDTA, ethylenediaminetraacetic acid.
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Table 2. Human Aβ and mouse endogenous tau ELISA results in the 5XFAD Tg mice.

PROTEIN MEAN CONCENTRATION SEM p =

Tris-soluble Aβ40 (pg/mg total protein) 0.0296

  3 months 101 11

  6 months 271 75

  9 months 386 66

Tris-soluble Aβ42 (pg/mg total protein) 0.0091

  3 months 25 25

  6 months 354 77

  9 months 627 84

GHCl-soluble Aβ40 (ng/mg total protein) 0.0183

  3 months 13 4

  6 months 87 27

  9 months 132 20

GHCl-soluble Aβ42 (ng/mg total protein) 0.0154

  3 months 199 42

  6 months 1133 281

  9 months 1971 376

Total Aβ (ng/mg total protein) 0.0125

  3 months 338 80

  6 months 1844 459

  9 months 3114 500

Tris-soluble tau (ng/mg total protein) 0.2866

  3 months 52 10

  6 months 76 10

  9 months 70 11

GHCl-soluble tau (ng/mg total protein) 0.6939

  3 months 200 21

  6 months 180 16

  9 months 197 11

Total tau (ng/mg total protein) 0.7788

  3 months 252 31

  6 months 255 12

  9 months 267 21

Formulations: Tris = 20 mM Tris-HCl, 5 mM EDTA, pH 7.8 buffer; GHCl = 5 M guanidine hydrochloride, 50 mM Tris-HCl, pH 8.0 buffer. Total tau is the sum of  
Tris- and GHCl-soluble tau. Statistical analyses were performed using a Kruskal–Wallis test. Total Aβ is the sum of Aβ40 and Aβ42 for both Tris- and GHCl-soluble 
fractions.
Abbreviations: Aβ, amyloid-beta; SEM, standard error of the mean. 

As previously reported,12 female 5XFAD Tg mice had higher 
Aβ levels than males, and this gender trend became more 
apparent as the mice aged (Fig. 1; Table 2).

In agreement with previously published observations,21–24 
BACE1 levels increased with age among the 5XFAD Tg 
mice, with an average 3.3-fold elevation observed between 
3 months to 9 months of age (Fig. 2A; Table 3). The mean 
amount of BACE1 in the 9-month-old Tg mice was similar 
to the mean observed in the SAD cohort (Fig. 2A; Table 3). 
PSEN1, a doublet band at 55 kDa on Western blots, was over-
expressed in 5XFAD Tg mice in comparison to human SAD 

and NDC subjects, but they exhibited no further change in 
levels in the 5XFAD aging brain (Fig. 2B; Table 3).

Western blots confirmed that APP levels increased with 
age in the 5XFAD Tg mice (Fig. 2C). The 9-month-old 
Tg mice overexpressed APP 6.4-fold above the mean levels 
observed in human SAD and NDC subjects (Fig. 2C; Table 3). 
Even at 3 months, the 5XFAD Tg mice had 2.3 times more 
APP than the human subjects (Fig. 2C; Table 3). Likewise, 
APLP1, also a substrate of γ-secretase,31–33 increased with 
age in the 5XFAD Tg cohort (Fig. 2D). There was a 6.2- fold 
increase in APLP1 levels among mice between 3 months and 
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Figure 2. Western blot analysis of male 5XFAD Tg mice at 3 months, 6 months, and 9 months of age, as well as human SAD and NDC gray matter from 
the frontal cortex.
Notes: (A) The mature form of BACE1 shown at ~70 kDa. (B) Full-length presenilin-1 (~55 kDa). (C) Full-length APP as detected by 22C11. (D) Full-length  
APLP1. (E) The adaptor protein Fe65. (F) CT99 and CT83 of APP as detected by mCT20APP. SE and LE are both shown. The putative AICD (denoted 
by an arrow) can be detected in older mice by antigen retrieval and by greatly increasing the antibody concentration and total protein per lane as detected 
with mCT20APP (G) and pCT20APP (H) antibodies. A purified CT–APP peptide of 57 amino acids (rPeptide, Athens, GA, USA) is shown on the right 
side of the blots in (G) and (H). (I) Full-length ApoE is observed at ~34 kDa. All blots were stripped and reprobed with actin (shown below each primary 
antibody) as quantitative protein loading control. A total of 40 µg of total protein was loaded into each lane for (A–F) and (I), while 65 µg of total protein 
was loaded into each lane for (G) and (H). For antibody details, see Table 1. The molecular weight markers are shown to the left of each blot and are 
reported in kDa. For further details, see Table 3.
Abbreviations: BACE, β-site APP-cleaving enzyme; APLP, amyloid-precursor-like protein; CT, C-terminal; APP, amyloid precursor protein; ApoE, 
apolipoprotein E; SAD, sporadic Alzheimer’s disease; NDC, nondemented controls; m, months; SE, short exposure; LE, long exposure.

