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Subcortically lesioned rats were used as an animal model 
of some of the neurochemical and behavioral deficits of 
Alzheimer’s disease (AD) to investigate the in vivo expres- 
sion and metabolism of amyloid precursor protein (APP). 
Previously, the rapid and persistent induction of APP was 
described in cerebral cortices after disruption of its cholin- 
ergic, serotonergic, or noradrenergic afferents. In the pres- 
ent study, this induction was found to lead to the elevated 
secretion of APP into the cerebrospinal fluid of lesioned 
animals. Lesions of the forebrain cholinergic system in 
aged rats caused an even greater increase in the CSF lev- 
els of secreted APP. Antibodies to the extracellular domain 
of APP detected the protein whereas antibodies to the cy- 
toplasmic region did not, indicating that the APP present 
in CSF was of the soluble form. lmmunoprecipitation with 
an A8 sequence-specific antibody followed by immunoblot 
analysis indicated that a significant portion of secreted 
APP was of the species that contains at least the first 28 
amino acids of the A8 sequence (APP, or APP@). By con- 
trast, very low levels of A8 peptide were detected in CSF. 
The secretion was accompanied by an elevation of cellular 
C-terminal fragments of the APP in the lesioned cortex. 
Consistent with our previous results, this increased APP 
secretion was caused by lesions of subcortical cholinergic 
and serotonergic systems. The postlesion time course of 
APP secretion showed an initial reduction of APP (1 hr pos- 
tlesion) in CSF followed by an eventual twofold elevation 
l-6 weeks later. These results indicate that the induction 
of APP in response to loss of subcortical innervation leads 
to elevated secretion of a soluble form of cortically derived 
APP that contains significant portions of the A8 sequence. 

[Key words: amyloid precursor protein, subcortical le- 
sions, cholinergic system, serotonergic system, rat brain, 
in vivo secretion] 

Two of the distinguishing neuropathological features of the AD 
brain are the formation of senile plaques and the dramatic re- 
duction of the levels of specific neurotransmitters in cortical 

Received Aug. 12, 1994; revised Dec. 21, 1994; accepted Jan. 10, 1995. 

We thank Drs. D. Selkoe, N. Robakis, and B. Wolozin for constructive com- 
ments on the manuscript; Eliot Faber and Rachel Gluck for treatment of ani- 
mals and preparation of brain tissue; Natalya Grovnik for Northern blot anal- 
ysis; and Donna Brane and Nancy Hsu for technical assistance on the immu- 
noblots. This research was supported by a grant from NIA (ROI AG10138). 

Correspondence should be addressed to William Wallace, National Institute 
on Aging, Gerontology Research Center, Johns Hopkins Bayview Campus, 
4940 Eastern Avenue, Baltimore, MD 2 1224. 

Copyright 0 1995 Society for Neuroscience 0270.6474/95/154896-10$05.00/O 

regions and in the hippocampus. The primary core constituent 
of senile plaques is P-amyloid peptide (AP), which is derived 
from a larger protein termed amyloid precursor protein (APP). 
Mutations of the APP gene cosegregate with AD in certain fam- 
ilies (Chartier et al., 1991; Goate et al., 1991; Murrell et al., 
1991; Naruse et al., 1991; Yoshioka et al., 1991; Mullan et al., 
1992), implicating a central role for APP and Al3 in the disease. 
The most prominent neurochemical deficit in AD is the dramatic 
loss of cholinergic markers in the cerebral cortex (Candy et al., 
1986; Quirion, 1986; Perry, 1987), which has been attributed to 
the degeneration of cortically projecting cholinergic neurons in 
the basal forebrain (Whitehouse et al., 1982). These cholinergic 
deficits have been modeled in the rat by neurotoxic lesions of 
nucleus basalis of Meynert (nbM) (Olton and Wenk, 1987; Dek- 
ker et al., 1991). Such lesions also produce significant cognitive 
impairments with features common to AD (Kesner et al., 1987, 
1989). 

The relationship between the cellular events leading to for- 
mation of senile plaques and the neuronal alterations leading to 
loss of specific neurotransmitters has not been characterized. The 
elucidation of such a relationship will help to determine the com- 
mon initial events in the pathogenesis of AD. Therefore, these 
two prominent neuropathological features of AD brain have 
been investigated by studying APP expression in the subcort- 
tally lesioned rat brain, which exhibits reductions of cortical 
neurotransmitter systems. Lesions of the nucleus basalis of Mey- 
nert (nbM) resulted in the induction of APP in the affected ce- 
rebral cortices (Wallace et al., 1991, 1993). The induction was 
rapid and persistent with permanent lesions, while with transient 
inhibition of subcortical innervation the induction was revers- 
ible. Yet, despite the long-term persistent induction of APP, le- 
sioned rats do not exhibit cortical AD-like neuropathological 
structures, suggesting that the induced APP must be metabolized 
and/or processed in a manner that prevents and/or precludes for- 
mation of senile plaques. 

