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ABSTRACT: It has been challenging to develop transgenic and gene-targeted mouse models that 

recapitulate all of the neuropathological features of Alzheimer’s disease (AD).  For example, in the 

APP/PS-1 double knock-in mutant mouse (DKI), frank neurodegeneration is not observed at middle age 

and synapse loss is pronounced only within amyloid plaques.  Here, we investigated whether continued 

amyloid deposition and advanced age of 24-27 months lead to loss of neurons and synapses, tau 

hyperphosphorylation, and other pathological features of AD.  We focused on the perforant pathway 

projection from entorhinal cortex to hippocampal dentate gyrus, since it is preferentially impacted by 

plaques, tangles, and neuronal loss early in the course of AD.  Compared with wild type controls 

matched for age and gender, expression of neither reelin nor NeuN was altered in the entorhinal layer 2 

neurons of origin.  Retrograde labeling of the perforant pathway with Fluorogold indicated no cell loss, 

axonal atrophy, or nerve terminal degeneration.  The lack of neuronal loss or atrophy was confirmed by 

volumetric analysis of the ventral dentate gyrus and immunostaining for a synaptic marker.  We also 

searched for other hallmarks of AD neuropathology by labeling for hyperphosphorylated pre-tangle tau, 

accumulation of cathepsin D-containing autolysosomes, and cyclin A-positive neurons aberrantly re-

entering the cell cycle.  None of these AD pathologies were observed in the entorhinal cortex, dentate 

gyrus, or any other forebrain region.  Our results indicate that the DKI mouse does not show 

appreciable Alzheimer-type disease progression, even at advanced age and in the phase of over 18 

months of robust cerebral amyloid deposition.  The insufficiency of amyloid deposition to induce other 

AD-type neuropathologies and neurodegeneration in the aging mouse brain suggests an important role 

for tauopathy or other factors for triggering the pathogenesis of AD. 
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Major challenges in Alzheimer’s disease (AD) research 

have been to develop small animal models reproducing 

the full neuropathological and neurodegenerative 

spectrum of the disease, and to apply these models for 

delineating critical steps in disease pathogenesis.  The 

hallmark aging- and region-dependent amyloid  

deposition and its attendant neuritic dystrophy and 

reactive gliosis are captured in a number of mouse lines 

transgenic for familial AD-causing mutations in the 

genes for amyloid precursor protein (APP), presenilin-1 

(PS-1), or bitransgenics expressing both mutant APP and 

PS-1 (1-7).  However, none of these mouse models are 

reported to accumulate neurofibrillary tangles containing 

hyperphosphorylated, aggregated tau, or exhibit robust 

neurodegeneration and synapse loss across the many 

brain regions susceptible in AD (8).  The inability of 

mutant APP and PS-1 to induce widespread and 
profound AD-type neuropathology and 

neurodegeneration in the mouse without other genetic 

modifications is not simply a limitation of transgenesis.  
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In the APP/PS-1 double knock-in mouse model (DKI) of 

Alzheimer’s disease (AD), which does not overexpress 

mutant APP and PS-1, frank neurodegeneration and tau 

pathology are not observed out to 14 months of age and 

synapse loss is pronounced only within amyloid plaques 

(9).   

The perforant pathway projection arises from 

entorhinal cortex layer II neurons and terminates in the 

molecular layer of hippocampal dentate gyrus, and plays 

a vital role in certain forms of long-term memory (10, 

11).  The pathway develops neurofibrillary tangles in the 

earliest pathological stages of AD (12), and shows 

substantial neuronal loss that is coincident with initial 

clinical signs of mild cognitive impairment (13) and that 

progresses along with the cognitive decline, until more 

than 90% of the pathway has degenerated (14).  

Unfortunately, neither APP or PS-1 transgenic mice nor 

the DKI model of AD have shown robust evidence for 

degenerative changes or neurofibrillary pathology in this 

entorhino-hippocampal projection, and additional 

genetic manipulations are required to impact the 

perforant pathway, such as deletion of the CD45 gene 

(15), reduction of reelin expression (16), or 

overexpression of mutant forms of tau linked to another 

neurodegenerative disease, frontotemporal lobar 

dementia (6, 17, 18).  Additional pathological features of 

vulnerable brain regions in AD, including aberrant 

neuronal reentry into the cell cycle and 

hyperaccumulation of lysosomes and lysosome-

associated autophagic vacuoles (19, 20) have not been 

described for the perforant pathway in mouse models of 

AD.    

