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In an attempt to elucidate the pathological implications of
intracellular accumulation of the amyloid precursor protein
(APP) in postmitotic neurons in vivo, we transferred APP695
cDNA into rat hippocampal neurons by using a replication-
defective adenovirus vector. We first improved the efficiency of
adenovirus-mediated gene transfer into neurons in vivo by
using hypertonic mannitol. When a b-galactosidase-expressing
recombinant adenovirus suspended in 1 M mannitol was in-
jected into a dorsal hippocampal region, a number of neurons in
remote areas were positively stained, presumably owing to
increased retrograde transport of the virus. When an APP695-
expressing adenovirus was injected into the same site, part of
the infected neurons in the hippocampal formation underwent
severe degeneration in a few days, whereas astrocytes near the
injection site showed no apparent degeneration. These degen-

erating neurons accumulated different epitopes of APP, and
b/A4 protein (Ab)-immunoreactive materials were undetected in
the extracellular space. A small number of degenerating neu-
rons showed nuclear DNA fragmentation. Electron microscopic
examinations demonstrated that degenerating neurons had
shrunken perikarya along with synaptic abnormalities. Micro-
glial cells/macrophages were often found in close proximity to
degenerating neurons, and in some cases they phagocytosed
these neurons. These results suggest that intracellular accumu-
lation of wild-type APP695 causes a specific type of neuronal
degeneration in vivo in the absence of extracellular Ab
deposition.
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Alzheimer’s disease (AD) is a neurodegenerative disease char-
acterized by massive amounts of neuronal death associated with
prominent histopathological features such as extracellular depo-
sition of amyloid fibrils and accumulation of intracellular neuro-
fibrillary tangles. The principal component of the extracellular
amyloid fibrils is b/A4 protein (Ab) (Glenner and Wong, 1984),
which is derived from the amyloid precursor protein (APP)
(Kang et al., 1987). APP is thought to be a membrane-associated
protein, but the extracellular domain is secreted after proteolytic
cleavage in the interior of Ab (Esch et al., 1990). Differentiated
postmitotic neurons express abundant APP mRNA, especially
APP695 mRNA (Yoshikawa et al., 1990), but do not process
significant amounts by secretory cleavage (Hung et al., 1992).
APP is transported to synaptic sites by the fast anterograde
component (Koo et al., 1990). Although the physiological impli-
cations of APP in neurons have not yet been fully elucidated, it is
inferred that pathological accumulations of APP within neurons

cause physiological functions such as synaptic transmission and
signal transduction to deteriorate.

Previous histopathological studies have demonstrated that
APP-immunoreactive materials are accumulated within neurons
in the brain affected by AD (Benowitz et al., 1989; Cole et al.,
1991; Cummings et al., 1992). These observations suggest that
intracellular accumulation of APP is related to the pathogenesis
of AD. However, it remains unclear whether degenerating neu-
rons in AD brain accumulate APP abnormally or conversely
whether intracellular APP accumulations cause neuronal degen-
eration. We have previously demonstrated that overexpression of
full-length APP induces degeneration in vitro of postmitotic neu-
rons derived from embryonal carcinoma cells (Yoshikawa et al.,
1992). These neurons intracellularly accumulate APP C-terminal
fragments, which are also toxic to glioma-derived cells (Hayashi
et al., 1992). Moreover, an APP C-terminal 100 amino acid
residue fragment, which includes the entire Ab domain, forms
amyloid fibril-like structures within transfected cells (Maruyama
et al., 1990). These observations prompted us to examine whether
overexpression of wild-type APP induces cellular degeneration in
vivo in the brain of experimental animal models.

Replication-defective adenovirus vectors have been used to
transfer foreign genes directly into the brain parenchyma (Akli et
al., 1993; Bajocchi et al., 1993; Davidson et al., 1993; Le Gal La
Salle et al., 1993). In these experiments, various cell types such as
vascular endothelial cells, glial cells, and neurons are infected
with recombinant adenoviruses. Here we demonstrate, using an
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improved method for in vivo adenovirus-mediated gene transfer,
that overexpression of APP695 induces rapid degeneration of
neurons in vivo. APP-immunoreactive materials were accumu-
lated within the degenerating neurons, and Ab immunoreactivity
was undetected in the extracellular space, suggesting that neurons
in vivo are vulnerable to intracellular accumulation of APP in the
absence of extracellular Ab deposition.