These observations also suggest that APP may play a role in 
the response of the cortex to disrupted function-in this case, 
loss of subcortical innervation. In vitro experiments with cul- 
tured cells have suggested that secreted APP may act as a neu- 
roprotectant (Mattson et al., 1993) or growth factor (Saitoh et 
al., 1989; Milward et al., 1992). More recently, in vivo experi- 
ments have been described which show that exogenous admin- 
istration of secreted APP can protect against experimentally in- 
duced ischemic brain injury (Smith-Swintosky, 1994). 

In this study, the metabolism of induced APP in the subcor- 
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Figure 1. Schematic diagram of cellular APP (top) showing regions of molecule recognized by various antibodies and areas of cleavage by 
proteases. Shown below are the resulting forms of secreted APP to indicate the terms used to identify the various forms of soluble APP 

tically lesioned rat brain was characterized to explore the bio- 
logical role of APP in brain function and in an attempt to de- 
termine a biochemical explanation for the absence of senile 
plaques. Concomitant with the induction of APP by disruption 
of either cholinergic or serotonergic innervation, levels of the 
secreted form of APP were elevated in CSF of lesioned animals. 
Consistent with the absence of senile plaques in these animals, 
very low levels of Al3 peptide were detected in CSE Instead, 
the secreted APP product contained at least the first 28 amino 
acids of AP peptide sequence (APP,, the form first described by 
Anderson et al., 1992). The elevated secretion of APP was ac- 
companied by elevated amounts of cellular APP C-terminal de- 
rivatives in the cortex. These observations of the induction and 
secretion of APP, taken together with the results of cultured cell 
studies, suggest a biological role for APP in response to a spe- 
cific disruption of brain function that is relevant to the patho- 
genesis of AD. Further, the low levels of AP peptide in rat CSF 
suggest that the persistently secreted APP in the lesioned rat was 
metabolized with a nonpathological proteolytic cleavage, thus 
possibly accounting for the absence of senile plaques in these 
animals. However, the presence of the initial 28 amino acid res- 
idues of the Al3 peptide, which have been shown to be sufficient 
for neurotoxicity in rat (Yankner et al., 1990), suggests that the 
APP which is secreted in response to subcortical neurotransmit- 
ter system lesions may have the potential for neurotoxicity. 

Materials and Methods 
Three specific experiments were performed. In the first, different groups 
of young adult rats received either stereotaxic lesions of the nbM or 
sham operations. One hour or 1 week later each rat was anesthetized 
and a CSF sample was collected for the assay of secreted API? After 
death, the cerebral cortices were dissected and frozen on dry ice for 
cholinergic marker assay to quantify the magnitude of the lesion and 
for immunoblot analysis of various APP fragments. In the second ex- 
periment, the same procedures were followed but the rats were killed 
at different time points after lesioning to investigate the time course of 
lesion-induced changes in secreted APF! In addition, a separate group 

of animals was treated identically but received lesions of the seroto- 
nergic system instead in order to determine the generality of the lesion 
effects on APP levels in CSE In the third experiment, similar lesions 
of the nbM were performed on young (2 months) and aged (24 months) 
F344 rats to determine the effect of age on the induction of cortical 
APP following the lesion. 

Placement of subcortical lesions. Animals were treated under the 
same conditions that resulted in the induction of APP synthesis as de- 
scribed previously (Wallace et al., 1991, 1993). For forebrain cholin- 
ergic system lesions, adult male Sprague-Dawley rats (8 weeks old) 
received unilateral subcortical lesions of the nucleus basalis of Meynert 
(nbM) using N-methyl-D-aspartate (NMDA) as the excitotoxin. All rats 
were anesthetized with 45 mg/kg pentobarbital and placed within a 
stereotaxic apparatus with the upper incisor bar set level with the intra- 
aural line. A-33 gauge infusion cannula was lowered into two sites 
within the nbM on one side of the brain (AP bregma, ML -2.8, DV 
-8.0 re skull; AP bregma -0.8, ML -3.0, DV-7.8, respectively). 
One microliter of a 50 mM solution of NMDA in PBS was slowly 
infused into each site. Controls for the lesion were the contralateral 
cortices of the same animals. For lesions of the forebrain serotonergic 
system, the dorsal raphe nucleus (DRN) was lesioned by the slow in- 
fusion of a 1 pl solution of 15 yg/pl 5,7-dihydroxytryptamine at ste- 
reotaxic coordinates AP IAL + 1.5, ML -4.5, DV -7.0 re skull, angle 
24” from vertical. All rats were pretreated with 20 mg/kg desmethyli- 
mipramine 30 min prior to lesioning. Because the DRN is a midline 
structure, a separate group of sham-lesioned animals were prepared as 
controls. These animals received the same treatments as the lesioned 
rats except that the neurotoxin was not infused into the DRN. 