9 months of age (Fig. 2D; Table 3). The human cases (mean of 
NDC and SAD) contained similar quantities of APLP1 as the 
9-month-old 5XFAD Tg mice (Fig. 2D; Table 3). Although 
APLP1 may not be directly altered by the transfected genes 
in this Tg model, the observed elevation of APLP1 with age 
may affect transcription of other APP family members since 
APLP1, by sequestering the adaptor protein Fe65, regulates 
the nuclear translocation of the intracellular domains of APP 
and APLP2.34 In the 5XFAD Tg mice the Fe65 molecule 
is modestly elevated at 9 months of age compared to 3- and 
6-month-old mice (Fig.  2E) but, intriguingly, at 9 months 
of age, the 5XFAD Tg mice had, on average, about 4.5-fold 

more Fe65 than the mean amount detected in SAD and NDC 
(Fig. 2E; Table 3), although there is considerable variation in 
the levels of this protein in human subjects.

CT–APP fragments were dramatically increased in 
5XFAD Tg mice relative to humans (Fig. 2F). Furthermore, 
production of the amyloidogenic precursor of Aβ peptides, the 
APP-CT99 fragment, increased with Tg mouse age (Fig. 2F). 
In addition, in the 5XFAD Tg mice, CT99 production was 
enhanced relative to the level of CT83, the precursor of the 
nonamyloidogenic P3 fragment (Aβ17-40/42) (Fig. 2F). Mod-
ifications to the Western blot technique, such as increased total 
protein, overloading of antibody concentration and antigen 
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Table 3. Scanning densitometry results from Western blot experiments.

5XFAD Tg 
MOUSE AGE

FIGURE 2 
LANE #

BACE1 PRESENILIN 1 APP APLP1 Fe65 ApoE

3 m 1 0.388 3.743 0.960 0.217 1.702 1.740

3 m 2 0.407 4.008 1.376 0.188 1.988 1.510

Mean 0.398 3.876 1.168 0.203 1.845 1.625

6 m 3 0.462 3.500 2.380 0.378 0.846 2.040

6 m 4 0.502 3.446 3.179 0.872 1.309 2.693

Mean 0.482 3.473 2.780 0.625 1.078 2.367

9 m 5 1.085 3.645 3.256 1.387 2.522 2.911

9 m 6 1.541 3.561 3.250 1.144 2.229 2.556

Mean 1.313 3.603 3.253 1.266 2.376 2.734

Human subjects

SAD 7 1.781 0.623 0.411 1.636 0.000 9.187

SAD 8 1.153 0.460 0.481 0.460 0.199 9.570

SAD 9 0.266 0.339 0.575 0.785 0.970 10.234

Mean 1.067 0.474 0.489 0.960 0.390 9.664

NDC 10 0.911 1.027 0.575 1.737 0.608 11.039

NDC 11 0.534 0.630 0.460 1.151 1.378 9.885

NDC 12 0.194 0.698 0.554 2.193 0.043 10.964

Mean 0.546 0.785 0.530 1.694 0.676 10.629

Data from Western blots shown in Figure 2. Films were scanned with a GS-800 calibrated densitometer (Bio-Rad Laboratories) and the trace quantity feature in 
Quantity One software (Bio-Rad Laboratories) was used to determine the density of each band. The units are reported in intensity × mm.
Abbreviations: m, months; SAD, sporadic Alzheimer’s disease; NDC, nondemented control; BACE, β-site amyloid precursor protein cleaving enzyme; APP, 
amyloid precursor protein; APLP, amyloid precursor-like protein; ApoE, apolipoprotein E.