An important caveat to the incomplete AD-type 

neuropathology with APP and PS-1 transgenes or knock-

in mutations is that aging is the biggest risk factor for 

AD, but few studies have examined amyloid-depositing 

APP and PS-1 mutant mice beyond 18 months of age for 

loss of neurons and synapses, tauopathy, or other 

neuropathological features of AD.  Here, our objective 

was to investigate in the APP/PS-1 double knock-in 

mutant mouse whether advanced age of 24-27 months 

could couple with long-term and extensive cerebral 

amyloid deposition to initiate AD-type disease 

progression in the perforant pathway.  We thoroughly 

evaluated neuronal survival and atrophy in the 

entorhino-dentate projection using cell- and 

compartment type-specific markers and retrograde 

tracing methods, and searched for other characteristics of 

AD pathology such as hyperphosphorylated pre-tangle 

tau, increased accumulation of lysosomes, and aberrant 

neuronal reentry into the cell cycle.   

 

 

 

 
Figure 1. Amyloid plaque burden in the middle and outer molecular layers of the dentate gyrus 

and the deep entorhinal cortex of the DKI mouse.  Amyloid  labeling by an immunoperoxidase 

method using AB1153 reveals an extensive amyloid burden in the DKI (B) but not the wild type (A) 

mouse at 24-27 months of age.  Thioflavin-S staining confirms the presence of core-containing plaques 

in the DKI (D) but not wild type (C) mouse brain.  Scale bar = 500 m. 
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MATERIALS AND METHODS 

 

Gene-targeted DKI mouse line 
The APP/PS-1 double knock-in mutant mouse line was 

created using gene targeting in embryonic stem cells, 

and has been described and characterized extensively 

elsewhere (21-25).  The mouse APP gene carries the 

Swedish double point mutation at codons 670-671, and 

the three variant codons within the A domain have been 

changed from the mouse to the human sequence.  The 

mouse PS-1 gene carries the familial AD-linked P264L 

point mutation.  The DKI mouse line is homozygous for 

the two mutant alleles for both genes.  The DKI and wild 

type mice used in the present study were all of the CD-1 

outbred strain, and were bred and aged in a pathogen-

free facility at the University of Pennsylvania.  Mice 

were given free access to food and water, and maintained 

under veterinary supervision in strict compliance with all 

standards for animal care and investigation established in 

the “Guide For The Care And Use Of Laboratory 

Animals” (National Academy Press ISBN# 0-309-

05377-3).  Both male and female mice 24-27 months of 

age were used for all studies.  No differences were 

observed between the responses of males and females to 

the APP and PS-1 knock-in mutations, or any of the 

markers tested, and so data for the two genders were 

pooled.   

 

 

 

 
 

 
Figure 2. Absence of neuronal loss in the perforant pathway projection with advanced age and amyloid deposition.  
(A-D) Reelin immunostaining; (E-H) NeuN immunostaining.  Neither the density of reelin-immunopositive neurons nor the 

reelin expression level are altered appreciably at 24-27 months of age in either the ventral or dorsal aspects of entorhinal 

cortex layer II in DKI mice (B, D) as compared to wild type control mice (A,C respectively); Similarly, NeuN labeling of 

neurons in the ventral (E,F) and dorsal (G,H) aspects of entorhinal cortex is indistinguishable between aged DKI mice (F, 

H) and aged wild type controls (E,G).  Scale bar = 500 m.   
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Immunocytochemistry and morphometry 

Mice were anesthetized deeply with an overdose of 

pentobarbital and perfused transcardially with ice cold 

0.1M sodium phosphate buffer at pH 7.4 (PB), followed 

by ice cold freshly prepared 4% paraformaldehyde in 

PB.  Brains were carefully dissected, post-fixed for 4 

hours at 4
o
C, cryoprotected in 20% sucrose in PB 

overnight, blocked and frozen at -40
o
C using dry ice in 

2-methylbutane, and stored at -80
o
C.  Horizontal 

sections 40 m thick were prepared with a sliding 

microtome and collected sequentially into ten series, 

with each starting from the ventral-most edge of dentate 

gyrus and extending dorsally to the top of the 

hippocampus.  The total number of sections between 

these anatomical boundaries did not differ as a function 

of APP and PS-1 genotype.   

One series of at least 8 sections from each mouse was 

immunostained by an indirect immunoperoxidase 

method for amyloid A (rabbit antibody 1153 at 

1/10,000 dilution; (25, 26)), reelin, which is expressed at 

high levels in neurons of origin for the perforant 

pathway into adulthood (mouse antibody at 1/20,000 

dilution, Millipore, Bellerica, MA; (27)), NeuN, a 

marker for neuron specific nuclear protein (mouse 

antibody at 1/30,000 dilution, Millipore, Bellerica, MA; 

(28)), MC1 monoclonal antibody to tau, which labels a 

pathological tau conformer of pre-tangles (kindly 

provided by Dr. Peter Davies; 1/10 dilution of 

hybridoma supernatant; (29)), cyclin A, a marker for cell 

cycle (rabbit antibody at 1/20,000 dilution, Abcam, 

Cambridge, MA; (30)), or cathepsin D, a marker for 

lysosomes and related autophagic vacuoles (rabbit 

antibody kindly provided by Dr. Ralph Nixon and used 

at 1/10,000 dilution; (31)).  For immunoperoxidase 

staining, sections were rinsed in 20 mM Tris-HCl + 150 

mM NaCl, (pH 7.4; TBS) then permeabilized and pre-

blocked for 1 hour at room temperature in TBS 

containing 0.05% Triton X-100 + 3% normal serum 

from the same species as the secondary antibody.  