Collection of CSF and cortical tissue. Immediately prior to death, 
each rat was anesthetized with 45 mgikg pentobarbital and placed in a 
stereotaxic frame. The occipital foramen was exposed by blunt dissec- 
tion and a 22 gauge cannula attached to PElO tubing was inserted into 
the cisterna magna. CSF (loo-150 pl) was collected in a 2 m length 
of PElO tubing. The CSF was frozen on dry ice and kept at -80” until 
assayed. Each rat was then decapitated, the brain was quickly extracted, 
and the right and left cortices were dissected over ice and frozen at 
-80”. Separate aliquots of CSF from each rat were used for immunoblot 
analysis and for ELISA. Each cortical sample was then pulverized and 
divided into two homogenous aliquots. One aliquot was used for neu- 
rochemical determinations (choline acetyltransferase activity as de- 
scribed by Fonnum, 1975, and serotonin by HPLC as described by 
Muruyama et al., 1980). The second cortical tissue aliquot was used for 
immunoblot analysis. 
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Figure 2. Elevation of secreted form of APP in CSF of animals 7 d after lesion of nucleus basalis of Meynert. Rats were given unilateral lesions 
of the nbM using NMDA as described in Materials and Methods. After either 1 hr or 7 d, the animals were killed. Total protein from equal aliquots 
(30 ~1) of cisternal CSF obtained at death was separated by SDS-PAGE and blotted onto PVDF paper. The blots were probed with either of two 
distinct antibodies to APP and detected with immunofluorescence. A, Detection of secreted extracellular domains of APP (with or5, left) or C-terminal 
cytoplasmic domains of APP (~16, right). Lanes l-3 represent naive animals not lesioned; lanes 4-6 represent 1 hr postlesion time; lanes 7-9 
represent 7 d postlesion time. B, Quantitation of the secreted APP levels in CSE APP signals on the blots were quantitated with CCD camera 
densitometry and the IMAGE 4.1 program. Concentration of APP is presented as arbitrary densitometry units detected on blot. *p < 0.05 by Student’s 
t test; n = 12. C, Correlation of secreted APP levels in CSF with depletion of choline acetyl transferase activity in lesioned cerebral cortex (p < 
0.001; n = 36). 

Immunoblot analysis of CSF and cortical tissue. The second cortical 
tissue aliquot (approximately 100 mg) was used to characterize APP by 
immunoblot analysis. After homogenization in Tris buffer containing 
2% SDS, total protein was separated by SDS-PAGE using lo-20% Tris- 
tricine gels (Novex). The proteins were blotted onto PVDF paper and 
probed with antibodies to APP using immunofluorescence for visual- 
ization (ECL, Amersham). Antibody a5 is an affinity-purified anti-APP 
antibody directed to the ectodomain of APP (residues 444-590; Fig. 1). 

Antibody a6 is a similarly purified antibody directed to the cytoplasmic 
domain of APP (residues 591-695; Fig. 1). The results were quantitated 
by densitometry using a CCD camera and the IMAGE 4.1 program. 

ELISA of APP*fl in CSF. A rat AP sandwich ELISA was developed 
using the monoclonal antibody 266 (Seubert et al., 1992) generated to 
residues A&,, (Fig. 1) as a solid phase in the microtiter dish (5.0 @g/ 
ml purified antibody in PBS). After blocking the plates, rat AP standards 
or samples were added (0.25-2.0 rig/ml), incubated for 1 hr at 21°C 



The Journal of Neuroscience, July 1995, 75(7) 4899 

C 
140 1 

z z 120 

ei Tij 100 

!Y 

I 80 

4 
E 60 
0 

r= - 0.65, p C 0.001 

SHAM LESIONED 

LESION CONDITION 

I I I I I I I 

200 400 600 800 1000 1200 1400 

APPAp (pg / ml) 

