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A characteristic feature of Alzheimer’s disease (AD) is the for-
mation of amyloid plaques in the brain. Although this hallmark
pathology has been well described, the biological effects of
plaques are poorly understood. To study the effect of amyloid
plaques on axons and neuronal connectivity, we have examined
the axonal projections from the entorhinal cortex in aged amy-
loid precursor protein (APP) transgenic mice that exhibit cere-
bral amyloid deposition in plaques and vessels (APP23 mice).
Here we report that entorhinal axons form dystrophic boutons
around amyloid plaques in the entorhinal termination zone of
the hippocampus. More importantly, entorhinal boutons were
found associated with amyloid in ectopic locations within the
hippocampus, the thalamus, white matter tracts, as well as

surrounding vascular amyloid. Many of these ectopic entorhinal
boutons were immunopositive for the growth-associated pro-
tein GAP-43 and showed light and electron microscopic char-
acteristics of axonal terminals. Our findings suggest that (1)
cerebral amyloid deposition has neurotropic effects and is the
main cause of aberrant sprouting in AD brain; (2) the magnitude
and significance of sprouting in AD have been underestimated;
and (3) cerebral amyloid leads to the disruption of neuronal
connectivity which, in turn, may significantly contribute to AD
dementia.
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The deposition of amyloid throughout the brain is a characteristic
pathology of Alzheimer’s disease (AD), although its pathophys-
iological significance remains unclear (Selkoe, 1991; Yankner,
1996). It has been proposed that neuronal circuits are compro-
mised in AD (Hyman et al., 1984; Kowall and Kosik, 1987; Geula,
1998), and one hypothesis is that amyloid plaques disrupt neuro-
nal connectivity in the brain, resulting in loss of function and
dementia (Knowles et al., 1998). This hypothesis is difficult to test
because of the presence of other lesions, such as neurofibrillary
tangles, along with the deposition of amyloid in tissue of AD
patients. In contrast, mouse models of cerebral amyloidosis have
opened new avenues into the investigation of the specific role of
amyloid deposition in the pathogenesis of AD (Games et al.,
1995; Hsiao et al., 1996; Sturchler-Pierrat et al., 1997; Hsia et al.,
1999).

To investigate the effect of amyloid deposition on axons and
neuronal connectivity, we studied the axonal projections from the

entorhinal cortex to the hippocampus in APP23 mice that over-
express mutated human amyloid precursor protein (APP) and
form amyloid plaques progressively with age (Sturchler-Pierrat et
al., 1997; Calhoun et al., 1998). The entorhinal cortex and the
hippocampus have a well known function in learning and memory
(Wallenstein et al., 1998) and exhibit early and severe pathology
in AD (Hyman et al., 1984; Braak and Braak, 1991). To visualize
the entorhinal axons, the sensitive anterograde tracer Phaseolus
vulgaris leucoagglutinin (PHAL), which allows for the analysis of
projections at the level of single axons (Gerfen and Sawchenko,
1984), was injected into the entorhinal cortex of aged and young
APP23 mice as well as nontransgenic controls.

MATERIALS AND METHODS
Animals. The generation of APP23 transgenic mice is described in detail
elsewhere (Sturchler-Pierrat et al., 1997). Briefly, a murine Thy-1 pro-
moter element was used to drive neuron-specific expression of human
mutated APP751 (Swedish double mutation 670/671 KM3NL) in B6D2
mice. In this study we used six aged (18–20 month) hemizygous APP23
mice and two age-matched nontransgenic controls. In addition, two
young (5 month) hemizygous APP23 mice were used. The mice are from
the F8-F10 generation of backcrossing to B6 mice and thus can be
considered C57BL/6J-TgN(Thy1-APP670/671 KM3NL) mice.