MATERIALS AND METHODS
Cosmid construction. Recombinant adenoviruses for expression of LacZ
and APP 695 were constructed using cassette cosmids pAxcw and
pAxCAwt, respectively (Miyake et al., 1996). LacZ transcription unit
driven by the CAG promoter (Niwa et al., 1991) was inserted into pAxcw
at the SwaI site (designated pAxCALacZ). Full-length cDNA of human
APP 695 (Kang et al., 1987; Yoshikawa et al., 1992) was blunt-ended and
inserted into pAxCAwt at the SwaI site (designated pAxCAYAP), so that
the inserted cDNA is transcribed under the control of CAG promoter.
The recombinant viruses were prepared according to the method de-
scribed previously (Miyake et al., 1996). Briefly, cosmid DNA was co-
transfected with the EcoT221-digested DNA-terminal protein complex of
Ad5-dlX into 293 cells to generate the recombinant viruses by homolo-
gous recombination. The recombinant viruses, designated AxCALacZ
(for LacZ expression) and AxCAYAP (for APP expression), were prop-
agated in 293 cells. After the third propagation, virions were extracted
from 293 cells, purified by double cesium step-gradient purification
(Kanegae et al., 1994), dialyzed against a vehicle solution containing 10%
glycerol in PBS, pH 7.4, and stored at 280°C. The titers of recombinant
viruses were determined by the modified end-point cytopathic effect
assay on 293 cells (Kanegae et al., 1994) and expressed in plaque-forming
units (pfu). Positive expression of the inserted gene product was con-
firmed by immunohistochemical detection using COS-1 cells or NIH 3T3
cells. Experiments using recombinant adenovirus were approved by the
Recombinant DNA Committee of the Osaka University and performed
according to institutional guidelines.

Gene delivery to the hippocampus and tissue preparation. One hundred
forty-four male Wistar rats (Nippon SLC, Shizuoka, Japan) weighing
220–250 gm were used: 46 rats for b-galactosidase (b-gal) expression and
98 rats for APP expression. The rats were anesthetized with sodium
pentobarbital and secured on a stereotactic platform (Narishige, Tokyo).
Using sterile techniques, we exposed the skull and made a 2 mm burr
hole. Through the burr hole, a fine glass micropipette attached to a 5 ml
Hamilton microsyringe was unilaterally introduced into the dorsal region
of the left hippocampus according to the brain atlas of Paxinos and
Watson (1986) (stereotactic coordinates: anterior, 4.5 mm caudal to
bregma; lateral, 2.7 mm left lateral to midline; ventral, 3.2 mm ventral to
dural surface at toothbar setting at ;1–2 mm below the interaural line).
Five microliters of AxCALacZ or AxCAYAP suspended in 1 M mannitol
solution diluted in PBS were administered over a 10 min period. The
adenovirus-injected rats showed neither apparent abnormal behaviors
nor seizures.

Histochemistry and immunohistochemistry. Virus-infected rats were
anesthetized deeply and fixed by intracardiac perfusion with 4% para-
formaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains were
then removed and post-fixed with the same fixative overnight. After
cryoprotection with 20% sucrose in 0.1 M PB, horizontal 30-mm-thick
sections were prepared and used for staining. For histochemistry for
b-gal, cryosections were washed with PBS and stained by immersion in 5
mM K3Fe(CN)6 , 5 mM K4Fe(CN)6 , 2 mM MgCl2 , 0.01% sodium deoxy-
cholate, 0.02% Nonidet P-40, and 2 mg/ml 5-bromo-4-chloro-3-indolyl-
b-galactoside (X-gal) in PBS at 37°C overnight. Sections were then
washed with PBS and placed onto gelatin-coated slides. The sections
were counterstained with eosin and mounted with mounting media
(Mount-Quick; Daido Sangyo, Tokyo) after dehydration through a
graded series of ethanol. For immunohistochemistry, cryosections were
incubated at 4°C for 2 d with the following antibodies in PBS containing
0.1% Triton-X: rabbit anti-b-gal serum (1:1000) (5 Prime33 Prime,
West Chester, PA), rabbit antiserum against the C-terminal 25 amino
acid residues of APP (671–695) (AC-1) (Yoshikawa et al., 1992) (1:500),
rabbit antiserum against the Ab (1–24) amino acid residues (Rb758)
(Ishii et al., 1989) (1:500), mouse monoclonal anti-NeuN antibody (A60)
(Mullen et al., 1992) (1:50), mouse monoclonal antibody against glial
fibrillary acidic protein (GFAP) (1:5000), and mouse monoclonal anti-
body against the amino terminus of APP (P2-1) (Van Nostrand et al.,

1989) (1:500). After the sections were rinsed thoroughly, they were
incubated at 4°C overnight with rhodamine B- or fluorescein isothiocya-
nate (FITC)-conjugated goat anti-rabbit IgG (1:200) (Tago, Burlingame,
CA) for rabbit antibodies and with FITC- or rhodamine B-conjugated
goat anti-mouse IgG (1:200) (Tago) for mouse antibodies. Immunoreac-
tivities were visualized with a fluorescence microscope (BX 50–
34-FLAD 1, Olympus, Tokyo) or with a confocal laser scanning micro-
scope (LSM-GB200, Olympus). To identify microglial cells, the cryosec-
tions were stained with 20 mg/ml Griffonia simplicifolia lectin-FITC
conjugate (Sigma, St. Louis, MO) in PBS containing 0.1% Triton X-100
at room temperature for 2 hr (Streit, 1990). To examine the association
of microglia and APP (or b-gal)-overexpressing neurons, the sections
were doubly stained for Griffonia lectin and APP (or b-gal)
immunoreactivity.