Figure 3. Characterization of AB sequence in secreted API? A, An aliquot (30 pl) of antibody 266 coupled to Actigel resin (4 mg/ml) was added 
to 6 ml of rat CSF which contained 1.9 rig/ml A@ sequence (as determined by ELISA). The resulting mixture was nutated overnight at 4°C. The 
sample was assayed by ELISA to confirm that all AB reactivity was depleted from the CSE The resin was collected by centrifugation and the pellet 
was washed twice with cold PBS. The resin was then boiled in 30 p,l of SDS-PAGE sample buffer and electrophdresed in a Tricine lo-20% gradient 
gel. The separated proteins were blotted onto a Problot membrane, probed with a polyclonal antibody against rat AB sequence (rat,&, and the 
immunoreactivity visualized by immunofluorescence (ECL, Amersham). B, Elevation of APP*P in CSF 7 d after lesion of the nucleus basalis of 
Meynert. Rats were unilaterally lesioned and cisternal CSF collected immediately prior to death 7 d later as described in Materials and Methods. 
Aliquots of CSF were assayed for APP@ immunoreactivity using an enzyme-linked immunosorbent assay adapted to specifically detect rat sequence 
of the A@ peptide. Ipsilateral and contralateral cortices from the same animals were assayed for choline acetyl transferase activity as a measure of 
the cortical effects of the lesion. B, Levels of APP*P in CSF (pg/ml) for naive and 7 d postlesioned animals. *p < 0.05 by Student’s t test; iz = 
12. C, The concentration of APP*P in CSF was plotted versus the depletion of ChAT activity (as a percentage of ipsilateral to contralateral cortex 
for individual samples) for each animal. The correlation coefficient indicated a significant relationship between loss of cholinergic innervation and 
elevation of APPA@ in CSF (p < 0.001, n = 36). 
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Figure 4. Elevation of C-terminal de- 
rivatives of APP in lesioned cortex. 
Rats were unilaterally lesioned as de- 
scribed in Materials and Methods. Ip- 
silateral and contralateral cortices were 
dissected from brain, immediately fro- 
zen, and dry homogenized. Aliquots of 
the tissue were assayed for choline ace- 
tyl transferase activity and APP con- 
tent. APP was assayed by homogeni- 
zation of tissue in a Tris buffer con- 
taining 2% SDS with sonication. Total 
proteins were separated on lo-20% 
Tris-tricine gels, blotted, and probed 
with antibodies to the C-terminal do- 
main (a6). Lanes 14 represent le- 
sioned cortical homogenates from four 
different animals. Lanes 5-8 represent 
control cortical homogenates from the 
same four unilaterally lesioned ani- 
mals. 

and washed. Affinity-purified rabbit anti-rat A&..,, was added, 2.0 pgl 
ml in 0.1% casein, PBS for 1 hr at 21”, and washed. The bound antibodv 
complex was quantitated with alkaline phosphatase donkey anti-rabbit 
(1: 1000) followed bv the addition of substrate (methvlimbellinhenvl 
phosphate) as descr&ed (Seubert et al., 1992). ~ ’ ‘ ’ 

Examination of lesion effects on young and aged animals. To deter- 
mine whether age of the animal contributes to the induction and secre- 
tion of APP, different groups of young (2 months old; 15 lesioned and 
seven sham) and aged (24 months; 14 lesioned and seven sham) rats 
received either sham lesions or unilateral NMDA-induced lesions of the 
nbM using parameters identical to those described above. One week 
after surgery, each rat was anesthetized with pentobarbital (65 mg/kg). 
CSF was collected using the procedures described above and the frontal 
cortices were dissected, dry homogenized, aliquotted into separate sam- 
ples, and frozen for subsequent assay. Aliquots of CSF were assayed 
for APP using a5 antibody as described above. Aliquots of the cortical 
samples were assayed for ChAT activity as described above. Total RNA 
was extracted from a second set of cortical aliquots (Chomczynski and 
Sacchi, 1987). RNA samples were analyzed with Northern blots as pre- 
viously described (Wallace et al., 1993). Equal aliquots of RNA (10 
yg) were separated on 1% agarose gels and blotted onto nitrocellulose 
filters. Each blot was probed with a 297 base X2P-labeled APP riboprobe 
and a second 352 base 32P-labeled riboprobe generated for N-protein, 
which has been localized specifically to neurons (Schmauss et al., 
1992). The plasmid constructs were kindly provided by Dr. C. Schmauss 
(The Mount Sinai School of Medicine). The resulting autoradiograms 
were quantitated by densitometry using the mRNA band corresponding 
to N-protein to normalize the APP mRNA values. APP mRNA values 
were then compared for ipsilateral to contralateral sides of the same 
animal. 

Results 
Effects of forebrain cholinergic lesions 7 d after lesioning 
Unilateral lesions of nbM resulted in a significant [t(dfl9) = 
14.1; p < 0.011 50.9% reduction of ChAT activity in the cortex 
ipsilateral to the lesion 7 d after lesioning. As predicted by ear- 
lier studies (Wallace et al., 1993), the infusion of NMDA into 
the nbM failed to affect cortical ChAT activity at 1 hr postlesion. 