Anterograde tracing. For anterograde tracing of entorhinal axons, mice
received a unilateral injection of PHAL into the entorhinal cortex
(Gerfen and Sawchenko, 1984; Deller et al., 1999). In brief, mice were
deeply anesthetized using a combination of ketamine (10 mg/kg body
weight; Ketalar; Parke-Davis, Ann Arbor, MI) and xylazine (20 mg/kg;
Rompun, Bayer, Germany) in saline. PHAL (2.5% in 10 mM PBS, pH
7.8; Vector Laboratories, Burlingame, CA) was delivered by ionto-
phoretic injection via a stereotactically positioned glass micropipette (tip
diameter, 15–30 mm). A 5 mA positive current was applied for 15 min in
a 5 sec on–5 sec off cycle. Two adjacent injections were administered to
the left entorhinal cortex at the following stereotaxic coordinates: (for
mice up to 26 gm body weight) anteroposterior (bregma), 24.4; lateral,
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2.9; dorsoventral (skull), 24.2; and anteroposterior, 24.6; lateral, 2.9;
dorsoventral, 23.9; for mice with body weight .26 gm, coordinates were
adjusted to 10.1 anteroposterior, 10.1 lateral, and 10.1 dorsoventral.

Tissue preparation and immunocytochemistry. All mice were killed 9 d
after PHAL injections by an overdose of pentobarbital (50 mg/ml Nem-
butal; Abbott Laboratories, Chicago, IL) and subsequent transcardial
perfusion with 0.01 M PBS followed by 4% paraformaldehyde (PFA) in
PBS. Some mice were perfused with PFA plus 1% glutaraldehyde and
0.2% picric acid. Brains were removed and post-fixed in PFA for 24 hr.
Brains fixed with glutaraldehyde were used for combined light micro-
scopic and ultrastructural analysis and were cut on a vibratome (50 mm
section thickness) and then processed for electron microscopy according
to a previously published protocol (Deller et al., 1996). Brains for light
microscopic analysis only were placed in 30% sucrose for 24 hr, frozen in
2-methylbutane at 230°C, and sectioned on a freezing-sliding microtome
(25–100 mm section thickness).

Immunocytochemistry was performed on free-floating sections using
the avidin–biotin peroxidase method (ABC Elite kit; Vector Laborato-
ries) according to previously published protocols (Jucker et al., 1994;

Deller et al., 1996). In brief, sections were incubated in 1% H2O2
followed by 0.3% Triton X-100 and blocked in 5% goat or horse serum,
all in Tris-buffered saline (TBS). After an overnight incubation at 4°C
with the primary antibody in 2% serum and 0.3% Triton X-100, sections
were incubated in biotinylated secondary antibody (except for sections
incubated with biotinylated PHAL), followed by the avidin—biotin per-
oxidase complex solution (ABC Elite kit). The chromogen was 39,3-
diaminobenzidine-dihydrochloride (DAB; 0.08%; Sigma, St. Louis,
MO). For double immunolabeling, sections were processed in a sequen-
tial manner. Immediately after visualization of the first primary antibody
by DAB (brown reaction product), sections were incubated for 30 min in
1% H2O2, rinsed extensively in TBS, and immunoreacted as described
above with the second primary antibody. The peroxidase substrate for
the second peroxidase reaction was Vector-SG (blue–gray reaction prod-
uct; Vector Laboratories). Additional immunolabeling was performed on
paraffin-embedded sections that were prepared according to standard
protocols (Phinney et al., 1999).

For fluorescence immunocytochemistry, free-floating sections were
labeled using a protocol similar to that described above with the follow-