Western blot analysis. Four days after viral inoculation, the bilateral
hippocampi were removed from the rat. The gross regions (;10 mg wet
weight) were dissected from the injection site, and two control areas:
rostral areas of the ipsilateral (distant from the injection site) and
contralateral hippocampi. The tissues were homogenized, sonicated for
30 sec in a lysis buffer (0.5% Nonidet P-40, 0.1% sodium lauryl sulfate,
10 mM phenylmethanesulfonyl fluoride), and centrifuged at 20,000 3 g
for 10 min. The samples (20 mg protein) were separated by 10% SDS
polyacrylamide gels and immunoblotted with the antibodies AC-1 and
P2-1. For detection of Ab peptides, the tissue samples (20 mg protein)
and synthetic Ab1–40 (100 ng) (Sigma) were separated by a 14% Tris-
Tricine SDS polyacrylamide gel and immunoblotted with the antibody
Rb758 (Hayashi et al., 1992).

Quantification of the degenerating neurons. AxCALacZ or AxCAYAP
(each 3.7 3 10 7 pfu/5 ml) was injected into the dorsal hippocampus.
Intrahippocampal regions (the subiculum, CA3 pyramidal cell layer, hilus
of the dentate gyrus, and granule cell layer of the dentate gyrus) distant
from the injection site were selected for the analysis. Four days after
viral inoculation, degenerating neurons among b-gal- and APP-
immunopositive neurons (.20 immunopositive cells) in each region were
counted. The degenerating neurons were identified with those showing at
least one of the following morphological abnormalities: irregular contour
of soma, distortion or dilatation of processes, and disorganized intracel-
lular membrane. Statistical significance of the results was assessed using
Student’s t test.

DNA nick-end labeling. The nuclei of the APP-overexpressing cells
were labeled by the terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP-biotin nick-end labeling (TUNEL) reaction according
to the modified method of Gavrieli et al. (1992). Briefly, after treatment
with 0.3% H2O2 in methanol for 30 min, they were incubated with 100
U/ml TdT (Takara, Tokyo) and 10 mM biotin-16-dUTP (Boehringer
Mannheim, Mannheim, Germany) in TdT buffer (100 mM sodium caco-
dylate, pH 7.0, 1 mM cobalt chloride, 50 mg/ml gelatin) at 37°C for 2 hr.
DNA fragmentation was detected by the peroxidase-conjugated avidin–
biotin complex method (Vector Laboratories, Burlingame, CA) using 3,
39-diaminobenzidine tetrahydrochloride (DAB), and the reaction was
enhanced with sulfate nickel ammonium. After TUNEL reaction, the
sections infected with AxCAYAP and AxCALacZ were immunostained
with the antibody AC-1 and anti-b-gal serum, respectively, as described
above. The FITC fluorescence for APP (or b-gal) immunoreactivity and
the peroxidase-stained DNA fragmentation in the same fields were
visualized with the fluorescence microscope.

Electron microscopy. Virus-infected rats were anesthetized deeply and
fixed by intracardiac perfusion with 2% paraformaldehyde, 2% glutaral-
dehyde in 0.1 M PB. The brain tissues were cut into ;1-mm-thick blocks,
including the left hippocampal formation. The specimens were then
post-fixed with 2% osmium tetroxide in 0.1 M PB, dehydrated with a
graded series of ethanol, and embedded in Epon 812. Degenerating
neurons were identified on semithin sections stained with 1% toluidine
blue, and then ultrathin sections containing these neurons were cut with
an ultramicrotome (Ultracut N, Reichert-Nissei, Tokyo) and mounted on
copper grids. After they were stained with a saturated aqueous solution
of uranyl acetate and lead citrate, the sections were observed with an
electron microscope (H-7100, Hitachi, Tokyo).

RESULTS
Efficient adenovirus-mediated gene transfer into in
vivo neurons
We injected the recombinant adenovirus containing the LacZ
cDNA (AxCALacZ) (6.3 3 107 pfu/5 ml) suspended in PBS into
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the parenchyma of the rat cerebral cortex. We found that vascular
endothelial cells and glia-like cells were efficiently infected, but
only a few neurons near the injection site were labeled (data not
shown). Thus, we inferred that these non-neuronal cells, like
those consisting of the blood–brain barrier (BBB), prevent the
virus from entering neurons. In an attempt to increase the viral
accessibility to neurons, we used hypertonic mannitol, which is
often applied to the transient opening of the BBB by intracarotid
administration (Muldoon et al., 1995). For determination of in-
fected neurons, the hippocampal formation was used as a model
system, because neuronal types and their connections in this
structure are well defined. Moreover, the hippocampal formation
is one of the regions in which neurons are severely affected by AD
(Esiri et al., 1997).

