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The molecular basis for the degeneration of neurons and the
deposition of amyloid in plaques and in the cerebrovasculature
in Alzheimer’s disease (AD) is incompletely understood. We
have proposed that one molecule common to these abnormal
processes is a fragment of the Alzheimer amyloid precursor
protein (APP) comprising the C-terminal 100 amino acids of this
molecule (APP-C100). We tested this hypothesis by creating
transgenic mice expressing APP-C100 in the brain. We report
here that aging (18–28 month) APP-C100 transgenic mice ex-
hibit profound degeneration of neurons and synapses in Am-
mon’s horn and the dentate gyrus of the hippocampal forma-
tion. Of the 106 transgenic mice between 8 and 28 months of
age that were examined, all of those older than 18 months
displayed severe hippocampal degeneration. The numerous
degenerating axonal profiles contained increased numbers of
neurofilaments, whorls of membrane, and accumulations of

debris resembling secondary lysosomes near the cell body.
The dendrites of degenerating granule and pyramidal cells
contained disorganized, wavy microtubules. Cerebral blood
vessels had thickened refractile basal laminae, and microglia
laden with debris lay adjacent to larger venous vessels. Mice
transgenic for Flag-APP-C100 (in which the hydrophilic Flag
tag was fused to the N terminus of APP-C100) showed a
similar degree of neurodegeneration in the hippocampal for-
mation as early as 12 months of age. The 45 control mice
displayed only occasional necrotic cells and no extensive
cell degeneration in the same brain regions. These findings
show that APP-C100 is capable of causing some of the
neuropathological features of AD.
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All individuals with Alzheimer’s disease (AD) experience a pro-
gressive and specific loss of cognitive function resulting from a
neurodegenerative process characterized classically by granulo-
vacuolar degeneration, the deposition of amyloid in plaques and
in the cerebrovasculature, and the formation of neurofibrillary
tangles in neurons. Additional pathological hallmarks of AD
include degeneration of synapses (Hamos et al., 1989; DeKosky
and Scheff, 1990; Terry et al., 1990) and decreases in cell density
(Terry et al., 1981) in distinct regions of the brain, lysosomal
abnormalities (Benowitz et al., 1989; Cataldo et al., 1994), prolif-
eration of activated microglia (Carpenter et al., 1993), alterations
of vascular basement membrane (Kalaria, 1992; Perlmutter et al.,
1994), increases in the levels of neurofilament proteins (Vickers et
al., 1994), and appearance of the Alz-50 antigen (Wolozin et al.,
1986). The molecular events that link these distinct pathological
entities remain cryptic.
We have hypothesized that the C-terminal 100-amino acid

fragment of the amyloid protein precursor (APP-C100), which
includes the 42-amino acid Ab peptide and 58 adjacent amino
acids in the C terminus of APP, is instrumental in causing AD
neuropathology. This fragment is toxic to neuronal cells (Yankner

et al., 1989; Fukuchi et al., 1993; Sopher et al., 1994). Moreover,
simple overexpression of normal APP (as occurs in Down syn-
drome, which is a predictor of AD neuropathology) can lead to
the generation of APP-C100-like C-terminal fragments of APP
and the death of the neuronal cells synthesizing these fragments in
vitro (Fukuchi et al., 1992; Yoshikawa et al., 1992) and to the
deposition of extracellular Ab in vivo (Quon et al., 1991).
To test the hypothesis that APP-C100 can mediate the devel-

opment of AD-like neuropathology, we transplanted APP-C100-
expressing PC12 cells into mouse brain (Neve et al., 1992) and
showed that they caused severe cortical atrophy and abnormal
Alz-50 immunostaining. Similarly, Fukuchi et al. (1994) trans-
planted differentiated P19 cells stably transfected with C100 into
mouse brains and observed distortion and shrinkage in the hip-
pocampus around the site of the transplant and b-amyloid immu-
noreactivity in blood vessel walls and in the neuropil surrounding
the site of the transplant. We detected comparable but more
extensive pathology in 4.5-month-old transgenic mice expressing
APP-C100 in the brain (Kammesheidt et al., 1992).
We now describe the profound degeneration of the hippocam-

pal formation that occurs in the brains of aged transgenic mice
expressing APP-C100 in the brain. We observed a progressive
deterioration that culminated in massive degeneration of neurons
and synapses by 18 months. Mice generated with an additional
APP-C100 construct that contains the “Flag” epitope (Prickett et
al., 1989) fused to the N terminus of APP-C100 displayed very
advanced neurodegeneration by only 12 months of age. The
APP-C100 transgenic mice represent the first in vivo model in
which synaptic, axonal–dendritic, and neuronal degeneration
have been demonstrated systematically and unequivocally in large
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numbers of animals. The appearance of multiple stereotypical
features of AD in these transgenic mice provides support for the
hypothesis that APP-C100 may play a critical role in AD neuro-
degeneration.