Figure 1. Entorhinal axonal projections in APP23 mice. a, PHAL-labeled projection from the medial entorhinal cortex to the middle molecular layer
(MML; arrow) of the dentate gyrus (DG) in an 18-month-old nontransgenic control mouse. Minor projections were identified to CA3 and CA1 of the
hippocampus and to the thalamus (TH ). The same pattern was observed in young APP23 mice that lack amyloid plaque formation. b, PHAL-labeled
projection in an 18-month-old APP23 mouse. Main termination pattern in the MML (arrow) is similar to that seen in the control mouse with the most
notable difference being the hyperinnervation of the thalamus. Note the amyloid deposits (blue–gray reaction product) throughout the hippocampus, the
thalamus, and within the alveus (ALV ). c, d, High magnification of the inferior blade of DG from the control mouse shown in a, and APP23 mouse shown
in b. Note the thickened PHAL-labeled axons (arrow) and ballooned, spheroidal axon terminals (arrowheads) in the vicinity of amyloid plaques. In the
MML, amyloid plaques were completely engulfed by entorhinal dystrophic terminals, whereas outside of the main entorhinal termination zone only a
subpopulation of dystrophic boutons were PHAL-labeled. e, High magnification of PHAL-labeled axons with the characteristic dystrophic terminals
around an amyloid plaque in the stratum-lacunosum moleculare of CA3. Many PHAL-labeled axons appear normal until directly adjacent to the amyloid
(arrow), then typically curve around the amyloid periphery, forming several small swellings followed by a large terminal balloon-shaped swelling that
turns away from the plaque (arrowhead). GC, granule cell layer of the dentate gyrus; IML, inner molecular layer; OML, outer molecular layer. Scale bars:
a, 300 mm; c, e, 25 mm; panels a and b, and c and d have the same magnification.
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Figure 2. Ultrastructure of PHAL-labeled dystrophic entorhinal boutons in the hippocampus. a, Light micrograph of an amyloid plaque (asterisk) in the
molecular layer of the dentate gyrus surrounded by numerous large PHAL-labeled entorhinal boutons (arrows). b, Electron micrograph of the bottom
half of the plaque shown in a. The amyloid (asterisk) is surrounded by several dystrophic PHAL-labeled entorhinal boutons (arrows). c, Light micrograph
of an amyloid plaque (asterisk) in the molecular layer of the dentate gyrus. The arrow points to a heavily PHAL-labeled entorhinal bouton. d, Electron
micrograph of the PHAL-labeled entorhinal bouton illustrated in c. The bouton is filled with numerous multilamellar bodies, characteristic of dystrophic
neurites. These structures are surrounded by electron dense immunoprecipitate. e, PHAL-labeled entorhinal bouton in the vicinity of a plaque. This
dystrophic bouton contains synaptic vesicles and forms a synapse with a spine. The arrow points to the synaptic cleft. An unlabeled dystrophic neurite
(DN ), as well as a normal axon terminal (A) are also illustrated. Scale bars: a, c, 10 mm; b, 2.5 mm; d, 1 mm; e, 0.5 mm.
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ing changes. TBS containing 0.5% bovine serum albumin was used for all
steps. The secondary antibodies were Cy2-conjugated goat anti-rabbit
IgG and Cy3-conjugated goat anti-mouse IgG (diluted 1:100 and 1:500,
respectively; Dianova, Hamburg, Germany). For double immunofluores-
cence labeling, sections were incubated in both primary antibodies si-
multaneously while secondary antibodies were added sequentially. For all
immunocytochemistry, control sections were processed in the absence of
one or both primary antibodies to affirm specificity.

The following antibodies were used: polyclonal biotinylated goat anti-
PHAL (for peroxidase immunocytochemistry; diluted 1:800; Vector
Laboratories); polyclonal rabbit anti-PHAL (for immunofluorescence;
1:800; Vector Laboratories); polyclonal anti-Ab (NT-11; 1:2000)
(Sturchler-Pierrat et al., 1997); polyclonal and monoclonal antibodies to
growth associated protein-43 (GAP-43) (1:1000 and 1:10, respectively;
gift of P. Caroni) (Aigner et al., 1995); polyclonal anti-calretinin (1:
10,000; SWant, Bellinzona, Switzerland); polyclonal anti-synaptophysin
(1:2000; Dako, Glostrup, Denmark); monoclonal anti-MAP2 (AP14;
1:500; gift of L. Binder) (Caceres et al., 1983); and polyclonal antibody to
spinophilin (1:2000; gift of P. Greengard) (Allen et al., 1997).

RESULTS
PHAL tracing revealed a typical entorhinohippocampal projec-
tion in young APP23 mice and nontransgenic controls, and single

entorhinal axons showed a normal morphology (Stanfield et al.,
1979). No immunoreactivity for amyloid-b peptide (Ab) could be
detected in these animals (Fig. 1a,c). Consistent with previous
reports, aged APP23 mice showed a significant amyloid load in
brain (Fig. 1b,d) that is largely congophilic in nature (Sturchler-
Pierrat et al., 1997; Calhoun et al., 1998). In areas free of amyloid
plaques, as well as in areas of diffuse amyloid deposition, PHAL-
labeled entorhinal fibers in these mice were indistinguishable
from controls. However, fibers in the vicinity of compact amyloid
deposits often appeared swollen and tortuous and formed large
balloon-like structures around the plaques (Fig. 1d,e). Typically,
axons maintained a normal morphology until in the vicinity of a
plaque. At this point, axons lined the periphery of the plaque and
characteristically formed one or more small swellings followed by
one or more larger, terminal swellings. Such terminal swellings
usually formed facing away from the plaque (Fig. 1e).

