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Deposits of Amyloid P Protein in the Central 
Nervous System of Transgenic Mice 

Alzheimer's disease is characterized by widespread deposition of amyloid in the central 
nervous system. The 4-kilodalton amyloid 8 protein is derived from a larger amyloid 
precursor protein and forms amyloid deposits in the brain by an unknown pathological 
mechanism. Except for aged nonhuman primates, there is no animal model for 
Alzheimer's disease. Transgenic mice expressing amyloid 8 protein in the brain could 
provide such a model. To investigate this possibility, the 4-kilodalton human amyloid 
8 protein was expressed under the control of the promoter of the human amyloid 
precursor protein in two lines of transgenic mice. Amyloid 8 protein accumulated in 
the dendrites of some but not all hippocampal neurons in 1-year-old transgenic mice. 
Aggregates of the amyloid 8 protein formed amyloid-like fibrils that are similar in 
appearance to those in the brains of patients with Alzheimer's disease. 

A CCUMULATION OF AMYLOID P PRO- 

tein is a characteristic and diagnostic 
feature of brains from individuals 

with Alzheimer's disease (AD) and Down 
syndrome (DS) (1). The 4-kD amyloid P 
protein is a truncated form of a larger amy- 
loid precusor protein (APP), which has fea- 
tures typical of a cell surface integral mem- 
brane glycoprotein (2). At least five different 
APP isoforms containing 563, 695, 714, 
751, and 770 amino acids (3) can be gener- 
ated by alternative splicing of primary tran- 
scripts of a single gene on chromosome 21 
(3). The 40- to 42-amino acid P protein 
segment comprises half of the transmem- 
brane domain and the first 28 amino acids of 
the extracellular domain of APP (2), and is 
encoded within two exons (4). 

The mechanism by which the amyloid P 

protein is derived from its precursor is not 
known. APP is processed in vitro by a 
proteolytic cleavage within the amyloid P 
protein region (5). Generation of the amy- 
loid P protein, therefore, involves an alter- 
native processing pathway, possibly as a 
result of post-translational modifications 
such as phosphorylation (6).  

Although the deposition of amyloid ap- 
pears to be an early event in the progression 
of AD (7), its role in neurodegenerative 
processes remains unknown. Amyloid P 
protein can be neurotrophic for undifferen- 
tiated hippocampal neurons in culture and, 
at high concentrations, neurotoxic to differ- 
entiated neurons (8).  Mutant forms of APP 
have been implicated in hereditary cerebral 
hemorrhage with amyloidosis of Dutch or- 
igin (9) and in at least two families with 
familial forms of AD (10'). In addition. 
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investigating amyloid formation in the cen- 
tral nervous system (CNS) (12). The high 
cost and limited availability of aged pri- 
mates, however, restricts their use as practi- 
cal model systems. Transgenic rodent mod- 
els may provide a useful alternative. The 
expression of native or mutant forms of APP 
in transgenic mice may help to idenufy aber- 
rant APP processing pathways that lead to the 
accumulation of amyloid P protein and clarify 
the role of amyloid P protein in neuronal 
degeneration. We therefore initiated a series 
of experiments to express various forms of 
APP in the brain of transgenic mice. 

We have introduced into mice a construct 
that encodes the 42-amino acid amyloid P 
protein, regulated by a 4.5-kb fragment 
from the 5' region of the human APP gene 
(Fig. 1). This APP regulatory region directs 
neuron-specific expression of the reporter 
gene lac Z from Escherichia coli in the CNS 
of transgenic mice in a pattern that is similar 
to the pattern of endogenous mouse and 
human APP mRNA expression (13). 

Two lines of transgenic mice, AElOl and 
AE301, expressed human amyloid P protein 
mRNA in the brain (Fig. 2) and transmitted 
the transgene in a Mendelian fashion. Steady- 
state amounts of the transgene mRNA were 
lower than steady-state amounts of the en- 
dogenous mouse APP mRNA. In both trans- 
genic lines, however, human amyloid P pro- 
tein was synthesized and accumulated in the 
CNS of 1-year-old mice (Fig. 3). 