MATERIALS AND METHODS
Production of transgenic mice.We described previously the creation of the
line seven APP-C100 transgenic mice (Kammesheidt et al., 1992), in which
APP-C100 is expressed under the control of the dystrophin brain promoter.
The Flag-APP-C100 transgenic mice are identical except for the fusion of the
Flag sequence (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys), preceded by a methi-
onine, to the N terminus of APP-C100. This was accomplished by inserting
the following DNA sequence at the 59 end of the C100 coding region:
59-ATGGACTACAAAGACGATGACGATAAA-39. The Flag-APP-C100
transgene, together with the upstream dystrophin promoter and the down-
stream SV40 splice and polyadenylation sequences, was microinjected into
the pronuclei of fertilized F2 eggs from hybrid (C57BL/6J 3 SJL/J) mice at
DNX (Princeton, NJ). The microinjected mouse eggs were transferred into
the uterus of pseudopregnant females, where they were implanted and
carried to term.
Genomic DNA was extracted from tail tissue of the progeny of these

mice using a simplified protocol obtained from Dr. M. Rosenberg (personal
communication): the tails were treated with SDS/proteinase K at 558C
overnight, sodium chloride was added to a final concentration of 1.5 M, and
the mixture was extracted with chloroform. The DNA was precipitated from
the aqueous phase with ethanol and resuspended overnight at 48C. We used
200 ng of the DNA in the PCR, which was carried out for 33 cycles (948C, 1
min; 508C, 1 min; 728C, 3 min). The 59 primer sequence (59-GGAG-
ATCTCTGAAGTGAAGATGGATG-39) was within the APP-C100 cDNA,
and the 39 primer (59-GTCACACCACAGAAGTAAGGTTCC-39) repre-
sented sequence within the SV40 splice and polyadenylation region. The
predicted 600 bp PCR product was detected in the DNA of 8 of 53 potential
transgenic founder mice. For Southern blots, 32P-labeled probes containing
the SV40 splice and polyadenylation sequence were prepared by the random
hexanucleotide priming method. The blots were washed to a maximum
stringency of 0.53 SSC at 658C with 0.1% SDS. We estimated transgene
copy number by comparing the intensity of a positively hybridizing transgene
restriction fragment with that hybridizing with the cDNA for the endogenous
growth-associated protein GAP-43 gene (Neve et al., 1987), which exists as
a single copy in the haploid genome. The founder mice and subsequent
generations of transgenic mice were backcrossed to C57BL/6J mice.
RT-PCR. We prepared total RNA from 100–500 mg of tissue by a

guanidinium thiocyanate procedure that we adapted previously (Neve et
al., 1986). In the final step, the RNA was precipitated with 1/2 volume of
ethanol, which preferentially precipitates RNA but not DNA. We treated
1 mg of RNA from each tissue with DNase I (0.3 U/ml in a volume of 13.1
ml) at 378C for 20 min to remove possible contaminating DNA before
using it as a template for RT-PCR as described (Ivins et al., 1993). The
59 primer (59-TGCTTTCAGGAAGATGACAGAATCAGGAGA-39) re-
presented sequence within the dystrophin promoter region that is tran-
scribed and is part of the 59 untranslated region of the transgene transcript,
whereas the 39 primer (59-GTCACACCACAGAAGTAAGGTTCC-39) rep-
resented sequence within the SV40 splice and polyadenylation region. These
primers were used to generate the predicted PCR product of 650 bp. We
confirmed the identity of the PCR products by a Southern blot, in which the
PCR products were subjected to electrophoresis, transferred to a nylon
membrane, and probed with a 40 bp antisense oligonucleotide representing
sequence internal to the predicted PCR fragment.
Ages of animals examined for neuropathological changes. We examined