To further investigate the nature of the PHAL-labeled spher-
oid structures surrounding the plaques, correlated light and elec-
tron microscopy was performed (Fig. 2). At the ultrastructural

Figure 3. Plaque-associated ectopic axon termi-
nals. a, Disruption of the layer-specific termina-
tion of the PHAL-labeled entorhinal axons in the
vicinity of an amyloid plaque (asterisk) is evi-
denced by the invasion of these fibers (brown re-
action product) into the inner molecular layer
(IML) of the dentate gyrus, which is labeled for
calretinin (blue–gray reaction product). Calretinin
is specific for the commissural fibers in the mouse
and labels specifically the IML (Liu et al., 1996). b,
Calretinin-labeled commissural fibers (brown)
also form dystrophic terminals (arrow) and deviate
from their normally specific termination in the
IML when in vicinity of amyloid (blue–gray). c,
High magnification of the amyloid plaque (blue–
gray) shown in Figure 1b. PHAL-labeled entorhi-
nal axons are in brown and reveal a hyperinnerva-
tion of the thalamic region around the amyloid
plaque (see Fig. 1a for control). Here, entorhinal
axons curve around the amyloid and form dystro-
phic boutons directly adjacent to the amyloid. In-
terestingly, PHAL-labeled entorhinal axons also
formed dystrophic boutons around vascular amy-
loid deposits (arrow). GC, Granule cell layer of the
dentate gyrus. Scale bars: a, 10 mm; c, 50 mm;
panels a and b have the same magnification.
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level, PHAL-labeled structures could be identified as swollen, or
dystrophic, presynaptic boutons of varying sizes that contain large
amounts of unstained membranous material and lysosomal dense
bodies (Fig. 2b,d). Only a percentage of the swollen boutons asso-
ciated with the plaques were labeled, as would be expected since
the ipsilateral entorhinal neurons provide the major but not exclu-
sive innervation to this area (Stanfield et al., 1979). Many of the
labeled terminals were observed maintaining a synapse (Fig. 2e).
These PHAL-labeled terminals strongly resemble the plaque-
associated dystrophic neurites described in AD (Wisniewski and
Terry, 1973; Masliah et al., 1991a; Peters et al., 1991) and provide
direct evidence that such dystrophic neurites are of axonal origin.
Further substantiating this conclusion, immunohistochemistry for
the dendritic marker microtubule-associated protein-2 (MAP-2)
(Caceres et al., 1983) and the dendritic spine protein spinophilin
(Allen et al., 1997) failed to label amyloid-associated dystrophic
neurites in APP23 mice (data not shown).

One of the most intriguing observations was that entorhinal
fibers were found outside of their normal termination zone in
APP23 mice. Such ectopic terminals were most notable in the
strictly laminated dentate gyrus (DG): entorhinal axons, normally
restricted to the outer molecular layer of the DG (even during
regenerative sprouting) (Frotscher et al., 1997), invade the inner

molecular layer, which is the zone of commissural fibers (Fig. 3a).
Similarly, commissural axons, normally restricted to the inner
molecular layer of the DG, entered the outer molecular layer
which is the zone of entorhinal fibers (Fig. 3b) (Stanfield et al.,
1979). Thus, amyloid deposition causes aberrations of both ento-
rhinal and commissural fibers and disrupt the normal laminar
organization of the DG.

Additional evidence for amyloid-induced axonal aberration of
entorhinal fibers was found in the thalamus. In control mice, very
few entorhinal fibers are normally found in this region (Fig. 1a).
In contrast, in all APP23 mice that had significant amyloid dep-
osition in the thalamus, a dense plexus of labeled fibers was
observed (Figs. 1b, 3c). Entorhinal fibers surrounding the amyloid
plaques formed the characteristic swollen boutons that were also
observed in the hippocampus (Fig. 3c). Thus, the normally weak
entorhinal projection to the thalamus was not only found to be
appreciably increased but also abnormal (dystrophic) whenever
amyloid deposition occurred in this region.