Sections were incubated in primary antibody overnight 

at 4
o
C, and then were washed three times in TBS.  Next, 

sections were incubated with species-specific 

biotinylated secondary antibodies (Vector Laboratories, 

Burlingame, CA; 1/500 – 1/1000 dilution) for 1 hour at 

room temperature, washed three times in TBS, and then 

incubated for 1 hour at room temperature in a pre-

formed avidin-biotin-horseradish peroxidase complex 

(prepared from the Vectastain ABC Elite kit) prepared in 

TBS + 0.5% bovine serum albumin and used at 1/3 the 

recommended strength.  Following four washes in TBS, 

an insoluble peroxidase reaction product was formed 

using diaminobenzidine + H2O2 as chromagen.  Stained 

sections were washed in TBS, mounted onto gelatin-

coated slides, dehydrated, delipidated and coverslipped 

using Permount.  Some sections were counterstained for 

fibrillar amyloid deposits using thioflavin S at 0.1%.  

Photomicrographs were captured under brightfield and 

Nomarski illumination on a Nikon Eclipse E600 

microscope outfitted with a Nikon DXM-1200 camera.  

Images of the sections stained with thioflavin S were 

captured using a cooled CCD monochromatic camera 

and processed with NIS Elements software.  

For immunofluorescence double labeling of synapses 

and amyloid deposits, slide-mounted sections were 

treated with autofluorescence quencher (Chemicon, 

Bellerica, MA) for 1.5 minutes, then permeabilized and 

pre-blocked with TBS containing 0.05% Triton X-100 

and 3% normal goat serum for 1 hour at room 

temperature.  Sections were incubated in antibodies to 

synaptophysin (rabbit antibody at 1/3000 dilution, 

Millipore, Bellerica, MA) and amyloid (mouse 

antibody 6E10 at 1/1000 dilution, Invitrogen, Carlsbad, 

CA) overnight at 4
o
C, then washed three times in TBS.  

Next, the sections were treated for 1 hour at room 

temperature in the dark with goat anti-rabbit and anti-

mouse secondary antibodies conjugated to AlexaFluor-

488 and -568, respectively (Molecular Probes, Carlsbad, 

CA; 1/500 dilution each).  Sections were washed three 

times in TBS, then coverslipped using Vectashield with 

DAPI (Vector Laboratories) and stored in the dark at 

4
o
C.  Photomicrographic images were captured in 8-12 

z-steps of 1 m using a motorized stage.  The z-stacks 

were deconvolved using the autoquant algorithm of NIS-

Elements and saved as the maximum intensity projection 

two-dimensional images compiled from digitally 

sectioned z-planes.  Each experiment labeled and 

analyzed sections derived from both control and treated 

groups to ensure internal experimental consistency.  All 

images for a given immunostain were taken using the 

same exposure time, deconvolved using equivalent 

settings, and prepared for publication using equivalent 

processing methods in Photoshop. 

 

Retrograde tract tracing 
Retrograde tracing of the perforant pathway was 

performed using microinjections of 1l Fluorogold (2%, 

Fluorochrome Inc., Denver, CO) delivered into the hilus 

of the wild type and DKI mouse dentate gyrus using a 

small animal stereotaxic apparatus (coordinates from 

Bregma -AP:1.8; DV:2.1; ML:0.75).  The injected mice 

were between 25-30 gm in body weight. Animals were 

anesthetized with isofluorane, which was monitored 

during the surgical procedure.  Surgeries were performed 

under aseptic techniques.  After tracer injections, the 
injection cannula was slowly raised, and the incision on 

the skin was closed using bioglue (3M Vetbond, St. Paul,  
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Figure 3.  Retrograde labeling of the perforant pathway to evaluate neuronal loss, axonal atrophy and terminal 

degeneration in the aged DKI mouse.  (A-D) Fluorogold accumulation is depicted in the perforant pathway neurons of 

origin in layer II of the dorsal entorhinal cortex (A-wild type, B-DKI) and ventral entorhinal cortex (C-wild type, D-DKI);  E- 

Quantitative analysis of the number of retrogradely labeled neurons in entorhinal layer II at 24-27 months of age (n=8/group); 

mea-medial entorhinal area; lea-lateral entorhinal area.  Scale bar = 500 m.  