retrieval, allowed for the detection of the elusive AICD in 6- 
and 9-month-old Tg mice, which was detected by both mCT20 
APP (Fig. 2G) and pCT20 APP (Fig.  2H) antibodies, fol-
lowing the increasing age-related pattern of Aβ, CT99, and 
CT83 production. The AICD was below the limit of detec-
tion in our human samples (Fig. 2G and Fig. 2H) and most 
likely requires a massive overproduction of APP and PSEN by 
genetic manipulations to be observed in Western blots. Dif-
ficulties in the detection of the AICD may be due to its short 
half-life35 or to its interaction with about 20 known proteins, 
as reviewed by Pardossi-Piquard and Checler,36 which could 
mask the AICD antigenic determinants required for antibody 
detection. As mentioned above, the AICD is a transcription 
factor that binds to Fe65. This interaction may be respon-
sible for controlling the proteolytic processing of APP, since 
increases in the levels of Fe65 also increase the levels of Aβ.37

The preferential production of the APP-CT99 fragment 
may reflect the fact that BACE1 levels also increased with 
advancing age (Fig. 2A), there by favoring the generation 
of amyloidogenic Aβ peptides. Although the BACE1 pro-
tein increases with age in 5XFAD Tg mice, BACE1 mRNA 
levels have been reported to remain unchanged.21–24 This 
may be due to an increase in the efficiency of RNA transla-
tion or to enhanced BACE1 stability or activity. Nevertheless, 

production of CT99 (Fig. 2F), Aβ (Fig. 1), and AICD 
(Figs.  2G and 2H) concomitantly increase. When 5XFAD 
Tg mice were crossed with BACE1–/– mice, Aβ40, Aβ42, and 
soluble oligomeric Aβ levels decreased to levels typically seen 
in wt mice, while the APP and PSEN1 amounts remained 
high.13 Interestingly, 5XFAD Tg mice crossed with BACE1–/– 
did not exhibit neurodegeneration, neuroinflammation, mem-
ory difficulties, or amyloid plaque deposition, suggesting that 
Aβ contributes directly to neuron loss and other deleterious 
cellular events in this model.28

Although SAD is classically linked to abnormal amyloid 
accumulation, additional evidence suggests that the induction 
of neurotoxicity may be mediated by the direct participation of 
both Aβ and CT–APP fragments operating through alterna-
tive pathophysiological mechanisms.38 The neurotoxic effects 
in 5XFAD Tg mice may reflect the increased production of 
free or membrane-bound toxic CT99 species (Fig.  2F), the 
main precursor of the AICD.39 This gross disturbance of the 
APP processing equilibrium may have the additional dual 
consequence of enhancing production of the AICD (Figs. 2G 
and 2H), which may directly induce the expression of genes 
leading to apoptosis,40–43 or favoring the generation of neuro-
toxic peptides such as the proapoptotic APP-CT31, released 
by caspase proteolysis.44–46
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mice utilize a combination of well-characterized genes present 
in early-onset FAD to induce a specific and swift upsurge in 
amyloidogenic APP processing, leading to increased Aβ and 
CT-APP peptide production, including the AICD, with 
potential pathologic activities. The 5XFAD Tg mice exhibit 
a range of behavioral and biochemical phenotypes associated 
with AD (importantly, neuronal loss). However, these mice 
do not mimic all facets of human AD, most notably exhibit-
ing a lack of NFT.12 Although it seems likely that the FAD 
genes utilized in these mice partially duplicate key molecular 
cascades observed in AD, the biochemical pathways may have 
been profoundly perturbed. For example, the 5XFAD model 
exhibit unusual responses such as intracellular and extracel-
lular Aβ in the spinal cord,26 and alterations of genes related 
to cardiovascular disease and mitochondrial dysfunction as 
early as 7 weeks.27 In particular, the PSEN/γ-secretase activi-
ties impact an extraordinarily broad range of substrates,8 with 
potentially grave pleiotropic interactions on vital neuronal, 
glial, and vascular functions.11,58–60