Another intriguing finding was the observation of PHAL-
labeled fibers projecting toward and abutting blood vessels con-
taining vascular amyloid (Fig. 3c). In the thalamus, an area
heavily affected by vascular amyloid in APP23 mice (Calhoun et
al., 1998; Jucker et al., 1998), entorhinal fibers frequently formed

Figure 4. Axonal growth associated with amyloid plaques in the white matter. a, PHAL-labeled entorhinal axons form dystrophic terminals around an
amyloid plaque (asterisk) in the alveus, b, Immunohistochemistry with an antibody against GAP-43 reveals that throughout the neuropil and interestingly,
as shown here, within the alveus, many dystrophic boutons (brown) associated with amyloid deposits (blue, asterisk) were GAP-43 positive. c, Similar
dystrophic neurites were also identified around plaques (asterisk), shown here within the alveus, when sections were immunolabeled for the synaptic
marker synaptophysin. d–f, Double fluorescent immunolabeling for PHAL (d, green) and GAP-43 (e, red) revealed that a percentage of PHAL-labeled
entorhinal terminals are positive for the growth-associated marker GAP-43 (d–f, arrows). Scale bars: a, 20 mm; b, 20 mm; d, 5 mm; panels b and c, and
d–f have the same magnification.
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Figure 5. Ultrastructure of entorhinal dystrophic boutons in the white matter. a, Light micrograph of an amyloid plaque (asterisk) in the alveus of the
hippocampus. Three PHAL-labeled entorhinal boutons surround the plaque (arrows). b, Electron micrograph of the plaque illustrated in a. The amyloid
core (asterisk) is surrounded by numerous dystrophic neurites. The three large entorhinal boutons illustrated in a are indicated by arrows. One of the
unlabeled dystrophic neurites is myelinated (short arrow). c, Serial section of the middle PHAL-labeled bouton illustrated in b. The heavily
immunolabeled bouton is filled with multilamellar bodies. d, Serial section of the rectangle illustrated in c. This part of the dystrophic bouton shows
elements of synaptic specialization, i.e., clustered vesicles. Scale bars: a, 10 mm; b, 5 mm; c, 1 mm; d, 0.25 mm.
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dystrophic boutons adjacent to the vascular amyloid deposits. In
control mice, entorhinal fibers are not usually associated with
blood vessels, and if they are found in the vicinity of a blood
vessel, for example in the outer molecular layer of the hippocam-
pus, no dystrophic boutons are formed. This shows that the
deposition of vascular amyloid also leads to ectopic axon termi-
nals and abnormal axonal structures and is thus contributing to
the disruption of neuronal circuits.

To better understand the process that leads to the entorhinal
fiber disruption and ectopic terminal formation in the vicinity of
amyloid plaques, we studied markers for axonal growth that are
believed to play a role in AD (Geddes et al., 1985, 1986; Masliah
et al., 1991b). For this purpose we focused on compact amyloid
plaques in the white matter, which are frequently found in the
alveus of the hippocampus in aged APP23 mice. Entorhinal fibers
travel through the alveus to reach the hippocampus, but they have
no known targets in this typically asynaptic white matter tract.
Yet, in the alveus, PHAL-labeled entorhinal axons that lie in the
vicinity of a plaque form numerous swollen boutons around it
(Fig. 4a). Immunostaining for GAP-43 (Benowitz et al., 1990)
and Ab revealed amyloid-associated GAP-43-positive boutons
similar to the spheroid structures formed by entorhinal fibers
around plaques (Fig. 4b). Furthermore, similar to that reported in
AD (Masliah et al., 1991b), GAP-43 labeled more fibers through-
out the neuropil of APP23 mice than in controls (data not
shown). Double-labeling for PHAL and GAP-43 revealed that
indeed many dystrophic entorhinal terminals were GAP-43-
immunopositive (Fig. 4d-f), supporting the idea that entorhinal
fibers found in ectopic locations are the result of amyloid-
associated aberrant sprouting.

To assess whether the observed aberrant fibers form terminals,
immunostaining for the synaptic vesicle protein synaptophysin
was performed. Amyloid plaques, even those located in the white
matter, were typically engulfed by synaptophysin-positive termi-
nals (Fig. 4c). Electron microscopy of white matter plaques con-
firmed that dystrophic entorhinal terminals form around amyloid
deposits (Fig. 5a,b). These dystrophic terminals are identical to
those observed in the hippocampus, and some of them show
elements of presynaptic specialization, such as clustered synaptic
vesicles (Fig. 5c,d). These data suggest that cerebral amyloid
deposition can induce aberrant axonal growth of entorhinal fi-
bers, and also that it induces synaptic differentiation of these
axons in ectopic locations.

