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ABSTRACT In the brains of individuals with Alzheimer
disease, senile plaques containing aggregates of 8-amyloid
peptide, derived from the j3-amyloid precursor protein (APP),
are seen in association with degenerating nerve terminals. It is
not known whether the degenerating nerve terminals cause the
formation of these aggregates or whether fi-amyloid peptide in
the aggregates causes nerve-terminal degeneration. In the
present study of rat brain, degeneration either of local neurons
or of nerve terminals caused decreased levels of a neuron-
enriched isoform of APP, increased levels of a glia-enriched
isoform of APP, and increased levels of potentially amy-
loidogenic, as well as nonamyloidogenic, COOH-terminal frag-
ments of APP. Our results demonstrate that neuronal degen-
eration affects APP processing and suggest that it may con-
tribute to amyloid formation in mammalian brain.

,B-Amyloid precursor protein (APP) is a transmembrane
glycoprotein that exists as three major isoforms, APP695,
APP751, and APP770 (the subscripts refer to the number of
amino acids), which are encoded by a single gene (1-7). APP
undergoes posttranslational processing that includes matu-
ration (i.e., glycosylation and sulfatation) and proteolytic
cleavage, which generates peptide fragments such as 63-amy-
loid (/3/A4). Deposits of ,B/A4 are found within the senile
plaques in the brains of patients with Alzheimer disease.
f3/A4 is believed to be a factor in the etiology of the disease.
The mechanisms responsible for APP processing are incom-
pletely understood. Chemical lesioning of nerve cell bodies is
accompanied by an increase in APP immunostaining near the
lesion: increased APP immunoreactivity has been reported in
neurites and astroglial cells (8, 9) as well as in neurites and
microglia/macrophages (10). However, the effect of such
lesioning on the processing of APP in affected areas has not
been elucidated. Lesioning of the cholinergic input to the
cerebral cortex was reported to increase the rate of APP
synthesis in vitro; however, no changes in the APP levels
were detected (11).

In the present study, we have examined the effect of
neuronal lesioning on the levels of full-length APP and
proteolytic fragments both in proximity to the lesion and in
distal projection areas.

MATERIALS AND METHODS

Affinity-purified rabbit anti-COOH-terminal APP antibody
369 (12), dopamine- and cAMP-regulated phosphoprotein of
Mr 32,000 (DARPP-32) monoclonal antibody, clone 5a (13),
and rabbit anti-synapsin I antiserum 454/455 (14) have been
described. Glial fibrillary acidic protein (GFAP) monoclonal
antibody, clone G-A-5, was purchased from Sigma. Anti-
Kunitz protease inhibitor (KPI)-domain monoclonal anti-

body 56.1 (15) was from T. V. Ramabhadran (our laborato-
ry). CT15, antiserum raised against the COOH-terminal 15
amino acids of APP, was from E. H. Koo (Harvard Medical
School, Boston). Affinity-purified rabbit anti-mouse IgG was
obtained from Cappel Laboratories.

Rats of both sexes (150-200 g) were anesthetized by i.p.
administration of fentanyl (Hypnorm, 0.1 ml; Janssen, Bel-
gia) and diazepam (Valium, 0.05 ml; Hoffmann-LaRoche),
placed in a stereotactic frame, and subjected either to ste-
reotactic infusion of quinolinic acid (200 nmol in 2 ,ul,
adjusted to pH 7.4 with NaOH) into the neostriatum (16) or
to suction lesions of the anterior cerebral cortex (17). Seven
days postsurgically, the rats were decapitated, and brain
regions both ipsilateral (lesion) and contralateral (control) to
the lesions were dissected and rapidly frozen in liquid N2. The
samples were homogenized by sonication in boiling 1%
(wt/vol) NaDodSO4, and protein content was determined
(18). Samples containing equal amounts of protein were
subjected to NaDodSO4/PAGE with 5-17.5% gradient gels in
Tris/glycine (19) or in Tris/tricine (20) buffer. Proteins were
electrotransferred to nitrocellulose sheets and probed with
antibodies. The nitrocellulose sheets probed with APP anti-
bodies were incubated with horseradish peroxidase-coupled
secondary antibody (Amersham). APP immunoreactivity
was detected by using enhanced chemiluminescence (ECL;
Amersham) and quantitated by scanning densitometry. The
nitrocellulose sheets probed with DARPP-32 and GFAP
antibodies were incubated with rabbit anti-mouse IgG (1:500
dilution). Secondary antibodies and synapsin I antibody were
labeled by 1251-labeled protein A overlay, and protein bands
were quantitated by Phosphorlmager (Molecular Dynamics,
Sunnyvale, CA).
For clarity of presentation, in Figs. 1A, 4A, and 5, arrows