160 mice ranging in age from 8 to 28 months. Our controls included 23
C57BL/6J and SJL/J mice as well as 22 age- and sex-matched nontrans-
genic littermates from line seven. The 113 transgenic mice included 25
mice older than 18 months, of which 2 were the founder mice from which
the APP-C100 colony is derived, and 27 Flag-APP-C100 mice (7 line-two
mice, 16 line-18 mice, 2 line-17 mice, and 1 mouse each from lines one
and six). Approximately equal numbers of each sex were included in the
analysis.
Collection of tissues for microscope analysis. We anesthetized the mice

by Halothane inhalation and perfused them transcardially with a variety
of buffers and fixatives that included 0.1 M cacodylate buffer, pH 7.4
containing 4% sucrose and 4% paraformaldehyde; 3% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4; 0.l M PBS, pH 7.4; and 4% paraformal-
dehyde in PBS, pH 7.4, as described previously (Oster-Granite and
Herndon, 1976). After perfusion of the animals, we placed their tissues

into fresh fixative overnight. The brains were cut into 2 mm slabs using a
coronal brain matrix mold, and the slabs were placed in fresh fixative. The
right half of each slab was then dissected as appropriate to isolate cortex,
hippocampus, striatum, cerebellum, and hypothalamus. These regions
were cut into 1 mm slabs, processed through graded alcohols to Polybed
812, and stained en bloc with uranyl acetate. We collected plastic semi-
thin sections (1.0 mm) from each block, selected areas for study, and
generated ultrathin sections for examination in a Zeiss 10 electron
microscope.

RESULTS
Characterization of transgenic mice expressing APP-
C100 and Flag-APP-C100 under control of the
dystrophin brain promoter
We described previously the generation of several lines of APP-
C100 transgenic mice (Kammesheidt et al., 1992), in which the
transgene was expressed under the control of the dystrophin brain
promoter. In this report, we extend our analysis of APP-C100
mice from line seven, in which the transgene was present as a
single copy and that displayed particularly high expression of
APP-C100, to describe age-related neuropathology appearing in
these mice. We also made new transgenic lines using Flag-APP-
C100, which is identical to APP-C100 except for the fusion of the
hydrophilic Flag sequence to the N terminus of APP-C100. We
had discovered that addition of the Flag to APP-C100 enhanced
its neurotoxicity in vitro without altering its specific binding to a
receptor (Kozlowski et al., 1992) (M. Kozlowski and R. Neve,
unpublished observations). We reasoned, therefore, that pathol-
ogy in Flag-APP-C100 transgenic mice might appear earlier than
that observed in the APP-C100 transgenics.
We isolated a 4.65 kilobase DNA fragment containing the

dystrophin brain promoter-Flag-C100 fusion gene with the
SV40 early region splice and polyadenylation sequences (de-
scribed in Materials and Methods) and microinjected the DNA
into the male pronuclei of C57BL/6J 3 SJL/J F2 hybrid mouse
eggs. DNA extracted from the tails of 53 offspring was analyzed
for the presence of the Flag-APP-C100 transgene by the PCR,
using primers internal to the transgene construct. We found
that eight of the mice were positive for the transgene, and six
of these eight produced transgene-positive progeny. Southern
blot analysis was used to estimate the transgene copy number in
each founder line (data not shown). Line 18 appeared to have
a single copy of the transgene; line six had ;10 copies; and the
remaining lines had 10–20 copies. In subsequent Southern blot
analyses of DNA from F1 and F2 progeny, we observed that the
transgene was inherited without rearrangements or changes in
copy number.

Expression of the APP-C100 transgene RNA and
protein products
We examined RNA from the brains of 6- to 7-month-old Flag-
APP-C100 transgenic animals for expression of the transgene.
RT-PCR was used to amplify a segment of the RNA that was
predicted to be expressed from the transgene. Using a sense
primer representing transcribed sequence within the dystrophin
promoter region and an antisense primer within the SV40 splice
and polyadenylation sequence, we observed the expected 650 bp
RT-PCR fragment in all transgenic brain RNAs examined (J.
Berger-Sweeney, D. McPhie, J. Arters, J. Greenan, M. Oster-
Granite, R. Neve, unpublished observations). Expression of the
transgene RNA was highest in the brains of mice from lines 2, 17,
and 18.
We had shown previously expression of the Flag-APP-C100