Transgenic mice have been successfully utilized in the 
exploration of specific disease mechanisms to examine pro-
tein interactions and to define unique biochemical pathways 
associated with AD pathology. However, mouse models have 
demonstrated limitations in their ability to successfully predict 
drug efficacy in humans.61–63 Specifically, many Aβ-targeted 
therapies rescue amyloid pathology and memory deficits in AD 
Tg mouse models, but do not translate to humans for the treat-
ment of AD. Potentially, APP Tg mice may recapitulate an 
early stage of AD, while humans with AD have much more 
advanced and complicated disease conditions and, thus, are 
refractory to Aβ-targeted therapy. In addition, this conun-
drum could be a consequence of the vast phylogenetic dis-
tance that separates humans from rodents in terms of anatomy, 
physiology, and life span, and the immense complexity of the 
human brain that culminated in the creation of our culture. 

The levels of ApoE were modestly increased with age 
(1.7-fold) between the 3- and 9-month-old 5XFAD Tg mice 
(Fig. 2I; Table 3). In AD, as well as in other APP Tg mice 
models, endogenous ApoE colocalizes with amyloid plaques 
and substantially increases with age as Aβ accumulates in 
these lesions.47 The dynamic coexistence of these molecules 
suggests that ApoE is an essential component for Aβ accumu-
lation and may act as a transporter and/or inducer of amyloid 
fibrillar polymerization. In the absence of ApoE in general or, 
specifically ApoEε4, some APP Tg mice exhibit a significant 
delay in Aβ deposition, an observation that lends support to 
these contentions.48–50

One hypothesis relating to the neurodegenerative etiol-
ogy and evolution of SAD is that excessive amyloid deposi-
tion induces tau hyperphosphorylation, which results in NFT 
accumulation.51–53 Intriguingly, no corresponding elevations 
in Tris-soluble (Fig. 3A; Table 2) or GHCl-soluble (Fig. 3B; 
Table 2) mouse endogenous tau were observed in 5XFAD 
Tg mice with increasing age. Although, no NFT or p-tau 
staining was observed in 5XFAD Tg brain sections using 
the AT8 antibody,12 the presence of other p-tau epitopes by 
either immunohistochemistry or Western analysis has not 
been investigated in this model. The inability of massive Aβ 
loads to cause NFT in 5XFAD Tg mice may reflect species 
differences in tau or in the induction of NFT. Alternatively, it 
is possible that amyloid plaques and NFT simply form inde-
pendently of each other and therefore do not accumulate in a 
sequential manner in the 5XFAD Tg mice.54–57

Conclusions
The 5XFAD Tg mice rapidly recapitulate a portion of the 
pathologic alterations present in human SAD and FAD. In 
particular, the putative Aβ-reactive phenotypes in these mice 
make them desirable models to assess the rapid synthesis of Aβ 
and its impact on neuronal loss and neuroinflammation. These 

Figure 3. ELISA quantification of endogenous mouse tau at 3 months, 6 months, and 9 months of age.
Notes: (A) Tris-soluble tau in ng/mg total protein. (B) GHCl-soluble tau in ng/mg total protein. (C) Total tau (Tris + GHCl soluble fractions) in ng/mg total 
protein. Statistical analysis was performed using a Kruskal–Wallis test followed by Dunn’s multiple comparison test. The horizontal bars represent the 
mean of the 4 cases from each age group. For further details see Table 2.
Formulations: Tris = 20 mM Tris-HCl, 5 mM EDTA, pH 7.8 buffer; GHCl = 5 M guanidine hydrochloride 50 mM Tris-HCl, pH 8.0 buffer.
Abbreviations: NS, not significant; f, female; m, male; ELISA, enzyme-linked immunosorbent assay; GHCI, guadinine hydrochloride; EDTA, 
ethylenediaminetraacetic acid.
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