point only to those immunoreactive bands the intensities of
which were altered by lesioning. Data obtained in lesioned
material from each animal were expressed as percentage of
values obtained in the contralateral control side. Samples
from nonlesioned animals, analyzed in parallel, gave results
similar to those obtained with the control samples.

RESULTS
Identification of APP Species. Full-length APP molecules

from mammalian brain migrate as a group of proteins with
apparent molecular masses between 100 and 135 kDa, when
analyzed by NaDodSO4/PAGE (21-25). Using antiserum
369, directed against the COOH terminus of APP, we ob-
served several APP species in the neostriatum of untreated

Abbreviations: APP, /3-amyloid precursor protein; ,3/A4, 3-amyloid;
KPI, Kunitz-type protease inhibitor; APPKPI, isoform(s) of APP
containing a KPI domain; DARPP-32, dopamine- and cAMP-
regulated phosphoprotein of Mr 32,000; GFAP, glial fibrillary acidic
protein.
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rats: one distinct band with an apparent molecular mass of
106 kDa, at least two less-distinct bands of 112 and 120 kDa,
low levels of a 139-kDa band, and a fragment of 15 kDa (Fig.
1). The 106-kDa band in rat brain comigrated with an APP
immunoreactive band from PC-12 cells (26) identified as
immature APP695, and the 139-kDa band comigrated with a
band from PC-12 cells (26) identified as mature APP751 (data
not shown). The 139-kDa band was also recognized by
antibody 56.1, which was raised against the KPI domain of
APP751 and APP770 (15). Additional KPI-containing APP
isoforms (L-APP733 and L-APP752) have been reported (27),
which would not be readily distinguishable from APP751 by
using the present experimental conditions. Therefore, the
bands that comigrate with APP751 and cross-react with anti-
body 56.1 are referred to as APPKPI. The two less-distinct
bands of 112 kDa and 120 kDa most likely represent immature
APPKPI and mature APP695, respectively. The 112-kDa band
cross-reacted with antibody 56.1 and comigrated with the
band identified as immature APP751 in PC-12 cells (26),
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FIG. 1. Analysis of APP immunoreactivity in rat neostriatum
after lesioning local nerve cells by quinolinic acid injection. APP
bands from nonlesioned (control) and lesioned sides were analyzed
7 days after lesioning. (A) Proteins separated by NaDodSO4/PAGE
in Tris/glycine (lanes 1-4) or in Tris/tricine (lanes 5 and 6) buffer.
Immunoblots were exposed for 10 sec (lanes 1 and 2), 30 sec (lanes
3 and 4), or 5 min (lanes 5 and 6). The arrows at 106, 112, 120, 139,
15, 16, 18, and 28 kDa indicate putative immature APP695, immature
isoform(s) of APP containing a KPI domain (APPKPI), mature
APP69s, mature APPKPI, and four COOH-terminal fragments of APP,
respectively. The positions of molecular size markers are also
indicated. (B) Tissue levels of immature APP69s, mature APPKPI,
APP COOH-terminal fragments (15 kDa, 16 kDa, 18 kDa, and 28
kDa), DARPP-32, and GFAP in control sides (solid bars) and
lesioned sides (hatched bars). Data represent mean ± SEM, n = 10.
***, Different from control at P < 0.001 (Student's t test).

whereas the 120-kDa band did not cross-react with antibody
56.1. The 15-kDa COOH-terminal fragment most likely rep-
resents the nonamyloidogenic intra-P3/A4 cleavage product,
which is the major membrane-bound APP fragment produced
(28).