transgene product in the brains of line-two mice (Neve and Boyce,
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1996). We used two additional strategies to show expression of the
transgene protein product in the brains of line-18 transgenic mice
(J. Berger-Sweeney, D. McPhie, J. Alters, J. Greenan, M. Oster-
Granite, R. Neve, unpublished observations). Immunoblots of the
fractionated proteins from the mouse brains with antibody 369A,
an affinity-purified antibody prepared by immunization with the
C-terminal 50 amino acids of APP (Buxbaum et al., 1990), re-
vealed the appropriate-sized immunoreactive band in both cyto-
solic and membrane fractions of the transgenic but not control
mice (Berger-Sweeney et al., unpublished observations). These
immunoblot results were confirmed by independent immunopre-
cipitation experiments in which C-terminal derivatives of APP
were immunoprecipitated from transgenic brain homogenates
using an antibody against the 42-amino acid Ab fragment (Cum-
mings et al., 1992) and then probed on immunoblots with C4, an
antibody to the C-terminal 10 amino acids of APP (Selkoe et al.,
1988), to show the expected immunoreactive band in the brains of
transgenic but not control mice (J. Berger-Sweeney et al., unpub-
lished observations).

Ages and numbers of mice used for
neuropathological studies
We examined 160 mice, ranging in age from 8 to 28 months. These
mice comprise 88 APP-C100 transgenic mice (including 25 mice
over 18 months of age), 27 Flag-APP-C100 mice (7 from line 2, 16
from line 18, and 2 from line 17, and 1 each from lines one and
six), 22 nontransgenic control littermates matched for age and sex,
and 23 C57BL/6J and SJL/J age-matched controls. Approximately
equal numbers of each sex were examined. We have been selective
in our choice of mice to document the findings common to each
of the groups in this study, partly because we wish to show that the
entire spectrum of pathology that we describe is seen in any one
mouse of the older age group. The illustrations in this report are
taken from the following seven mice: one 28-month-old male, one
24-month-old female (both F1 progeny of the founder), and one
of their 23-month-old male progeny, all from line seven and
heterozygous for the APP-C100 transgene; two 14.5-month-old
male Flag-APP-C100 mice that are founders for lines 1 and 17,
respectively; one representative 22-month-old male C57BL/6J
control mouse; and one representative 24-month-old male SJL/J
control mouse.

Neurodegeneration in the hippocampal formation of
APP-C100 transgenic mice
Numerous pyramidal cells in various states of degeneration could be
found throughout the dentate gyrus and Ammon’s horn in the
23-month-old and 28-month-old male APP-C100 mice, respectively
(Fig. 1A,B), and with lesser magnitude in a 24-month-old female
APP-C100 mouse as well (data not shown). Degeneration of variable
extent has been detected in all positive transgenic progeny over 18
months of age derived from the mating of these line-seven APP-
C100 founders; we have not determined whether homozygous indi-
viduals exhibit a comparable degree of pathology at an earlier age
than do heterozygous individuals.
The pyramidal cell layers in the line-one and the line-17 14.5-

month-old Flag-APP-C100 transgenic male mice are shown in
Figure 2, A and B. Numerous degenerating pyramidal cells with
dystrophic dendrites were readily detected in Ammon’s horn of
the line-one Flag-APP-C100 transgenic mouse (Fig. 2A), whereas
a similar but less severe degeneration was visible in the line-17
Flag-APP-C100 mouse (Fig. 2B).
When we examined the hippocampal formations of the control

aged C57BL/6J and SJL/J mice, we observed only occasional
necrotic pyramidal cells throughout Ammon’s horn at 22 and 24
months, respectively (Fig. 3A,B). The pyramidal cells of both
control strains were of approximately the same size (Fig. 3A,B)
and seemed to be more densely packed than those of the aged
transgenic animals.

Abnormal accumulations of secondary lysosomes in
the APP-C100 transgenic mice
A previously reported feature of the APP-C100 transgenic mice,
detected as early as 4.5 months of age, was the appearance of
oddly shaped secondary lysosomes that were immunoreactive with
antibodies directed against portions of APP-C100 (Kammesheidt