 

 

 

MN).  Mice were administered appropriate analgesics 

and monitored every day after surgery.  After 10-day 

survival the mice were anesthetized, perfused and 

prepared for histology as described above. 

 

Quantitative Analyses 

The numbers of fluorogold-positive neurons in the layer 

II of entorhinal cortex were quantified using the NIS 

Elements software and binary intensity thresholding.  

Every 9
th

 section was analyzed and the number of 

labeled neurons obtained was multiplied by the number 

of series to derive the total number of neurons per 

entorhinal cortex for each mouse.  A region of interest 

was drawn manually that included only the layer II 

neurons of the entorhinal cortex.  Care was taken to 

exclude piriform cortex, angular insular cortex, 

parasubiculum and other regions adjacent to the 

entorhinal cortex, based on well-defined anatomical 

landmarks (32).  Cell numbers were counted in sections 

extending from the ventral (-5.04 from Bregma) to 

dorsal extremes (-2.04 from Bregma) of the entorhinal 

cortex, and included the entire caudal, medial and lateral 

entorhinal areas. The images were processed, 

deconvolved and saved as 2-D projection images before 

quantification.  Because of the density of fluorescently 

labeled neuronal perikarya, fluorogold-positive cells 

were counted manually by an investigator blinded to the 

genotype. 

 

Dentate Gyrus Volume Measurement 
Ventral dentate gyrus volumes were determined for the 

two genotypes from reelin-immunostained horizontal 

sections using NIS-Elements quantitation software.  A 

region of interest was drawn around the lateral and 

medial edges of the dentate gyrus enclosing both blades 

and extending anteriorly to the rostral tip of the granule  
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Figure 4.  Lack of generalized synapse loss in the 24-27 month old DKI mouse.  Representative 

photomicrographs of the perforant pathway terminal field in the dentate gyrus molecular layer (A,B) 

and also the somatosensory cortex (C,D) double labeled for the nerve terminal marker synaptophysin 

(green) and amyloid A (red).  Wild type mouse (A,C); DKI mouse (B,D).  Note that the dense carpets 

of synaptophysin-positive nerve terminals do not differ appreciably between the two genotypes, except 

for the circumscribed depletion of synaptophysin staining within amyloid deposits of the aged DKI 

mouse.  OML-outer molecular layer; MML-middle molecular layer; IML-inner molecular layer; GCL-

granule cell layer.  Scale bar = 50 m.   

 

 

 

 

cell layers.  Every 9
th

 section was analyzed.  Volume 

was determined by summing the areas of each region of 

interest and multiplying by the number of sections 

between the first appearance of the two blades of dentate 

gyrus at its ventral border (-4.72mm from Bregma) 

extending dorsally to where the fibers from fimbria stop 

entering the caudate nucleus (-2.68mm from Bregma).  

 

Statistical Analyses 
The numbers of fluorogold -positive neurons and the 

dentate gyrus volumes across experimental groups were 

compared using Student’s t-test with a priori p value of 

0.05.  

 

RESULTS 

 

Robust amyloid deposition and advanced age do not 

induce neuronal loss in the mouse perforant pathway. 

 

The DKI mouse model has familial Alzheimer-causing 

mutations knocked into the endogenous APP and PS-1 

genes, and the region encoding amyloid A has been 

humanized (21-23, 25).  In the model, amyloid deposits 

are first detected around 6 months of age in the 

hippocampus and neocortex, and the amyloid burden 

continues to increase steadily over time thereafter (9, 24, 

25).  In the current study, we evaluated AD type 

neuropathologies at the advanced age of 24-27 months.   
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Figure 5. Hyperphosphorylated pre-tangle tau is absent from the aged DKI mouse brain.  
Immunoperoxidase staining using monoclonal antibody MC1 (9) in entorhinal cortex (A,B) and frontal 

cortex (C,D) of 24-27 month old DKI (B, D) and wild type mice (A,C).  Note the complete absence of pre-

tangle tau in either genotype.  Scale bar = 500 m.  Positive control tissues from transgenic mouse lines 

expressing pathological mutant tau show robust accumulation of hyperphosphorylated tau: entorhinal (E) 

and frontal (F) cortex from PS19 tau transgenic mouse; area CA1 from 3xTg AD mouse (G).  Scale bar = 50 

m.   

 

 

 

Immunostaining with an antibody directed at A1-28 

revealed extensive deposits of amyloid of various sizes 

and morphologies in the molecular layer of dentate 

gyrus, deep layers of entorhinal cortex, and layers I-V of 

frontal, parietal, and temporal neocortex.  Thioflavin S 
staining confirmed that a subset of the deposits labeled 

for A were fibrillar core-containing plaques (Fig. 1). 