Additional APP species were observed in the neostriatum
of rats after lesioning of local nerve cells by injection of
quinolinic acid (Fig. 1A). When proteins were separated by
NaDodSO4/PAGE, 15-, 16-, 18-, and 28-kDa APP immuno-
reactive bands were observed in Tris/glycine buffer (data not
shown). These four bands migrated as 11-, 13.3-, 15.7-, and
26-kDa bands, respectively, in Tris/tricine buffer. Such
aberrant migration of APP fragments has been described.
APP COOH-terminal fragments from human brain, which
migrate at 17 kDa in the Tris/glycine system and at 11- to
12-kDa in Tris/tricine, were shown to contain the entire
f3/A4, whereas several bands migrating at 15 kDa in Tris/
glycine and at <11 kDa in Tris/tricine were nonamy-
loidogenic (29). In Tris/glycine buffer, the 15-kDa band from
rat brain comigrated with the 15-kDa (nonamyloidogenic)
band from human brain (data not shown). The COOH-
terminal fragments are referred to in this report in terms of
their apparent molecular mass when analyzed by Na-
DodSO4/PAGE with Tris/glycine buffer. When antiserum
369 was preabsorbed with synthetic APP645694 (APP69s num-
bering), none of the bands identified as APP holoforms or
APP COOH-terminal fragments was visualized. The APP
COOH-terminal fragments of 15, 16, 18, and 28 kDa were also
detected with an antibody raised against the COOH-terminal
15 amino acids of APP (CT15).
On the basis of earlier reports and our current results, we

conclude that the 106- and 112-kDa proteins are immature
(partially glycosylated) APP695 and APPKPI, respectively,
that the 120- and 139-kDa proteins are mature (fully glyco-
sylated) APP695 and APPKPI, respectively, that the 15-kDa
band is a nonamyloidogenic COOH-terminal fragment de-
rived from intra-j3/A4 cleavage of APP, and that the 16-, 18-,
and 28-kDa bands are potentially amyloidogenic APPCOOH-
terminal fragments.

Effects of Quinolinic Acid-Induced Lesions in the Striatum.
To investigate whether neuronal degeneration is associated
with changes in the levels of individual APP isoforms and/or
APP proteolytic fragments in the vicinity of the lesion, we
examined the effects of brain lesions that destroy local
(intrinsic) neurons. For this purpose, we stereotactically
injected the excitotoxin quinolinic acid into the neostriatum,
which results in destruction of the major population of
intrinsic neurons but spares incoming nerve fibers and glial
cells (30). When examined 7 days postsurgically, we found
that the lesioning had no significant effect on the total level
of full-length APP, as analyzed by densitometry and integra-
tion of all APP bands in the 106- to 139-kDa range (data not
shown). However, analysis of individual immunoreactive
bands demonstrated a considerable decrease in immature
APP695 [Fig. 1A (lanes 1 and 2) and B]. In contrast, increases
were observed in the levels of mature APPKPI [Fig. 1A (lanes
3 and 4) and B]. Visual inspection of the autoradiograms
indicated that the levels of immature APPKPI also increased.
However, the changes in immature APPKPI and mature
APP695 could not be reliably quantitated due to difficulty in
resolving them by densitometry. An increase in immature
APPKPI was also observed in parallel studies using 56.1, an

antibody against the KPI domain of APP (data not shown).
The 15-kDa COOH-terminal fragment also increased in con-

tent, as did several potentially amyloidogenic fragments with
apparent molecular masses of 16, 18, and 28 kDa [Fig. 1A
(lanes 5 and 6) and B].
The quinolinic acid lesion induced a 70% decrease in

DARPP-32 (Fig. 1B), a phosphoprotein enriched specifically
in intrinsic neurons in the neostriatum (13, 31), indicating that
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degeneration of these neurons had occurred in response to
the lesion. In contrast, levels of GFAP, an astrocytic protein
(32, 33), increased by 77%, indicating that gliosis had taken
place (Fig. 1B).