CSF from animals that had been lesioned for 7 d contained 
significantly higher [t(dfl9) = 2.1; p < 0.021 concentrations of 
APP than did CSF derived from either naive animals or 1 hr 
postlesion animals (Fig. 2). The APP detected in CSF was de- 
termined to be the truncated form based upon its lack of reac- 

tivity with an antibody specific to the C-terminal region of the 
molecule (a6, Fig. 2). Quantitation by densitometry indicated an 
approximately twofold elevation at the 7 d time point (Fig. 2B). 
Similar results were obtained using two different antibodies to 
the extracellular domain of APP (015 and rat,-,,). This increased 
CSF content of secreted APP was correlated with depletion of 
cortical cholinergic innervation (as measured by cortical choline 
acetyl transferase activity) 7 d postlesion (r = -0.58, p < 0.001; 
n = 36) (Fig. 2C). 

The A@ immunoreactivity present in the CSF of naive and 
lesioned animals (as seen with anti-rat,-,,) was further charac- 
terized by immunoprecipitation. A large pool of rat CSF (6 ml) 
was immunoprecipitated with rat,-,,, an antibody specific to the 
first 28 amino acids of rat AP peptide. The immunoprecipitated 
products were visualized by immunoblot analysis with antibody 
266 (generated to APITmZ8; Vigo-Pelfrey et al., 1993). Very little 
AP peptide (4 kDa) was detected in the CSF (Fig. 3). Instead, 
a secreted APP species was detected, indicating that this mole- 
cule contained a significant portion of the AP sequence. This 
secreted APP molecule (here termed APP*p) appears to be most 
similar to a form described previously in PC12 cell culture me- 
dia (APP,; Anderson et al., 1992), and distinctly different both 
from the APP which lacks the A@ sequence altogether, as de- 
scribed in human cells (APP,; Seubert et al., 1993), and the 
originally described OL secretase-cleared material which is 
cleaved at AP,, (APP,; Esch et al., 1990). We can conclude that 
the AP sequence within the secreted APP extends to at least 28 
residues based upon previous peptide competition studies that 
have shown that the epitopes of the monoclonal antibody 266 
are amino acids 13-16 plus 20-28 combined of the AP peptide 
(data not shown). Figure 1 schematically presents these forms 
of secreted APl? In order to be able to quantify APP*p, an en- 
zyme-linked immunosorbent assay was then developed for AP- 
PA6 as described in Materials and Methods. The APP*P content 
in the 7-d-lesioned animals showed an elevation that was similar 
to that of total APP observed with immunoblots using other 
antibodies to the extracellular region of APP (Fig. 3B). When 
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Figure 5. Elevation of APP and APP*a secretion with lesions of se- 
rotonergic innervation. Rats were lesioned at DRN to disrupt seroto- 
nergic innervation to cortex as described in Materials and Methods. CSF 
was collected 7 d after placement of the lesion and the levels of APP 
(top) and APPA@ (bottom) were assayed as described. The levels of both 
secreted APP and APPAa in CSF were similarly plotted versus depletion 
of cortical serotonin in animals having lesions of the dorsal raphe nu- 
cleus. The correlation coefficient indicated a significant relationship be- 
tween loss of serotonergic innervation and elevation of both secreted 
APP (p < 0.001; n = 31) and APPAa (p < 0.001; n = 36). 

the cortical levels of the cholinergic marker ChAT were com- 
pared with the CSF levels of APP*p in naive and lesioned ani- 
mals, there was a strong correlation between the degree of cho- 
linergic depletion in the cortex ipsilateral to the nbM lesion and 
the levels of APP*p in the CSF suggesting a close relationship 
between these two variables (Fig. 3C). Although the proportion 
of total secreted APP that is made up of APP*p cannot be quan- 
titated with these experiments, the remarkable similarity of al- 
tered levels of secreted APP and APP*@ to the various lesion 
conditions (compare Figs. 2, 3, 5, 6) argues that a significant 
fraction, if not the majority, of secreted APP is the APP*a form. 
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Figure 6. Time course of secreted APP (left) and APP”a (right) in 
CSF after lesions of nucleus basalis of Mevnert (solid line) or dorsal 
raphe nucleus (dashed line). Rats were given lesions of either the nu- 
cleus basalis of Meynert or dorsal raphe nucleus as described in Ma- 
terials and Methods. At various times after placement of the lesion (1 
hr, 3 hr, 3 d, 1 week, and 6 weeks for nbM lesions; 1 hr, 1 week, and 
6 weeks for DRN lesions), cisternal CSF was collected immediately 
prior to death. Concentrations of secreted APP were determined with 
densitometry of immunoblots as described in Materials and Methods. 
The results represent 5-8 animals for each data point. Concentrations 
of APP*a in CSF were determined with ELISA as described in Materials 
and Methods. *Versus SHAM, p < 0.05. 