Figure 1. A, Granule cell layer of a transgene-positive 23-month-old male
progeny from two F1 heterozygous APP-C100 line-seven mice. The sec-
tions are stained with toluidine blue. Note the numerous degenerating
neurons in the cell layer (some indicated with white arrowheads) and in the
neuropil below. Some dystrophic dendrites are evident (28003 magnifi-
cation). B, Pyramidal cell layer of 28-month-old heterozygous male APP-
C100 line-seven founder mouse. Note the numerous degenerating neurons
in the pyramidal layer (white arrowheads). Degenerating dystrophic den-
drites are also evident (arrows) (28003 magnification).
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et al., 1992). These inclusions strongly resembled those that we
had identified earlier in affected regions of AD brain (Benowitz et
al., 1989). In the older groups of transgenic animals, these struc-
tures took the form of abundant deposits of dense, granular
material in many of the pyramidal cells of the hippocampal
formation (Fig. 1B, however, note that the accumulations are not
obvious at this low magnification). The granular accumulations
are more prominent in neurons in the molecular layer of Am-
mon’s horn (Fig. 4B,C).
Both degenerating and relatively healthy-looking neurons con-

tained numerous accumulations of these secondary lysosomal
structures, which are illustrated most effectively in the neuropil of
a 24-month-old female APP-C100 founder (Fig. 4B,C). Further,

and in contrast to the neurons in the aged normal mice, both
normal and degenerating neurons in the transgenic mice had, in
close apposition, cells strikingly reminiscent in their nuclear
morphology of microglial cells (Fig. 4B,C). In addition, dense
cells, which on ultrastructural examination were shown to have
the morphological characteristics of microglia laden with de-
bris, lay next to blood vessels (Fig. 4C) in the transgenic mouse
brains. In contrast, we detected few degenerating neurons or
duets of neurons with adjacent microglial cells in the neuropil
of the aged SJL mice (Fig. 4A; note the lower magnification to
document the scarcity of abnormal inclusions and degeneration
in the control mice).
Ultrastructural analysis of the inclusions in the pyramidal cells

of the aged APP-C100 mice revealed that these characteristic

Figure 2. A, Pyramidal cell layer of male 14.5-month-old Flag-APP-C100
line-one founder mouse. Observe the reduced cell density and the numer-
ous dystrophic dendrites and degenerating neurons in the pyramidal cell
layer (white arrowheads) (28003 magnification). B, Pyramidal cell layer of
14.5-month-old male Flag-APP-C100 line-17 founder mouse. Observe the
degenerating neurons in the pyramidal cell layer and underlying neuropil.
Degenerating dystrophic dendrites are also evident (arrows) (28003
magnification).

Figure 3. A, Pyramidal cell layer of 22-month-old male C57BL/6J mouse.
Note that the cell bodies are similar in size to those in B (SJL/J mouse).
White arrow indicates a degenerating neuron in the pyramidal layer, but
otherwise the field contains healthy neurons (28003 magnification). B,
Pyramidal cell layer in 24-month-old male SJL/J mouse. Note that cell
body size is similar to that shown in A, and the cells appear healthy. White
arrow indicates degenerating neuron in pyramidal cell layer (28003
magnification).
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Figure 4. A, Neuropil of hippocampal formation of 24-month-old SJL/J male mouse. Note that the neurons are well spaced and few occur as duets with
cells that appear to be glial in origin, such as those shown by the black arrows (28003 magnification). B, Neuropil of hippocampal formation of
24-month-old female APP-C100 line-seven F1 mouse. Two degenerating neurons and one healthy neuron make up this field. Observe the cytoplasmic
accumulations of dense granular material that represent the aberrant secondary lysosomes that accumulate in these neurons as the mice age (black
arrows). Cells adjacent to the neurons appear to have many characteristics of glial or microglial cells (star) (70003 magnification). C, Neuropil of
hippocampal formation of 24-month-old female APP-C100 line-seven F1 mouse. Note the glial cells in apposition to degenerating and healthy neurons
(star) and the dense cells (star) that lie close to blood vessels and resemble pericytes. Ultrastructural examination of these cells reveals that they contain
degenerating debris and have a characteristic nuclear morphology that suggests they are microglial cells. Black arrows indicate the secondary lysosomal
accumulations evident in the two neurons (70003 magnification).
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inclusions so prominent in the thin sections were oddly shaped
secondary lysosomes, more abundant in the cell cytoplasm
surrounding the nucleus than in dendritic or axonal processes
of the cells. These lysosomes had a distinctly granular appear-
ance and often contained material that was clear and lipid-like
(Fig. 5A).
The lysosomal accumulations of the Flag-APP-C100 mice, in gen-

eral, were more densely granular in appearance in the less severely
affected mice, such as the line-17 founder (Fig. 5D) and more
heterogeneous in appearance in the line-one founder mouse (Fig.