Correlations of the Levels of Various APP Isoforms and
COOH-Terminal Fragments with the Levels of DARPP-32 and
GFAP. The levels of various APP isoforms and COOH-
terminal fragments were directly compared with the level of
DARPP-32. Immature APP695 decreased in parallel with the
loss of DARPP-32 (Fig. 2A). In contrast, the level of mature
APPKPI (Fig. 2B), as well as the levels of both the 15-kDa
(Fig. 2C) and 28-kDa (Fig. 2D) fragments, showed an inverse
correlation with the DARPP-32 level. The levels of the
various APP isoforms and COOH-terminal fragments were

also compared with the GFAP level (Fig. 3). Mature APPKPI
and the 15- and 28-kDa fragments increased in proportion to

the increase of GFAP. In contrast, the level of immature
APP695 showed an inverse correlation with that ofGFAP. The
results shown in Figs. 2 and 3 suggest that immature APP695
was derived predominantly from neurons and that mature

APPKPI was derived predominantly from glial cells (cf., 9,
34-36). Moreover, we speculate that the COOH-terminal
fragments resulted predominantly from increased amounts of
glial APPKPI but cannot exclude the possibility that they were
derived from increased processing of neuronal APP695.

Effects in Striatum after Cortical Lesions. To examine the
question as to whether degeneration of nerve terminals is
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FIG. 2. Correlation of levels of immature APP695 (A), mature
APPKPI (B), and APP COOH-terminal fragments of 15 kDa (C) and
28 kDa (D) with levels of DARPP-32. Correlation coefficients were
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FIG. 3. Correlation of levels of immature APP695 (A), mature
APPKPI (B), and APP COOH-terminal fragments of 15 kDa (C) and
28 kDa (D) with GFAP levels. Correlation coefficients were 0.81 (A),
0.80 (B), 0.60 (C), and 0.78 (D). Data are presented as arbitrary units.

sufficient to change APP metabolism, we used remote lesions
to induce axonal degeneration and loss of nerve terminals in
target areas. Unilateral lesioning of the anterior cerebral
cortex, which destroys the cells of origin of the excitatory
glutamatergic corticostriatal fibers (17, 37), did not signifi-
cantly change the total levels of full-length APP or of imma-
ture APP695 (which presumably is present in local nerve cell
bodies) in the ipsilateral neostriatum (Fig. 4). However,
mature APPKPI, as well as the 15-, 16-, 18-, and 28-kDa
fragments were all significantly increased after this lesion.
This type of lesion also significantly decreased the levels of
synapsin I, a presynaptic marker protein (38), and increased
the levels of the astrocytic marker GFAP. Hence, a lesion
resulting in degeneration of afferent fibers to the neostriatum
induced a considerable gliosis, an increase in APPKPI, and
increases in both nonamyloidogenic and putative amy-

loidogenic fragments in the target area.
Effects in Substantia Nigra after Quinolinic Acid-Induced

Lesions in the Striatum. The cortical lesions destroy a pre-
dominantly excitatory neuronal pathway. We also examined
the effects of degeneration of inhibitory nerve terminals. For
this purpose, we used quinolinic acid lesions to destroy the
predominantly y-aminobutyric acid-containing striatonigral
fibers (39). This lesion led to a loss of -50% of the striato-
nigral nerve terminals, as measured by a decrease of 51 +