The adenovirus AxCALacZ suspended in 1 M mannitol was
stereotactically injected into a left dorsal hippocampus, and the
tissues were examined 4 d after viral inoculation. When
AxCALacZ-infected cells in the horizontal sections were visual-
ized by X-gal histochemistry, the majority of intensely stained
cells were neuron-like cells in the granule cell layer of the dentate
gyrus (Fig. 1A). Moreover, a number of cells in remote areas such
as the Ammon’s horn (CA) 3 region (Fig. 1C), perforant pathway
(Fig. 1E), and ipsilateral entorhinal cortex (Fig. 1G) were in-
tensely stained. On the other hand, only a few cells in these
regions were positively stained when injected with isotonic PBS
(Fig. 1B,D,F,H). The infected cells were then characterized by
double immunostaining for b-gal and NeuN, a neuronal nuclear
marker (Mullen et al., 1992) (Fig. 2). In the hilus of the dentate
gyrus, all of the b-gal-immunopositive cells were neurons with
NeuN-immunoreactive nuclei, and no b-gal-immunopositive glia-
like cells were detected (Fig. 2A,B). Moreover, a group of the
NeuN-immunoreactive neurons in the subiculum and CA3 re-
gions of the ipsilateral hippocampus were also infected (data not
shown). b-gal-immunopositive neurons in intrahippocampal re-
gions were morphologically intact. In the ipsilateral entorhinal
cortex, a group of medium- to large-sized NeuN-immunoreactive
neurons in layers II and III were immunopositive for b-gal,
whereas small neurons in deep layers were hardly stained (Fig.
2C,D). Neurons in the layer II project their axons into the dentate
gyrus via the perforant pathway, which was also intensely stained
(Fig. 1E). Therefore, it is inferred that this specific group of
neurons in the ipsilateral entorhinal cortex takes up the virions at
the injection site and transports them to the somata in a retro-
grade manner.

To examine whether the increased infectivity is dependent on
the tonicity of the vehicle solution, we quantified the infected
neurons in serial 30-mm-thick sections of the ipsilateral entorhinal
cortex after injecting AxCALacZ with isotonic PBS, 0.2 M man-
nitol, 1 M mannitol, and 1 M sucrose. The maximal numbers of
infected neurons were more than 70 per section in 1 M mannitol-
treated and 1 M sucrose-treated samples, whereas a few neurons
(less than five per section) were infected with the virus suspended
in isotonic PBS and 0.2 M mannitol (data not shown). These
findings indicate that hypertonic solutions increase the efficiency
of neuronal infection.

Adenovirus-mediated transfer of APP cDNA into
the hippocampus
Using the modification with hypertonic mannitol, we transferred
the recombinant adenovirus carrying cDNA encoding human
APP 695 (AxCAYAP), which is abundantly expressed in postmi-
totic neurons (Yoshikawa et al., 1992), into hippocampal neurons

in vivo. We first analyzed exogenous APP expression in the
infected region by Western blotting (Fig. 3). A gross region,
including the injection site, contained higher levels of ;110 kDa
APP-immunoreactive molecules than those of control regions, as
detected with an antibody against APP C-terminus (Fig. 3A,
APP-C). Antibody P2-1, a monoclonal antibody raised against
native human APP (nexin-2) (Van Nostrand et al., 1989), reacted
with exogenous human APP expressed at the injection site but not
with endogenous rat APP (Fig. 3A, APP-N). APP C-terminus-
immunoreactive degraded fragments, which were generated in
APP-overexpressing P19 cells (Yoshikawa et al., 1992), were
hardly detected in vivo 4 d after viral infection. In addition, ;4
kDa Ab immunoreactive materials were undetected in the
AxCAYAP-infected region (Fig. 3B, Ab). These results suggest
that AxCAYAP-infected cells contain human APP695 as a full-
length form without being processed further into smaller
fragments.

We then infected equal amounts of AxCAYAP and
AxCALacZ (each 2.4 3 107 pfu/5 ml) into the dorsal hippocam-
pus and examined the infected tissues by immunohistochemistry.
Some neurons in the hilus of the dentate gyrus showed b-gal
immunoreactivity (Fig. 4A), whereas very few neurons possessed
APP immunoreactivity (Fig. 4B). On the other hand, many glia-
like cells near the injection site contained large amounts of both
b-gal and APP-immunoreactive materials (Fig. 4A,B). This dis-
crepancy may be because exogenous APP in the infected neurons
is metabolized more intensively than b-gal, whereas both APP
and b-gal are slowly metabolized in the infected glial cells. When
a larger amount of AxCAYAP (3.7 3 107 pfu/5 ml) was injected,
intensely APP-immunoreactive cells were detected at the stratum
radiatum (Fig. 4C). In this region, APP-immunopositive neuron-
like cells appeared to be degenerating, whereas APP-
immunopositive glia-like cells were apparently intact. A number
of APP-immunoreactive neurons were found in the ipsilateral
entorhinal cortex, but they showed little or no degeneration (Fig.
4D). The subiculum of the hippocampus contained some degen-
erating neurons, as identified by double immunostaining for APP
and NeuN (Fig. 4E,F). Degenerating neurons were consistently
found in intrahippocampal regions, including the stratum radia-
tum, stratum lucidum, hilus and granule cell layer of the dentate
gyrus, subiculum, and CA3 when infected with AxCAYAP (3.7 3
107 pfu/5 ml) (data not shown). On the other hand, APP-
accumulating astrocytes, identified as GFAP-immunopositive
cells, near the injection site showed no apparent degenerative
changes (Fig. 4G,H). In the following experiments, the amount of
3.7 3 107 pfu/5 ml of AxCAYAP was used.