5E). The morphology of these inclusions is fairly distinct within each
line; however, the inclusions in Flag-C100-APP mice are more het-
erogeneous than those in the APP-C100 mice and occur in abun-
dance at much earlier ages than do the inclusions of the APP-C100
mice. In turn, the inclusions in the APP-C100 mice are as abundant
at 1 year of age as are the inclusions in aged normal C57BL/6J (Fig.
5B) and SJL/J (Fig. 5C) mice at 2 years of age. Thus, these secondary
lysosomes occur to some extent during normal aging of C57BL/6J
and SJL/J mice but are morphologically abnormal and more abun-
dant at earlier ages in the transgenic mice.

Figure 5. A, Aberrant secondary lysoso-
mal inclusions of 28-month-old male APP-
C100 line-seven F1 mouse. Note the heter-
ogeneous granular accumulations that
characterize the secondary inclusions
(black arrows). Clear areas are interpreted
to represent lipid-like accumulations. Ob-
serve that the cytoplasm of this reasonably
healthy-looking pyramidal neuron contains
whorls of membrane that may be associated
in part with smooth endoplasmic reticulum
(16,5003 magnification). B, Secondary ly-
sosomes in 22-month-old male C57BL/6J
mouse. Note that the heterogeneous nature
of the inclusions present in this mouse dif-
fers from that of the inclusions shown in A.
In these inclusions (large black arrows),
membranous whorls of material with few
granular densities and little accumulation
of lipid-like material are present. Nearby lie
more typical lysosomal inclusions (small
black arrows) that are much more abundant
in younger normal animals of this strain
(18,0003 magnification). C, Secondary ly-
sosomes in 24-month-old male SJL/J
mouse. Secondary lysosomes in this mouse
strain are characterized by membranous ac-
cumulations with dense heterogeneous
granules within the lysosomal granule (large
arrows). Nearby lie more typical lysosomal
inclusions that resemble those shown in B
(18,0003 magnification. D, Secondary lyso-
somes in 14.5-month-old male line-one
founder mouse. In this mouse, it is easier to
find inclusions that are larger in size, but
that are dense and heterogeneous, in the
cytoplasm of an otherwise normal pyrami-
dal cell (13,0003 magnification). E, Sec-
ondary lysosomes in 14.5-month-old male
line-17 founder mouse. Smaller inclusions
than in D were found in this mouse. They
have a density and heterogeneity similar
to that of secondary lysosomes in aged
SJL/J mice; however, vacuoles containing
lipid-like material are more frequently as-
sociated with these secondary lysosomes
than they are in SJL/J mice (21,6003
magnification).
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Cytoskeletal and synaptic degeneration in the APP-
C100 transgenic mice
Examination of the pyramidal cell layer of the aged APP-C100
mice revealed the presence of numerous degenerating synapses
(Fig. 6A,B), axons containing increased numbers of neurofila-
ments relative to those of control mice (Fig. 6A,B), and membra-
nous whorls in axonal and dendritic processes (Fig. 6B). In addi-
tion, we frequently observed secondary lysosomal inclusions in
both dendritic and axonal processes near the cell body in numer-
ous neurons in the pyramidal cell layer of these animals (data not
shown). Further, microglia laden with debris could be found
readily adjacent to large venous vessels that contained thickened
basement membranes (Fig. 6C).
The line-one Flag-APP-C100 transgenic contained an abun-

dance of necrotic pyramidal cells, microglial cells laden with
debris, and degenerating synaptic complexes (data not shown). In
other Flag-APP-C100 transgenic mice that we examined, the
extent of the degenerative process seemed to correlate with the
degree of expression of the transgene. Even in the less severely
affected Flag transgenics, however, the degree of degeneration in
Ammon’s horn at 14.5 months of age was very similar to that we
observed in the aged APP-C100 transgenic mice at 28 months. We
observed a similar magnitude of degeneration in the dentate gyrus
of each of the animals examined (data not shown).

Predominance of neuropathology in the hippocampus
of the transgenic mice
Because the preponderant expression of the dystrophin brain pro-
moter used in the transgenic constructs is in hippocampus and cortex
(Gorecki et al., 1992), we inspected pyramidal cells in the neocortex
for pathology and found increased numbers of secondary lysosomal
inclusions in the transgenics relative to the control SJL/J mice. These
inclusions were structurally similar to those seen in the hippocampal
formation (data not shown). At present, we have not examined
systematically the pyramidal neurons in the frontal cortices of these
animals. We only rarely observed secondary lysosomal inclusions in
the Purkinje cells of the same animals, and we found little evidence
of neuronal degeneration in the cerebral cortex or cerebellum of
these transgenic mice (data not shown).