DISCUSSION
Although the fact that sprouting occurs in AD brain has been
recognized earlier (Geddes et al., 1985, 1986; Masliah et al.,
1991b), the cause, magnitude, and aberrant nature of the sprout-
ing has remained unclear. In the present study, we examined the
effect of amyloid deposition on a well defined axonal projection in
APP transgenic mice. Our results revealed that (1) aged APP23
mice show axonal sprouting directly related to amyloid, demon-
strating that amyloid deposition and sprouting are intimately
linked; (2) axons grow into ectopic locations, and moreover
sprout within the white matter and toward vascular amyloid,
indicating that amyloid deposition exerts a neurotropic effect on
axons not only in vitro (Koo et al., 1993) but also in vivo; and (3)
young mice that overexpress APP do not exhibit plaques, dystro-
phic boutons, or axonal sprouting, demonstrating that APP over-
expression alone does not underlie the aberrant sprouting pro-
cess. Our data therefore suggest that the primary factor

underlying abnormal axonal sprouting is the deposition of
amyloid.

The well defined and specific laminar organization of the
entorhinohippocampal projection, in conjunction with the amy-
loid deposition in this transgenic model, allowed us to show that
not only is amyloid central to the observed sprouting, but that
such sprouting is indeed aberrant. It may be argued that the
observed sprouting is induced by neurodegeneration or glia acti-
vation previously observed in these mice (Calhoun et al., 1998;
Stalder et al., 1999). However, if such factors govern the observed
sprouting, the sprouting of entorhinal axon should respect the
laminar borders of the DG as they do in experimental lesion
paradigms (Frotscher et al., 1997). It is the unprecedented nature
of the observed sprouting of entorhinal axons into the inner
molecular layer of the DG, around blood vessels and within white
matter, that strongly supports a primary role for cerebral amy-
loidosis in the observed axonal sprouting. However, it is possible
that other constituents of amyloid deposits, such as perlecan,
agrin, and laminin (Snow et al., 1988; Perlmutter et al., 1991;
Donahue et al., 1999) also play an important role in the observed
sprouting response. It must also be considered that amyloid dep-
osition is a consequence rather then cause of the axonal sprouting
in mice that overexpress APP. Yet, the absence of aberrant axons
or ectopic terminals in young APP23 mice does not support such
a conclusion. The possibility that sprouting/dystrophic terminals
release APP/Ab and thus initiate/accelerate amyloid deposition
in a feedforward manner remains open.

The present study has focused on the entorhinohippocampal
system, one of many axonal projections in the brain. The vastness
of the sprouting and ectopic terminal formation observed in the
present study was unexpected. The labeling of amyloid-associated
dystrophic terminals throughout the brain using synaptophysin
and GAP-43 immunostaining indicates that axon terminal disrup-
tion and sprouting is not restricted to the entorhinal–hippocam-
pal projection and occur in all areas that develop amyloidosis.
Thus, our results suggest that both the magnitude and significance
of alterations to neuronal circuits in AD brain caused by such
dystrophic and ectopic axons have been greatly underestimated.

Finally, it should be noted that all PHAL-labeled entorhinal
terminals, even those identified as sprouting axon terminals, had
dystrophic morphologies. This suggests that axon growth in re-
sponse to the deposition of amyloid and the formation of abnor-
mal presynaptic terminals, ectopic or otherwise, are not likely to
result in functional or restorative neuronal connections. These
morphological abnormalities are likely the anatomical correlate
of changes in electrophysiological characteristics reported in APP
transgenic mouse models with cerebral amyloidosis (Chapman et
al., 1999; Hsia et al., 1999).

In conclusion, our results demonstrate that the deposition of
cerebral amyloid induces dystrophic boutons, aberrant axonal
growth, disrupted fiber tracts, as well as the formation of ectopic
terminals. Such changes disrupt normal neuronal connectivity
and are a likely candidate for the morphological correlate of
cognitive decline in AD.
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