When morphological changes of APP-accumulating neurons in
the hippocampus were examined 5 d after AxCAYAP injection,
many neurons contained varying amounts of intracellular APP-
immunoreactive materials. Some degenerating neurons with ir-
regular contours had APP-immunoreactive granules in both the
perikarya and the dilated processes (Fig. 5A,B). Moreover, dis-
organized APP-immunoreactive membranes (Fig. 5C) and
“ghost-like” depositions of APP-immunoreactive granules were
detected (Fig. 5D). Such severely degenerating neurons were
undetected in the tissues infected with the same amount of
LacZ-carrying adenovirus (Fig. 5F). When the infected tissue
samples were examined on days 5, 10, 15, 20, and 30 after viral
infection, APP-accumulating neurons in the hilus disappeared on
day 15 or later (data not shown), and only weakly APP-
immunoreactive cells, presumably glial cells, were found in the
dentate gyrus on day 15 (Fig. 5E). These findings raise the
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Figure 1. Enhancement of adenovirus infectivity in vivo by hypertonic mannitol. AxCALacZ (6.3 3 10 7 pfu/5 ml) suspended in 1 M mannitol (A, C,
E, G) or in isotonic PBS (B, D, F, H ) was stereotactically injected into the left dorsal hippocampus. Five days later, infected cells were histochemically
detected for b-gal activity (X-gal staining). A, B, The dentate gyrus of the hippocampus; C, D, the pyramidal cell layer of the CA3 region; E, F, the
perforant pathway; G, H, the ipsilateral entorhinal cortex (layer II). Arrows point to the regions above for orientation. Scale bar (shown in H for A–H ):
200 mm.
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possibility that intracellular accumulations of APP induce rapid
neuronal death without leaving APP-immunoreactive debris in
vivo. To examine the specificity of APP-induced neurodegenera-
tion, we quantified the degenerating neurons in the hippocampus
infected with AxCAYAP or AxCALacZ (Table 1). The hip-
pocampal regions distant from the injection site were selected to
avoid nonspecific neurodegeneration caused by tissue damage. In
each region tested, the number of degenerating APP-
immunoreactive neurons was significantly larger than that of
degenerating b-gal-immunoreactive neurons. In the dentate gyrus
near the injection site, a larger number of b-gal-immunopositive

neurons showed degenerative changes, but the APP-induced neu-
rodegeneration was significantly frequent. In this analysis, de-
grees of degeneration of AxCAYAP-infected neurons were much
greater than those of AxCALacZ-infected neurons (data not
shown). These results suggest that AxCAYAP-induced neurode-
generation is caused by overexpression of APP and not by non-
specific neurotoxicity of adenovirus.

We immunostained these degenerating neurons with antibod-
ies against different epitopes of APP. Confocal laser microscopy
revealed that the N- and C-terminal epitopes of APP showed
closely similar distribution patterns (Fig. 6A,B). This, together

Figure 2. Identification of infected cells as neurons. AxCALacZ (6.3 3 10 7 pfu/5 ml) suspended in 1 M mannitol was injected into the left dorsal
hippocampus, and infected cells were stained by fluorescent immunohistochemistry for b-gal (A, C) and NeuN (B, D). A, B, The hilus of the dentate
gyrus. All of the b-gal-immunopositive cells possess NeuN-immunoreactive nuclei; C, D, the ipsilateral entorhinal cortex. Note that many neurons in
superficial layers (layers II and III) are infected. Arrowheads in A–D point to representative neurons expressing both exogenous b-gal (A, C) and
endogenous NeuN (B, D). Scale bar (shown in A for A–D): 100 mm.