DISCUSSION
We have shown that aged transgenic mice expressing the
C-terminal 100 amino acids of APP in the brain develop neuro-
pathology strikingly similar in many respects to that of AD. Our
ultrastructural analyses revealed abnormal degeneration of neu-
rons, neuronal processes, and synapses in the hippocampal for-
mation of these aged transgenic mice. As in AD, this neurode-
generation was accompanied by characteristic cytoskeletal
changes. In the hippocampus, deteriorating granule and pyrami-
dal cell dendrites contained disorganized microtubules, and de-
generating axons featured increased numbers of neurofilaments,
accumulations resembling small secondary lysosomes, and aber-
rant whorls of membrane. Additional AD-like pathology in these
mice included widespread abnormal cytoplasmic lysosomal inclu-
sions, thickened basement membranes associated with blood ves-
sels, and an abundance of debris-laden microglia in the vicinity of
large blood vessels.
These pathological features augment the array of neuronal

abnormalities similar to those found in AD brain that we de-
scribed previously in these APP-C100 transgenic mice when they
were 4.5 months of age (Kammesheidt et al., 1992). These abnor-
malities included cell body and neuropil accumulation of Ab

immunoreactivity in the brain, aberrant aggregation of C-terminal
epitopes of APP in enlarged intracellular organelles that are
similar to the fused lysosomes we had described in AD hippocam-
pus (Benowitz et al., 1989), and the presence of thioflavin
S-positive material suggestive of amyloid in the cerebrovascula-
ture. Additional pathological effects of in vivo expression of APP-
C100 have been reported in mice transplanted with neuronal cells
expressing APP-C100 (Neve et al., 1992; Fukuchi et al., 1994).
Most notably, severe cortical atrophy mirrored the cortical shrink-
age seen in AD (De la Monte, 1989), and deposition of Ab
immunoreactivity was detected in blood vessel walls and neuropil
surrounding the site of the transplant (Fukuchi et al., 1994).
The pathological characteristics of the APP-C100 transgenic

mice are remarkably consistent among lines. For example, we
noted in our earlier report (Kammesheidt et al., 1992) that intra-
cellular Ab immunoreactivity was detected in nine of nine differ-
ent APP-C100 transgenic lines shown to express the transgene,
although it spread to the neuropil only in the three lines showing
highest expression of the transgene. Mice from one of these lines,
line seven, were aged and are described in the present report. Of
25 line-seven transgenic mice .18 months of age examined, all 25
had varying degrees of the degeneration we describe in the hip-
pocampal formation of three representative mice. Only in 3 of 22
nontransgenic control littermates .18 months of age did we
detect numbers of degenerating pyramidal or granule cells in
excess of that which is typically observed in aged C57BL/6J and
SJL/J mice.
We created additional C100 transgenic mice in which the hy-

drophilic Flag sequence was fused to the N terminus of C100. All
of the 14.5-month-old mice in five of these lines that we examined
manifested neuropathology that was at least as severe as that seen
in the 2-year-old C100 transgenic mice. We expected that the
Flag-APP-C100 transgenic mice would show neurodegeneration
at an earlier age than the APP-C100 transgenic mice, because
earlier in vitro studies had indicated that Flag-APP-C100 was
more neurotoxic than APP-C100 (R. Neve, unpublished observa-
tions), although pharmacological studies indicated that its specific
binding to a receptor was not altered (M. Kozlowski, R. Neve,
unpublished observations). Its enhanced toxicity may be attribut-
able to the fact that Flag-APP-C100, with its hydrophilic Flag tag,
is less prone to aggregate than C100 (R. Neve, unpublished
observations). Our expectations were borne out; however, we
cannot rule out the possibility that transgene expression was
simply more robust in the Flag-C100 mice than in the APP-C100
transgenic mice. At present, we have not analyzed systematically
Flag-APP-C100 mice that are,12 months of age, thus, we cannot
comment on the age of onset of neurodegeneration in these lines
of transgenic mice.
The data presented here comprise compelling evidence to sup-