 

The perforant pathway projects from neurons in layer 

II of entorhinal cortex to the hippocampal dentate gyrus 

and is exquisitely vulnerable to developing plaque and 

tangle pathologies and degeneration early in AD (14, 33, 

34).  Consequently, we focused on this pathway in 

searching for aging-dependent AD-type neuro-

degeneration and neuropathology in the DKI mouse 
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model.  The neurons of origin for the perforant pathway 

were labeled by immunostaining for reelin, which is 

preferentially expressed at high levels in these neurons in 

the adult mouse and human (27, 35).  As shown in Fig. 2 

for both ventral and dorsal aspects of entorhinal cortex, 

reelin expression was intense in the perikarya of 

entorhinal layer II neurons in 24-27 month old wild type 

mice, and was maintained at the same density and 

expression level in DKI mice (compare panels A with B 

and C with D).  To investigate further the survival of 

perforant pathway neurons of origin in the aging DKI 

mouse, adjacent sections were immunostained for the 

general neuronal nuclear marker NeuN.  Once again, at 

both ventral and dorsal levels the density of NeuN-

positive neurons in entorhinal cortex layer II was 

indistinguishable between wild type and DKI mice.  

Furthermore, the densities of reelin- and NeuN-positive 

layer II neurons did not differ as a function of genotype 

for either the medial or lateral entorhinal areas, which 

segregate into the medial and lateral perforant pathway 

projections, respectively (36).  These data provide 

evidence that the APP/PS-1 double knock-in mutations 

cause no appreciable loss of medial or lateral perforant 

pathway neurons in the aging mouse brain even in the 

face of an extensive and long-lasting amyloid burden in 

the terminal fields in the dentate gyrus.  Furthermore, no 

other forebrain region exhibited an appreciable reduction 

in the density of NeuN-positive neurons in the aging 

DKI mouse brain (data not shown). 

 

 

 

 

 

 

 

 
 
Figure 6.  Evidence for lack of lysosome accumulation in the aged DKI mouse brain.  
Immunoperoxidase staining for cathepsin D (Yang et al., 2011) at 24-27 months of age in the frontal cortex 

(A,B) and subiculum (C,D) of the DKI mouse (B,D) compared to the wild type mouse (A,C).  Cathepsin D 

immunoreactivity is confined to small perikaryal lysosomes and lysosome-related vacuoles, and is not 

altered appreciably in the aged DKI mouse brain.  Scale bar = 50 m.  
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Perforant pathway integrity is maintained with robust 

amyloid deposition and advanced age 

 

In the absence of evidence for frank neuronal loss, we 

evaluated other features of perforant pathway integrity in 

aging wild type and DKI mice using retrograde tracing 

with Fluorogold.  This method could uncover any nerve 

terminal loss or axonal atrophy that might accompany 

amyloid deposition and advanced age even in the 

absence of frank neuronal loss.  Ten days after the tracer 

was microinjected into the perforant pathway terminal 

fields in the dentate gyrus, layer II neurons in entorhinal 

cortex selectively exhibited strong Fluorogold staining.  

The number of retrogradely labeled neurons was 

unaltered in the 24-27 month old DKI mouse throughout 

the dorso-ventral extent of the entorhinal cortex (Fig. 3 

[B], [D]) as compared to wild type controls (Fig. 3 [A], 

[C]).  Quantitative analysis confirmed that the number of 

retrogradely labeled perforant pathway neurons in the 

medial and lateral entorhinal areas did not differ between 

the two genotypes (Fig. 3 [E]).  Additional qualitative 

inspection of the medial and lateral entorhinal areas at 

both dorsal and ventral aspects revealed no evidence for 

localized neuronal atrophy within any entorhinal 

subfield.  Finally, volumetric analysis of the ventral 

dentate gyrus, a target for the perforant pathway, also 

showed no evidence for atrophy in the aging DKI mouse 

(1.18 +/- 0.01 mm
3
) compared to the wild type mouse 

(1.20 +/- 0.02 mm
3
). 

 

Prolonged amyloid deposition and advanced age do not 

induce generalized synapse loss 

 

Extensive loss of synapses is a cardinal feature of several 

neocortical and limbic regions in AD, but the degree to 

which transgenic mouse models recapitulate the synapse 

loss has been controversial, with most models failing to 

exhibit widespread synapse loss (37).  For the DKI 

mouse at 14 months of age, we reported previously that 

synapse loss was confined to circumscribed amyloid 

plaques (9).  Here, to evaluate the extent of synapse loss 

in the 24-27 month old DKI mouse brain, we used 

immunostaining for the synaptic vesicle protein and 

nerve terminal marker synaptophysin.  In the perforant 

pathway terminal fields in the outer two-thirds of the 

dentate molecular layer, synaptophysin labeling was 

concentrated in a dense carpet of small puncta, as 

expected for its localization to synapses (Fig. 4 in green).  