Figure 3. Western blot analysis of APP and Ab
expressed in AxCAYAP-infected hippocampal re-
gions. AxCAYAP suspended in 1 M mannitol was
stereotactically injected into the dorsal hippocam-
pus. Four days later, gross regions including the
injection site and distant regions (as controls) were
dissected. APP was detected by Western blotting
with the antibodies AC-1 (APP-C), P2-1 (APP-N ),
and Rb758 (Ab). R, A rostral region of the ipsilat-
eral hippocampus; I, a dorsal hippocampal region
including the injection site; C, a contralateral dor-
sal hippocampal region; S, synthetic Ab1–40 stan-
dard (100 ng). Molecular weight markers are on
the lef t. Arrows indicate predicted positions of full-
length APP and Ab1–40.
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Figure 4. APP-accumulating cells in adenovirus-infected brain regions. AxCAYAP plus AxCALacZ (each 2.4 3 10 7 pfu/5 ml) (A, B), or AxCAYAP
(3.7 3 10 7 pfu/5 ml) ( C–H) suspended in 1 M mannitol was stereotactically injected into the dorsal hippocampus. Four days later, immunoreactivities
of b-gal ( A), APP C terminus (B–E, G ), NeuN ( F ), and GFAP( H ) were examined. A (b-gal) and B (APP), the hilus of the dentate gyrus (adjacent
sections); C (APP), the stratum radiatum; D (APP), the ipsilateral entorhinal cortex; E (APP) and F (NeuN), the subiculum of the hippocampus; G (APP)
and H (GFAP), the dentate gyrus. Arrows in A point to representative b-gal-immunopositive neurons. Arrows in E and F indicate the APP-
immunoreactive degenerating neuron. Arrows in G and H point to APP-accumulating astrocytes. Scale bar (shown in A): A, B, 200 mm; C, 100 mm; D–H,
50 mm.
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with the data of Western blot analysis (Fig. 3), suggests that these
degenerating neurons contain a full-length form of APP695.
Degenerating neurons were then doubly stained for APP
N-terminal and Ab1–24 epitopes. Ab immunoreactivity was de-
tected in degenerating neurons with intense APP N-terminus-
immunoreactivity, but some APP-immunopositive cells con-

tained no Ab-immunoreactive materials (Fig. 6C,D). In the
extracellular space adjacent to APP-immunopositive degenerat-
ing neurons, Ab-immunoreactive materials were undetected.

To examine whether DNA fragmentation occurs during degen-
eration of APP-accumulating neurons, we doubly stained the cells
by the APP immunohistochemistry and TUNEL method. We
found that some APP-accumulating degenerating neurons
(,20%) possessed TUNEL-positive nuclei (Fig. 7A–D). In con-
trast, all b-gal-accumulating neurons (i.e., a negative control) had
TUNEL-negative nuclei (Fig. 7E,F), whereas CA1 pyramidal
neurons of the gerbil hippocampus after transient ischemia
(Nitatori et al., 1995) (i.e., a positive control) showed numerous
TUNEL-positive nuclei (Fig. 7G). To examine whether micro-
glial cells/macrophages are involved in scavenging process for
these degenerated neurons, we doubly stained the APP-
accumulating cells with the antibody against the APP C terminus
and Griffonia lectin, a marker for microglia (Streit, 1990) (Fig. 8).
Microglial cells were often found in close proximity to the APP-
accumulating degenerating neurons, and some of them appeared
to phagocytose these degenerating neurons (Fig. 8A,B). In the
tissues infected with AxCALacZ, no microglial cells associated
with b-gal-immunoreactive neurons were detected (Fig. 8C,D).

Figure 5. Degeneration of APP-accumulating hippocampal neurons. AxCAYAP was injected into the dorsal hippocampus. Tissues were stained with
antibody AC-1 ( A–E ) and anti-b-gal antibody ( F ) on day 4 (A–D, F ) and day 15 ( E ). The regions examined are A, C, D, F, the hilus of the dentate gyrus;
B, the stratum lucidum; E, the granule cell layer of the dentate gyrus. Highly APP-immunoreactive materials are detected in the perikarya (arrows in
A), dilated neurites (arrows in B), deformed intracellular membranes (arrows in C ), and amorphous extracellular depositions (arrow in D). Very weak
APP-immunoreactive materials are detected in the dentate gyrus on day 15 (E ). Most of the b-gal-immunopositive neurons show no apparent
degeneration (F ). Scale bar (shown in A): A, C, D, F, 20 mm; B, E, 50 mm.

Table 1. Quantification of degenerating neurons in the hippocampus

Hippocampal region

Degenerating neurons (%)

AxCALacZ
(n 5 4)

AxCAYAP
(n 5 3)

Subiculum 11.5 6 0.9 51.4 6 9.1*
CA3 4.8 6 2.2 50.1 6 5.1*
Hilus 11.7 6 0.7 59.8 6 2.6*
Dentate gyrus 17.6 6 3.0 44.9 6 2.2*