port the hypothesis that APP-C100 is critically involved in the
etiology of AD. Synaptic loss correlates more strongly with the
degree of cognitive impairment in AD than does amyloid depo-
sition (DeKosky and Scheff, 1990; Terry et al., 1990). Interest-
ingly, the Flag-APP-C100 mice evince, by the age of 1 year,
pronounced behavioral deficits relative to controls, and the be-
havioral impairment correlates well with the extent of hippocam-
pal neurodegeneration quantified in the mouse brains (J. Berger-
Sweeney et al., unpublished observations). It has been proposed
that synaptic–axonal damage precedes and plays an important
causative role in the genesis of plaques in AD (Masliah et al.,
1993, 1994). Synaptic and axonal–dendritic degeneration of un-
usual magnitude has been demonstrated unequivocally at the
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Figure 6. A, Degenerating synapses in neuropil of 28-month-old male APP-C100 line-seven F1 mouse. Note the degenerating dendritic process in this
synaptic complex (star). Also, observe whorls of membrane in cell processes, both axonal and dendritic (white arrows), and axons that contain large
numbers of neurofilaments (A) (15,0003 magnification). B, Degenerating neuropil from another region of the hippocampal formation of the same
28-month-old male APP-C100 line-seven F1 mouse. Again, axons with reasonable amounts of myelin contain densely packed neurofilaments (A), whorls
of membrane (white arrows) are seen in dendrites (open black arrows), and a synapse in which both axonal and dendritic processes appear to be
degenerating is present (star) (15,0003 magnification). C, Neuropil of the underlying dentate gyrus of the hippocampal formation of the same
28-month-old male APP-C100 line-seven F1 mouse. The dentate granule cell for which the nucleus lies adjacent to the capillary contains unusual whorls
of membranous material (black arrow). The densely heterochromatic nucleus with large active nucleolus that has dense cytoplasm and lies adjacent to the
blood vessel as well is interpreted to be a microglial cell (M ). Observe that the basement membrane of the capillary (small black arrows) is thickened and
that a cell process laden with debris (black arrowhead) lies within the thickened basement membrane.
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ultrastructural level in all APP-C100 transgenic mice .18 months
of age and in all Flag-APP-C100 mice .12 months of age that we
examined.
Is the neurodegenerative activity a function of the holo-APP-

C100 fragment or of Ab that may be generated by proteolytic
cleavage of C100? We showed previously (Yankner et al., 1989)
that the neurotoxicity of C100 in vitro can be removed from the
cell culture medium by preabsorption of the medium with an
antibody to either the N terminus or the C terminus of APP-C100.
These data led us to suggest that the intact fragment exerts the
neurotoxic effects, although they do not rule out the possibility
that the Ab peptide may comprise the precise pathogenic domain
within the C100 fragment. Furthermore, in vivo models for the
action of Ab in the brain have produced phenotypes very different
from those described for the APP-C100 models, although strain
differences may have accounted for some of the differences.
Transplantation of APP-C100-producing neuronal cells into
mouse brain caused cortical atrophy (Neve et al., 1992; Fukuchi et
al., 1994), the appearance of the Alz-50 antigen (Neve et al.,
1992), and deposition of Ab (Fukuchi et al., 1994) in the vicinity
of the transplant. In contrast, transplantation of human neurons
that secrete Ab into rodent brain did not cause detectable lesions
(Mantione et al., 1995). Further, expression of Ab in the brains of
transgenic mice failed to elicit an AD phenotype in one case
(Wirak et al., 1991; Jucker et al., 1992) and caused gliosis, apo-
ptosis, and a curious appearance of neurons with unstained pe-
rinuclear cytoplasm in another (LaFerla et al., 1995). Gross over-
expression ($10-fold higher than endogenous levels of mouse
APP) of human APP containing the V717F mutation in transgenic
mice (Games et al., 1995) resulted in b-amyloid deposition. There
were preliminary indications, at the light microscope level, of
decreased synaptophysin and MAP2 immunoreactivity in the mo-
lecular layer of the hippocampal dentate gyrus of the mice. These
abnormalities may have been the result of overexpression of APP
or of the expression of the APP mutation. Overexpression of
normal APP in vitro can lead to the accumulation of APP-C100-
like C-terminal fragments and to the death of the neuronal cells in
which these fragments build up (Fukuchi et al., 1992; Yoshikawa
et al., 1992). The APP V717F mice were not, however, examined
for the presence of APP-C100.
The APP-C100 and Flag-APP-C100 transgenic mice thus recreate

many aspects of the synaptic damage, neuronal death, disruption of
the neuronal cytoskeleton, and lysosomal abnormalities that are seen
in the brains of individuals with AD. The phenotype of these animals
leads us to suggest that APP-C100 is a critical component of the
molecular mechanism of AD neurodegeneration.
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