There was no appreciable difference in the density of 

labeled nerve terminals between wild type and DKI 

mice.  As reported previously for 14 month old mice, at 
24-27 months of age the only interruptions to the dense 

distribution of synapses were microvessels and focal 

amyloid deposits (Fig. 4; amyloid deposits in red).  

Similarly, no cortical region exhibited any generalized 

synapse loss beyond the nerve terminal depletion 

occurring within circumscribed amyloid plaques. 

 

Absence of tau pre-tangles in the DKI mouse brain at 

advanced age 

 

The perforant pathway projection neurons in entorhinal 

layer II are thought to be the first to develop tau-

containing neurofibrillary tangles in AD patients (34).  

Consequently, we searched for tangle pathology in this 

pathway of the DKI mouse by immunostaining with 

antibody MC-1.  This monoclonal reacts with a 

pathological conformational form of tau, and labels non-

paired helical filament pre-tangles in the Alzheimer 

brain as well as certain mouse transgenic models of 

tauopathy (29).  Even at 24-27 months of age and in the 

face of over 18 months of cerebral amyloid deposition, 

no accumulation of MC-1 positive hyperphosphorylated 

tau into pre-tangles was observed in either the entorhinal 

(Fig. 5 [A], [B]) or frontal cortex (Fig. 5 [C], [D]) of 

either the wild type or DKI mouse.  To confirm that our 

MC-1 immunostaining method was capable of detecting 

pre-tangle pathology in the mouse, we examined brain 

and spinal cord sections derived from the PS19 and 3xTg 

AD mouse lines.  Both models express an FTLD-linked 

P301 mutant human tau transgene at high levels and 

reportedly develop extensive tauopathy in stereotypical 

regions of the central nervous system as adults (6, 38).  

Consistent with previous reports, tau pre-tangles labeled 

with MC-1 were readily observed within neurons of the 

PS19 entorhinal and frontal cortex (Fig. 5 [E], [F]) and 

3xTg AD hippocampal CA1 sector (Fig. 5 [G]).  

Therefore, a method confirmed to label the tauopathy of 

two different transgenic mouse lines failed to detect any 

tau pathology in the 24-27 month old DKI mouse brain.  

Essentially identical results were obtained with TG-3, a 

second monoclonal that selectively labels 

hyperphosphorylated pre-tangle tau (data not shown). 

 

Lack of accumulation of lysosomes in the face of 

robust amyloid deposition and advanced age 

 

Surviving neurons in vulnerable regions of the AD brain 

exhibit massive accumulation of lysosomes and/or 

autophagolysosomes, as evidenced by their intense 

labeling for the protease cathepsin D and several other 

lysosomal hydrolases (31, 39).  Therefore, we searched 

in the DKI mouse brain for aberrant accumulation of 

lysosomes and lysosome-related autophagic vacuoles by 
immunostaining for cathepsin D.  The antibody used for 

these experiments reacts with the mouse ortholog of  
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Figure 7. Advanced aged and cerebral amyloid deposition fails to induce aberrant neuronal cell cycle 

reentry in the mouse brain.  Immunoperoxidase staining for the cell cycle marker cyclin A is undetectable in 

the frontal cortex of the 24-27 month old DKI (B) and wild type mouse (A); scale bar=500 m.  Positive 

controls for cyclin A immunostaining: proliferating cyclin A-positive cells in the seminiferous tubules from 

testis (C) and the subventricular zone from brain (D).  In the latter, arrows depict cyclin A-immunopositive 

neural progenitor cells.  Scale bar = 50m.   

 

 

 

 

cathepsin D and reportedly demonstrates increased 

accumulation of lysosomes in the frontal cortex of a 

mouse transgenic AD model (19).  As expected of a 

lysosomal marker, cathepsin D staining was confined to 

small puncta within neuronal perikarya and was 

excluded from neuronal nuclei and processes.  In the 

frontal cortex, subiculum (Fig. [6]), hippocampus, and 

entorhinal cortex, there was no difference between the 

wild type and DKI mouse in the density, staining 

intensity, or neuronal compartmentalization of the 

cathepsin D-positive puncta (compare 6A with B and C 

with D).  Thus, robust amyloid deposition and advanced 

age failed to induce appreciable neuronal accumulation 

of cathepsin-D containing lysosomes or 

autophagolysosomes in the aged DKI mouse brain. 