AxCALacZ or AxCAYAP (each 3.7 3 107 pfu/5 ml) was injected into the dorsal
hippocampus. Four days later, degenerating neurons among b-gal- and APP-
immunopositive neurons (.20 immunopositive cells) in each region were counted.
Degenerating neurons were assessed according to the criteria described in Materials
and Methods. Each value represents the mean 6 SEM.
* Significantly higher ( p , 0.005) than the AxCALacZ value by Student’s t test.
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Several atrophic neurons in the CA3 region of AxCAYAP-
infected hippocampus were intensely labeled by toluidine blue
staining. These neurons had shrunken somata with irregular
contours (Fig. 9A). Electron microscopic examinations revealed
that the atrophic neurons had electron-dense perikarya and de-
formed nuclei with a slight chromatin condensation (Fig. 9B).
These neurons had moderately dilated endoplasmic reticulum
(Fig. 9B–E). Some degenerating neurons had numerous clear
vacuoles, multivesicular bodies, and dense bodies (Fig. 9D,E),
suggesting that autophasic processes are operative in these neu-
rons (Nitatori et al., 1995). Moreover, microglial cells/phagocytes
were detected in proximity to degenerating neurons (Fig. 9B) and
a soma-like structure filled with numerous autophagic vacuoles
(Fig. 9E). A swollen presynaptic ending (Fig. 9C) and a postsyn-
aptic structure lacking the presynaptic element (Fig. 9D) were
identified, suggesting that these synaptic abnormalities occur con-
comitantly with perikaryal shrinkage. These pathological features
were observed in the areas containing APP-accumulating degen-
erating neurons (data not shown). Thus, it is likely that intracel-
lular accumulation of wild-type APP695 causes “shrinkage-type”
neuronal death along with autophagic processes and synaptic
abnormalities, and that microglial cells are involved in scavenging
processes of these affected neurons.

DISCUSSION
This study has shown that hypertonic mannitol for the direct viral
delivery into the hippocampal parenchyma markedly increases
the number of infected neurons. The disruption of BBB with
hypertonic mannitol has been previously applied to the
adenovirus-mediated gene transfer via intracarotid administra-
tion, but only glia-like cells were frequently infected (Muldoon et
al., 1995). After intracarotid mannitol administration, capillary
endothelial cells that form BBB may shrink, and the tight junc-
tions are temporarily opened, allowing the recombinant adeno-
virus to enter the perivascular space. Similarly, the direct adeno-
virus transfer into the brain parenchyma with hypertonic
mannitol may shrink non-neuronal cells that block the viral ac-
cessibility to neurons. The retrograde transport of adenovirus has
been demonstrated previously by injecting the virus into the
striatum and detecting the labeled neurons in the substantia nigra
(Ridoux et al., 1994). Therefore, intrahippocampal neurons in
this study may be retrogradely infected, and hypertonic mannitol
increases the viral accessibility to the nerve terminals, resulting in
the increased retrograde transport to neuronal nuclei in which
infected genes are transcribed. Because adenovirus has potential
nonspecific cytotoxicities, we used the adenovirus vector carrying
one of the strongest promoters currently available (Niwa et al.,

Figure 6. Distribution of different epitopes of APP in AxCAYAP-infected tissues. AxCAYAP was injected into the dorsal hippocampus. Four days later,
the sections of the hilus of the dentate gyrus were immunostained for the N terminus (A, C ), the C terminus (B) of APP, and Ab 1–24 (D). Fluorescent
images were visualized with a confocal laser microscope. APP N and C terminus show similar distribution patterns (A, B). Note the cells containing both
APP N-terminal and Ab immunoreactivities (arrows in C, D) and the N-terminus-immunoreactive cells lacking Ab immunoreactivity (arrowheads). Scale
bars (shown in B and D for A–D): 20 mm.
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1991; Miyake et al., 1996) to attain an equal effectiveness with less
viral quantity. Using this vector and the hyperosmotic modifica-
tion in combination, we have succeeded in demonstrating the
APP-induced neurodegeneration.

Intraneuronal accumulations of APP in AD brain have been
demonstrated previously using various antibodies raised against
different epitopes of APP: a large number of hippocampal CA1
neurons in AD contain abnormally dense APP C-terminal im-
munoreactive materials as compared with controls (Benowitz et

al., 1989). Hippocampal pyramidal neurons in AD display an
intense immunostaining with 10 different antibodies against sub-
sequences of APP (Cole et al., 1991). Pyramidal neurons in
hippocampal fields CA1–3 and entorhinal cortex in AD brain are
strongly stained with an antibody against APP N terminus (P2-1)
(Cummings et al., 1992). The areas containing these APP-
accumulating neurons are consistent with those showing the most
intense neuropathology in AD. However, it has been unclear
whether intracellular accumulation of APP is a cause of neuro-