Analysis of APP C-terminal fragments in cortex 
Upon secretion, a fraction of total cellular APP undergoes a 
proteolytic cleavage in which the cytoplasmic portion of the 
molecule remains in the cell (Esch et al., 1990). Therefore, the 
C-terminal derivatives of APP in the lesioned and control cor- 
tices from the same unilaterally lesioned animals were examined 
using an antibody to the C-terminal region of APP (a6). An 
elevation in the C-terminal derivatives became apparent in the 
7-d-lesioned cortex (Fig. 4). Quantitation by densitometry indi- 
cated an elevation of these derivatives that was similar to the 
elevation of secreted APP in CSF of lesioned animals (data not 
shown). Although the precise identities of these derivatives are 
not yet known, based upon their size and antigenicity they are 
most likely analogous to the various C-terminal derivatives that 
have been characterized in cultured cells (Esch et al., 1990; Gol- 
de et al., 1992). Thus, it may be concluded that the lesioned 
cortex exhibits increased synthesis of APP (as shown by North- 
ern blot analysis and polysome run-off assays; Wallace et al., 
1993) which leads to the increased secretion of truncated APP 
containing some, if not all, of the AP sequence (as shown by 
elevated levels of APP in CSF), and the generation of C-terminal 
derivatives in the lesioned cortex (representing the portion of the 
molecule that remains in the cell after secretion). 

Generality and time course of APP secretion after lesioning 
Previously reported studies (Wallace et al., 1991, 1993) had 
shown that (1) the cortical induction of APP is a response com- 
mon to lesions of the forebrain cholinergic system and lesions 
of the DRN, which deplete cortical levels of serotonin, and (2) 
APP remains induced in the cortex following lesioning for at 
least 6 weeks. The results of the current study similarly showed 
that these lesions lead to the elevation of APP and APP*P for 
protracted times after lesioning. 

To further correlate the loss of innervation with the secretion 
of APP the dorsal raphe nucleus (DRN) was lesioned, resulting 
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Figure 7. Greater elevation of APP secretion after lesioning in older 
rats (24 months) compared to young adult rats (2 months). Rats were 

in the disruption of the serotonergic innervation of the cortex. 
Such lesions also resulted in elevated levels of secreted APP in 
CSF as determined by both immunoblots and ELISA (Fig. 5). 
The samples exhibited a significant correlation between loss of 
serotonergic innervation and APP in CSF (Y = -0.43, p < 
0.001; it = 32) and APP*a in CSF (r = -0.71, p < 0.001; n = 
38). 

The time course of altered CSF levels of APP was examined 
various times after lesions of either the nbM or DRN. Both types 
of lesions eventually resulted in a similar elevation of secreted 
APP and APP*a in CSF (Fig. 6). After 6 weeks, the CSF levels 
of secreted APP were increased approximately twofold with the 
nbM lesion and 1.6-fold with the DRN lesions. The CSF levels 
of APP*P were increased approximately twofold with the nbM 
lesions and over 2.5fold with the DRN lesions. Interestingly, in 
the most immediate times after lesioning (l-3 hr), the concen- 
trations of APP in the CSF were significantly reduced (ps < 
0.01). 

The effects of age on the secretion of cortical APP after 
lesioning 

Chronological age is a major determinant of senile plaque for- 
mation, with the numbers of cortical senile plaques increasing 
as individuals age (Ball, 1977; Perry et al., 1978; Hauw et al., 
1988; Mirra et al., 1991). In rats, evidence has been reported to 
suggest that the expression and processing of APP is altered in 
the nbM of aged animals and animals exhibiting reduced mem- 
ory performance (Higgins et al., 1990; Beeson et al., 1994). 
Therefore, we examined the induction and secretion of APP in 
response to lesions of the nbM in 2- and 24-month-old Fisher 
344 rats (Fig. 7). Analysis of the ChAT depletion caused by the 
lesioning showed that NMDA caused an equal reduction of cor- 
tical ChAT in young versus old rats (50-56% lesioned vs sham; 
ps < 0.0001; young lesioned vs old lesioned p > 0.5). Exami- 
nation of APP mRNA in the cortical tissues of the same rats 
demonstrated that the levels of APP mRNA were increased to 
185% of control values in young animals and to 206% of control 
in aged rats. Analysis of variance confirmed a significant main 
effect of lesion condition (F1/36 = 16.4, p = 0.00026) and no 
significant lesion condition by age interaction (F < 1.0, p > 
0.5). Post hoc tests (Newman-Keuls) showed significant differ- 
ences between lesioned and control tissues at each age (ps < 
0.02), but no significant differences between the lesion cortices 
at the two ages 0, = 0.44). The levels of cortical APP mRNA 
correlated significantly with cortical ChAT activity (r = -0.48, 
p = 0.002), suggesting that cortical APP mRNA, similar to the 