11%, P < 0.05, in DARPP-32 immunoreactivity in the sub-
stantia nigra and reflected in a decrease of 41 + 4%, P <
0.001, in synapsin I immunoreactivity. These effects were

accompanied by a decrease in mature APP695, with no

apparent change in immature APP695 (Fig. 5). These obser-
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FIG. 4. Analysis of APP immunoreactivity in the neostriatum after corticostriatal nerve fiber degeneration. APP bands from nonlesioned
(control) and lesioned sides were analyzed 7 days after unilateral anterior decortication. (A) Proteins were separated by NaDodSO4/PAGE in
Tris/glycine (lanes 1-6) or in Tris/tricine (lanes 7 and 8) buffer. Immunoblots were exposed for 10 sec (lanes 1 and 2), 30 sec (lanes 3-6), or

10 min (lanes 7 and 8). The arrows at 139, 15, 16, and 18 kDa indicate putative mature APPKPI and three APP COOH-terminal fragments,
respectively. The positions of molecular mass markers are also indicated. (B) Tissue levels of immature APP695, mature APPKPI, APP
COOH-terminal fragments (15 kDa, 16 kDa, 18 kDa, and 28 kDa), synapsin I (Syn I), and GFAP in control sides (solid bars) and lesioned sides
(hatched bars). Data represent mean ± SEM, n = 8. n.s., Not significant; significantly different from control at *, P < 0.05; **, P < 0.01; ***,

P < 0.001 (Student's t test).

vations can be explained by the absence of immature APP695
and the presence of mature APP695 in nerve terminals (cf.,
40). Lesioning of the striatonigral pathway also induced a

gliosis in the substantia nigra, as measured by an increase in
GFAP immunoreactivity (18 ± 3%, P < 0.05), as well as

significant increases in mature APPKPI (33 ± 11%, P < 0.05)
and the 16-kDa (31 ± 9%, P < 0.05) (Fig. 5) and 18-kDa (30

10%, P < 0.05) (data not shown) bands.

DISCUSSION
The present results indicate that different types of lesions in
the rat brain, which induce neuronal degeneration and a

concomitant gliosis, cause changes in the levels of distinct
APP isoforms and proteolytic COOH-terminal fragments of
APP. Destruction of neurons leads to prominent increases in
APP fragments, both in the lesioned area and in those
projection areas where the axons of the lesioned neurons
terminate. The changes observed in the projection areas,
including changes in the levels and processing of various APP
isoforms, are very likely attributable to the degenerating
nerve terminals. However, it is important to emphasize that
neuronal degeneration is probably not sufficient to induce
amyloid formation because some neurodegenerative dis-
eases, such as Parkinson disease and Huntington disease, are
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FIG. 5. Analysis ofAPP immunoreactivity in the substantia nigra
after unilateral striatonigral nerve fiber degeneration. APP bands
from nonlesioned (control) and lesioned sides were analyzed 7 days
after quinolinic acid injection into the neostriatum. Proteins were
separated by NaDodSO4/PAGE in Tris/glycine (lanes 1-4) or Tris/
tricine (lanes 5 and 6) buffer. Tissue samples are from the same
animals as those used for Fig. 1. Immunoblots were exposed for 5 sec

(lanes 1 and 2), 1 min (lanes 3 and 4), or 7 min (lanes 5 and 6). The
arrows at 120, 139, and 16 kDa indicate putative mature APP695,
mature APPKPI, and an APP COOH-terminal fragment, respectively.
The position of a 97.4-kDa molecular mass marker is also indicated.

not associated with the formation of amyloid plaques in the
affected areas.

It is reasonable to speculate that the changes in APP
metabolism observed in the present study might be mediated
through the gliotic response to neuronal degeneration. In
support ofthis theory, microglial/macrophage invasion ofthe
lesioned area appears to represent an early stage in lesion-
induced gliosis (41). Activated microglial cells release inter-
leukin 1 (42), which acts as a mitogen for astrocytes. Inter-
leukin 1 has also been found to induce synthesis (43) and
secretion (44) ofAPP. It will be important to determine, using
specific antibodies against f3/A4 (cf., 45-47), whether the
experimental manipulations used in the present study also
stimulate the formation of amyloid. Such studies should help
to determine the extent to which altered processing of APP,
observed in response to nerve-terminal degeneration, reflects
pathophysiological processes involved in Alzheimer disease.
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