Figure 7. Nuclear DNA fragmentation in APP-accumulating neurons. AxCAYAP was injected into the dorsal hippocampus. Four days later, the sections
of the stratum lucidum were doubly stained for APP C-terminus (A, C) and TUNEL reactivity (B, D). Note the APP-accumulating neurons with (arrow)
and without (arrowhead) TUNEL-positive nuclei (A, B), and TUNEL-reactive granular materials spread throughout APP-accumulating soma (C, D).
E, F (negative control), the pyramidal cell layer of CA3 region infected with AxCALacZ, doubly stained for b-gal (E) and TUNEL (F). Arrows in E
and F point to b-gal-immunopositive neurons with TUNEL-negative nuclei. G (positive control), the pyramidal cell layer of CA1 region in the gerbil
hippocampus after transient ischemia. The neurons possess numerous TUNEL-positive nuclei. Scale bars (shown in B for A and B): 50 mm; (shown in
D for C and D), 20 mm; (shown in G for E–G), 100 mm.
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degeneration seen in AD brain. Using the adenovirus-mediated
APP gene transfer, we were able to demonstrate that neurons in
vivo are vulnerable to the intracellular accumulations of wild-type
APP. The degenerating neurons had shrunken perikarya with
deformed nuclei (Fig. 9). In the nucleus basalis of Meynert
complex in AD brain, cholinergic neurons become smaller
(Pearson et al., 1983), and the number of small neurons in this
region is significantly increased (Vogels et al., 1990). Moreover,
neuron shrinkage in the nucleus raphes dorsalis in AD has also
been suggested (Aletrino et al., 1992). Therefore, neuron shrink-
age may be a typical pathological feature of AD. Because APP-
accumulating pyramidal neurons in the hippocampus show severe
atrophy in AD brain (Benowitz et al., 1989), it is tempting to
speculate that intracellular accumulation of APP is responsible
for neuronal shrinkage seen in AD brain. Cell shrinkage is one of
the typical features of apoptosis (Kerr et al., 1987). We found that
nuclear DNA fragmentation, another feature of apoptosis, occurs
in some APP-accumulating neurons (Fig. 7). Previous studies
have revealed that nuclear DNA fragmentation is significantly
increased in neurons in AD brain (Su et al., 1994; Lassmann et
al., 1995). Moreover, degenerating APP-immunopositive neurons
were often accompanied by reactive microglia (Fig. 8), which are
prevalent in AD brain (McGeer et al., 1993). These findings
together suggest that APP-accumulating neurons, at least in part,
undergo degeneration in a manner similar to apoptosis, and that

a specific type of neurodegeneration induced by APP occurs in
AD brain.

Transgenic mice overexpressing APP mutants such as APP
(Val717Phe) (Games et al., 1995) and APP695 (Lys670Asn /
Met671Leu) (Hsiao et al., 1996) have been reported to show
neuropathological changes accompanied by extracellular Ab
depositions. However, no overt neuronal loss is detected in the
brain regions in which Ab is extensively deposited in APP
(Val717Phe) transgenic mice (Irizarry et al., 1997), suggest-
ing that extracellular Ab deposits per se are not toxic to
neurons. The APP mutants used in the transgenic mice may
not be accumulated to toxic levels within neurons, whereas
adenovirus-mediated overexpression of wild-type APP695 in-
duces rapid APP accumulations that exert toxic effects on
neurons from inside. We infer that such rapid accumulations of
APP are attainable only by strong overexpression systems such
as those in vitro (Hayashi et al., 1992; Yoshikawa et al., 1992)
and in vivo (present study). Molecular mechanisms underlying
APP-induced neurodegeneration remains to be elucidated. We
have recently demonstrated, by using the same APP695 cDNA-
carrying adenovirus, that overexpression of full-length APP in
cultured rat hippocampal neurons enhances the glutamate-
induced rise of intracellular Ca 21 concentration (Tominaga et
al., 1997). Such studies using the adenovirus-mediated APP
gene transfer system might provide valuable information about

Figure 8. Association of microglia with APP-accumulating degenerating neurons. AxCAYAP (A, B) or AxCALacZ (C, D) was injected into the dorsal
hippocampus. Four days later, cryosections were doubly labeled by fluorescent immunohistochemistry with antibody AC-1 (A) or anti-b-gal antibody (C)
and the microglial marker Griffonia lectin (B, D). A–D, The hilus of the dentate gyrus. Griffonia lectin-positive microglial cells (arrowheads in B) are
adjacent to the APP-accumulating degenerating neuron (arrow in A) but are absent from the vicinity of a b-gal-accumulating neuron (C, D). Scale bars
(shown in A for A–D): 50 mm.
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Figure 9. Electron micrographs of degenerating CA3 neurons of AxCAYAP-infected hippocampus. The hippocampal tissues were prepared 4 d after
AxCAYAP infection and examined by electron microscopy. A, Toluidine blue staining of the CA3 region. Arrowheads point to atrophic degenerating
neurons. B–E, Electron micrographs of CA3 neurons. C and D are enlarged images of the areas shown by the arrow and arrowhead in B, respectively.
Note abnormalities such as electron-dense cytoplasm (B, E), numerous clear vacuoles (asterisk in E), multivesicular bodies (arrowhead in D), dense bodies
(double arrowhead in D), swollen presynaptic ending (arrow in C), and postsynaptic density lacking presynaptic element (arrow in D). Microglial cells are
adjacent to degenerating neurons (double arrows in B, E). Note the microglial cell extending the processes along the degenerated neuron (double arrows
and asterisk in E). Scale bars: A, 50 mm; B, 5 mm; C, 1 mm; D, 500 nm; E, 10 mm.
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molecular mechanisms whereby intracellular accumulation of
wild-type APP causes neurodegeneration.
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