t 

given unilateral lesions of the nbM using NMDA as described in Ma- 
terials and Methods. After 7 d, the animals were killed and CSF was 
obtained as described above. Total CSF protein was separated by SDS- 
PAGE, blotted onto PVDF filter membranes, and the blot probed with 
a5 antibody and visualized by immunofluorescence. A, Detection of 
secreted APP in CSE Lanes l-4 represent four different 2-month-old 
animals; lanes I and 3 are lesioned rats while lanes 2 and 4 are controls 
(sham operated). Lanes 5-10 represent six different 24-month-old ani- 
mals; lanes 5-7 are the controls (sham operated) while lanes 8-10 are 
unilaterally lesioned animals. B, Quantitation of the secreted APP levels 
in CSE APP signals on the blots were quantitated with CCD camera 
densitometry and the IMAGE 4 1 program. Concentration of APP is pre- 
sented as arbitrary densitometry units detected on blots. *p < 0.05; **p 
< 0.01 by Student’s t test; n = 14. C, Correlation of secreted APP 
levels in CSF of 24-month-old rats with depletion of choline acetyl 
transferase activity in lesion cerebral cortex @ < 0.001, n = 42). 
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cholinergic marker depletion, was increased as a result of the 
nbM lesion, but that this elevation was not greater in the aged 
animals compared to the young animals. 

In contrast, the levels of secreted APP in CSF were not only 
elevated in all lesioned rats compared to controls, but the in- 
creased concentrations of CSF APP were significantly greater in 
the CSF of older animals relative to the young (Fig. 7A). As 
shown above, nbM lesions caused a significant increase in the 
levels of APP in the CSF of young rats (166% of control, p < 
0.03). Lesions of nbM caused an increase of CSF APP in aged 
rats, but this increase (217% of controls vs shams p < 0.0001) 
was significantly greater than that observed in the young animals 
(p < 0.001) (Fig. 7B). The levels of CSF APP were highly and 
negatively correlated with cortical ChAT activity (Y = -0.55, p 
< 0.001; Fig. 7C). However, no significant correlation was ap- 
parent between cortical APP mRNA and CSF APP in aged an- 
imals (Y = 0.28, p = 0.22), whereas younger lesioned animals 
exhibited a significant correlation (Y = 0.41, p = 0.011). 

Discussion 

The relationship between two of the pronounced alterations in 
the cortex that are associated with AD-reduced neurotransmit- 
ter content and presence of senile plaques-was investigated us- 
ing a subcortically lesioned animal model (Wallace et al., 1991, 
1993). The observation that lesions resulted in the induction of 
APP indicated that loss of subcortical innervation affected cor- 
tical APP expression. In the present study, the induced APP was 
found to be secreted into the CSF (Fig. 2). The biological con- 
sequences of increased cortical APP secretion following disrup- 
tion of cortical innervation is not clear. Soluble APP has been 
shown to have neuroprotectant activity (Smith-Swinowsky et al., 
1994) and to promote neurite extension (Milward et al., 1992). 
The present results, which were obtained in viva, support the 
hypothesis which points to a role for secreted APP in maintain- 
ing neuron and/or synapse functional integrity in the compro- 
mised cortex. 

Despite the constant elevated secretion of APP under the le- 
sion conditions, the rat cortex does not form senile plaques even 
years after lesioning (Thal et al., 1990). Consistent with the ab- 
sence of senile plaques, very little AP peptide was detected in 
lesioned rat CSF (Fig. 3). Instead, a significant portion of the 
Al3 sequence was detected as part of a secreted form of APP 
(APP*a). Previously, we reported that rat CSF contained low 
levels of AP immunoreactivity (Seubert et al., 1992). Our results 
in the current study are based on a more complete characteriza- 
tion of this immunoreactivity. Detection of the immunoreactive 
species of AP species immunoprecipitation and immunoblot 
(Fig. 3) indicates Al3 sequence remains part of the secreted APP 
molecule. This observation is in contrast to AP immunoreactiv- 
ity characterized in human CSF which is due primarily, if not 
solely, to AP peptide (Vigo-Pelfrey et al., 1993). Thus, the orig- 
inal assumption that Al3 immunoreactivity in rat CSF was due 
solely to the AP peptide (Seubert et al., 1992) was mistaken. 
This absence of AP peptide in rat CSF indicates that one reason 
for the absence of plaques may be that the lesioned rat does not 
produce significant amounts of the Al3 peptide, the pathological 
cleavage product of APP and precursor to the senile plaque. 
However, it is relevant to AD pathology that the rat cortex re- 
sponds to neurotransmitter system lesions by secreting a form 
of APP which contains a significant portion of the A@ sequence. 
It has been demonstrated (Yankner et al., 1990) that the 1-28 
fragment of Al3 retains a neurotoxic activity similar to that of 