 

Amyloid deposition and advanced age fail to induce 

aberrant cell cycle reentry in neurons 

 
An hypothesis advanced for the neurodegeneration of 

AD is that neurons die after aberrantly trying but failing 

to re-enter the cell cycle (30, 40, 41).  Expression of the 

S phase marker cyclin A has been used as an indicator 

for this aberrant cell cycle re-entry in vulnerable regions 

of the AD brain.  In 24-27 month old DKI or wild type 

mice, the neocortex and limbic system were completely 

devoid of cyclin A-positive neurons (Fig. 7).  The only 

cyclin A-positive cells observed routinely in the aged 

mouse brain were clusters of neural progenitor cells in 

the subventricular zone (Fig. 7 [D]), and these were 

present regardless of genotype.  As further evidence that 

the staining method could mark cycling cells, strong 

cyclin A staining was observed in the highly 

proliferative zone of the testicular seminiferous tubules 

(Fig. 7 [C]).  

 

DISCUSSION 
 

The major finding of this study is that in the APP/PS-1 

double knock-in (DKI) mutant mouse model of AD, the 
combination of long-lasting cerebral amyloid deposition 

and advanced age of 24-27 months fails to elicit any sign 
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of AD-type disease progression.  After more than 18 

months of carrying a substantial amyloid burden, aging 

DKI mice show no evidence for widespread neuronal or 

synaptic loss, tau hyperphosphorylation, reduced reelin 

expression, autolysosomal accumulation, or aberrant 

neuronal reentry into the cell cycle, all neuropathological 

characteristics of vulnerable brain regions in AD (34, 39, 

42-45).  The DKI mouse is a unique model that mimics 

the genetics of the familial AD without the need for 

ectopic overexpression of transgenes but, as reported 

previously for APP transgenic models of cerebral 

amyloidosis (reviewed by (46, 47)), it too lacks key 

neuropathological features of AD.  The failure of mouse 

models bearing Alzheimer-causing mutations in APP, 

PS-1, or both genes to recapitulate the full 

neuropathological spectrum of AD in the face of 

advanced age and long-lasting cerebral amyloid burden 

emphasizes the importance of other factors for driving 

the progression of AD.  The results have implications for 

development of disease-modifying treatment strategies 

for the disease.   

The current study focused on neuropathological and 

neurodegenerative changes in the entorhino-hippocampal 

perforant pathway, which is vital for certain forms of 

long-term memory (10, 11).  The pathway is perhaps the 

earliest neural circuit in AD to develop neurofibrillary 

tangle and amyloid pathologies, in the neurons of origin 

and their terminal fields, respectively (12, 33, 34), and 

exhibits substantial and progressive neuronal loss 

beginning with the onset of mild cognitive impairment 

(13, 14).  Similar to the AD brain, the DKI mouse 

develops an extensive amyloid burden in the perforant 

pathway terminal fields in the outer molecular layer of 

the dentate gyrus accompanied by neuritic dystrophy and 

reactive gliosis (Fig. 1; (9, 25)).  Here, we investigated 

neuronal degeneration and atrophy of the mouse 

perforant pathway using four different techniques.  

Reelin is a selective marker for entorhinal layer II 

neurons of origin for the mouse and human perforant 

pathway (35), and reportedly shows dramatic reductions 

in the AD brain and a transgenic mouse model (45).  We 

found no evidence for a decline in either the number of 

reelin-positive neuronal perikarya or the level of reelin 

expression in the aged DKI mouse in comparison with 

age-matched wild-type controls (Fig. 2 [A-D]).  These 

findings are substantiated by staining for the neuronal 

nuclear marker NeuN, which also does not vary between 

aged wild-type and DKI mice in layer II of the entorhinal 

cortex (Fig. 2 [E-H]) or any other forebrain regions (data 

not shown).   Additionally, after fluorogold 

microinjections into the dentate gyrus the number of 
retrogradely labeled perforant pathway projection 

neurons does not differ, providing further evidence that 

the circuit exhibits neither appreciable loss of neurons 

and synapses nor axonal atrophy (Fig. 3).  Finally, 

labeling for the nerve terminal marker synaptophysin 

shows no depletion of perforant pathway synapses in the 

dentate molecular layer terminal fields beyond that 

associated with the circumscribed amyloid deposits (Fig. 

4; (9)).  Our findings in mice of advanced age confirm 

and extend studies of middle aged APP transgenic and 

APP/PS-1 bitransgenic lines, which develop entorhinal 

atrophy and degeneration only with additional genetic 

manipulations that in humans are not linked to familial 

forms of AD (6, 15, 17, 18).  

What might account for the failure of the DKI and 

transgenic mouse models carrying AD-causing gene 

mutations even into old age to recapitulate the 

vulnerability of the perforant pathway?  Insights to this 

question may lie in recent findings about the temporal 

progression of early pathological changes of AD.  