the complete 42 amino acid residue peptide. Thus, as suggested 
by Anderson et al. (1990), a proteolytic cleavage of the APP*a 
molecule could result in the generation of a neurotoxic AP,,, 
fragment. 

In contrast, human CSF exhibits significant levels of AP pep- 
tide (Seubert et al., 1992). The absence of Al3 peptide in the 
lesioned rat may be due to a number of possibilities. (1) The 
amino acid sequence of rat APP near the proteolytic cleavage 
site may preclude its cleavage. (2) Rat cortex is not capable of 
the appropriate protease activity to produce AP. (3) The activity 
of protein kinase C in rat cortex may be sufficient so that all of 
the APP is processed by the nonpathological pathway (Buxbaum 
et al., 1993; Hung et al., 1993). Other organisms which normally 
produce Al3 peptide (Seubert et al., 1992) may be lesioned to 
determine if production of Al3 is elevated under the same con- 
ditions that cause increased secretion of API? 

The same lesion conditions that exhibit induced cortical APP 
synthesis (Wallace et al., 1993) also exhibit elevated secretion 
of APP into CSE This correlation includes the induction and 
secretion of APP in response to lesions of DRN, which disrupt 
serotonergic innervation (Fig. 5). When the time course of the 
nbM-induced changes were compared with DRN-induced 
changes, the secretion of APP and APP*P was further correlated 
with loss of innervation. Lesions of DRN required longer times 
to produce maximal reductions of cortical serotonergic markers 
than was required for nbM lesions to maximally deplete cortical 
cholinergic markers. This delay was reflected in the longer time 
interval required for the DRN lesions to result in significantly 
elevated levels of APP and maximum elevations of APP*a in 
CSF (6 weeks) compared to nbM lesions (1 week) (Fig. 6). 
However, one exception to this correlation was the initial reduc- 
tion (at 1 hour) in secreted APP and APP*@ in CSF in response 
to both types of lesions (Fig. 6). APP synthesis was previously 
demonstrated to be maximally induced in the cortex at these 
same time points after nbM lesioning (Wallace et al., 1993). 
Thus, at the time that cortical APP synthesis is most elevated, 
its levels of secretion into CSF were at the lowest. The physi- 
ological importance of this reduction at this short time point after 
lesioning is not clear. One testable hypothesis is that secreted 
APP and/or APP*a are actively taken up by neurons and/or glia 
during this period. 

Interestingly, aged animals exhibited a greater lesion-induced 
secretion of APP relative to younger animals (Fig. 7). Although 
the levels of APP mRNA were elevated to similar levels in the 
cortices of young versus aged rats, the induction of APP resulted 
in greater levels of APP in the CSF of aged animals. These 
observations raise the possibility of a less efficient mechanism 
of APP clearing in aged rats compared to young adults. This 
observation of elevated CSF APP is consistent with immuno- 
cytochemical results reported in aged rats (Higgins et al., 1990; 
Beeson et al., 1994). The correlation of CSF APP with cortical 
APP mRNA also supports the hypothesis that postsecretory 
events are responsible for the elevated levels of secreted APP in 
the aged rats. 

In summary, elevated secretion of APP into CSF in subcor- 
tically lesioned rat brains was correlated with induction of cor- 
tical APP synthesis. This observation suggests that secreted APP 
plays a role in the response of the cortex to indirect injuries such 
as loss of subcortical innervation, an injury of direct relevance 
to AD (Whitehouse et al., 1982). The proteolytic cleavage re- 
sponsible for secretion produced a truncated form of APP that 
includes at least the first 28 amino acids of the A@ sequence. 
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Very low levels of AP peptide were present in CSF, consistent 
with the absence of senile plaques in these animals. The induc- 
tion and secretion of cortical APP in response to disrupted in- 
nervation in the lesioned rat brain suggests a common patholog- 
ical event may lead to both loss of specific cortical neurotrans- 
mitter systems and biogenesis of senile plaques in the Alzhei- 
mer’s diseased brain. 
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