Cerebrospinal fluid biomarker profiles and neuroimaging 

studies of amyloid plaques have provided evidence that 

cerebral amyloid deposition is an early pathological 

process associated with an antecedent phase of AD, 

years before the first clinical manifestations of cognitive 

or behavioral problems (48-50).  Given that it may take 

many years or even decades for AD to progress from a 

preclinical stage with amyloid deposition to a clinical 

phase, in which substantial neuronal and synapse loss 

underlie progressive cognitive impairment, one 

possibility is that the lifespan of the mouse is too short 

for the disease to progress in a manner analogous to its 

clinical stages.  It has also been argued that differences 

in brain aging or in neuroinflammatory responses 

between mouse and human could play a role (51-53).  

Still another possibility is that amyloid deposition is not 

an essential step in AD pathogenesis (54), although this 

is contraindicated by the strong human genetic evidence 

linking increased production of the highly 

amyloidogenic A42 protein relative to the A40 form 

to the disease (55).  Finally, recent studies have called 

attention to non-fibrillar oligomeric A species as being 

potential neurotoxic and synaptotoxic forms of amyloid 

(56).  The possibility cannot be excluded that, despite the 

extensive amyloid deposition in the DKI mouse and the 

presence of homozygous mutations in both APP and PS-

1 that raise brain A42 concentrations even prior to the 

onset of amyloid deposition (22), the DKI mouse brain 

may lack a particular toxic conformer of amyloid A.   

These many possibilities will require further 

investigation. 

In addition to the lack of an overt neurodegenerative 

phenotype, the DKI mouse at advanced age also shows 

no evidence for the tauopathy or aberrant neuronal cell 

cycle reentry that characterize vulnerable brain regions 
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in AD.  The monoclonals we used to search for 

hyperphosphorylated tau are capable of detecting pre-

tangles in the AD brain as well as transgenic mouse lines 

overexpressing a mutant form of human tau linked to 

frontotemporal lobar degeneration (Figure 5; (6, 29, 57)).  

Similarly, the cell cycle marker cyclin A is expressed at 

high levels in the neurogenic subventricular zone as well 

as the proliferative region of the testis, but is completely 

absent from the entorhinal cortex or any other region of 

the aged DKI mouse forebrain (Fig. 7).  Several studies 

suggest that the aberrant cell cycle activation in 

postmitotic neurons might induce cell death in AD (30, 

58, 59).  A possible connection between the tau 

hyperphosphorylation and aberrant neuronal cell cycle 

reentry is that mitotic protein kinases regulating cell 

cycle progression also may participate in the abnormal 

hyperphosphorylation of tau to promote its propensity to 

aggregate (44).  It is perhaps not surprising, then, that the 

aged DKI mouse model lacking an overt 

neurodegenerative phenotype also shows no signs of 

aberrant neuronal cell cycle reentry or pathological tau 

hyperphosphorylation. 

Dysfunction of the autophagic-lysosomal pathway 

and hyperaccumulation of lysosomal hydrolases is 

another pathological hallmark of surviving neurons in 

brain regions vulnerable to degeneration in AD (60, 61) 

that appears lacking in the aged DKI mouse brain.  

Recent evidence has been presented that PS-1 is essential 

for lysosomal acidification and autophagy and that 

familial AD-linked mutations of PS-1 cause a marked 

loss of these functions, suggesting an important role for 

autophagic dysfunction in AD.   However, in the aged 

DKI mouse, which is homozygous for an FAD-linked 

PS-1 P264L mutation, there is no detectable cathepsin D 

accumulation in the lysosomes and related autophagic 

vacuoles in any brain region (Figure 6).  The lack of 

autophagic dysfunction is not restricted to this PS-1 

mutation since, among the many mutant PS-1 expressing 

transgenic mouse lines, there is only a single report of a 

mild, regionally restricted lysosomal accumulation (62).  

There is also evidence that AD-causing PS-1 mutations 

cause a partial loss of PS-1 function that predisposes 

neurons to degeneration (63).  However, despite the DKI 

mouse line expressing purely mutant and no wild type 

PS-1, overt neurodegeneration is not observed in any 

brain region even at advanced age and in the face of 

long-lasting cerebral amyloid deposition. 

Based on the data from the DKI model coupled with 

transgenic mouse lines, it is now clear that amyloid 

deposition and advanced age are insufficient to induce 

the full neuropathological spectrum of AD.  Since the 
DKI mouse is a clean model of amyloid deposition, it 

should be a useful experimental tool for delineating 

additional pathogenic factors required for driving disease 

progression.  Further studies involving genetic and 

pharmacologic manipulations in the DKI model to 

modulate tau metabolism, autophagic function, cell 

cycle-related genes and kinases, and other potential 

pathogenic processes should help elucidate the triggering 

mechanisms that initiate the massive neurodegeneration 

and consequent cognitive and behavioral symptoms of 

AD.  The mechanisms that drive progression of AD from 

its antecedent to its clinical phases beyond amyloid 

deposition may be important targets for novel disease-

modifying treatment strategies. 
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