We examined immunocytochemical and 
ultrastructural features of brains from sever- 
al F1 generation transgenic mice from lines 
AElOl and AE301 at approximately 1 year 
of age. When sections of brain from l-year- 
old control mice were stained with antibod- 
ies to the amyloid P protein (14), no 
immunoreactivity was detected (15). In con- 
trast, sections of brain from transgenic mice 
showed amyloid P protein irnmunoreactiv- 
ity (Fig. 3). Amyloid P protein staining was 
located predominantly in the hippocampus, 
where it appeared as clusters of dots that 
were symmetrically disqibuted on both 
sides of the brain. Within the hippocampus, 
amyloid P protein irnmunoreactivity was 
most prominent in the molecular layer of 
CA1 and CA2; only occasional amyloid P 
protein-positive clusters were detected in 
CA3 regions of the hippocampus and den- 
tate gyms. Amyloid P protein was not de- 
tected in cerebral cortex. We found similar 
patterns of amyloid P protein irnmunoreac- 
tivity in four F 1 generation mice from both 
transgenic lines by four different amyloid P 
protein-specific rabbit polyclonal antibodies 
(15). Occasional clusters of amyloid P pro- 
tein immunoreactivity were found in other 
regions of the CNS but not in a consistent 
pattern. Amyloid P protein immunoreactiv- 
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Fig. 1. Schematic repre- CAP 
sentation of the -7.7-kb 
Not I resmiction frag- 
ment from pMTI-2318 11 

(18) used to generate 
transgenic mouse lines 
AElOl and AE301 (19). Exon 1 Exon 1 ~, 

A4, amyloid P protein; BH 
B, Bgl 11; BH, Bam HI; BWB 

E, Eco RI; H, Hind 111; 
I I 

N, Not I; S, Sph I; BH/ A +*( 

I I 

( 
" A T  

3217 
L. l 

B,  am HI-B~I 11 fu- 
sion; and E/H or HIE, Hind 111-Eco RI fusion. 

ity was also associated with some but not all 
blood vessels in transgenic mice (Fig. 3). 

Regions of hippocampus from transgenic 
and control mice were processed for electron 
microscopy (1 6). Ultrastructural correlates of 
the clustered dots of amyloid P protein 
immunoreactivity were present only in trans- 
genic mice and consisted of intracellular accu- 
mulations of fibril-laden material (Fig. 4A) that 
resembled amyloid in brains from patients with 
AD. The cellular processes containing this 
amyloid-like material appeared distended, and 
some contained rough endoplasmic reticulum 
(Fig. 4B, arrows) and flee ribomes but not 
intermediate filament bundles (indicative of 
aswcytes), suggesting that they were den- 
drites. Amvloid-like dewits have not been 

cluded. Ultrathin cryosections of transgenic 
mice hippocampus were also stained with an- 
tibodies to amyloid P protein and immunogold 
procedures. Gold particles in these electron 
micrographs were selectively enriched over the 
abnormal amyloid-like fibrils (15). 

Our results illustrate that human amyloid 
p protein can accumulate in the CNS of 
transgenic mice and form amyloid-like pro- 
files. This accumulation occurred despite 
low steady-state levels of amyloid P protein 
mRNA. Amyloid P protein deposits in post- 
mortem brains from individuals with AD 
and DS are extracellular, whereas the amy- 
loid P protein deposits in the 1-year-old 
transgenic mice are intracellular. Intracellu- 
lar amyloid P protein immunoreactivity has 
also been observed in mouse hippocampal 
trisomy 16 grafts, a mouse model for DS 
(17). Although the source of extracellular 
amyloid P protein in AD is unknown, it is 
likely that at least a proportion of amyloid P 
protein has intracellular origins. 

Fig. 4. Electron micrographs of Epon sections 
from the hippocampal CA1 region of a 1-year-old 
AElOl transgenic mouse. (A) Amyloid-like de- 
posits are densely stained by uranyl acetate and 
lead citrate (arrowheads). (B) Fibrils (arrow- 
heads) and profiles of rough endoplasmic reticu- 
lum (arrows) are associated with amyloid-like 
deposits. Scale bars: (A) 1.0 pm; (B) 0.5 pm. 

The APP promoter is active in most neu- 
rons in the mouse CNS (13). The accumu- 
lation of amyloid P protein in the transgenic 
mice, however, is restricted primarily to the 
hippocampus. These data raise the possibility 
that amyloid P protein expression alone is not 

detected in' myelinated &om, although their 
presence in unmyelinated axons cannot be ex- 

su0icient to produce amiloid-like accumula- 
tions. Although amyloid P protein-positive 
processes have not yet been traced to cellular 
perikarya, it is likely that many are dendrites 
of neurons concentrated in hippocampal re- 
gions CA1 and CA2. The accumulation of 
amyloid P protein in the CNS of these trans- 
genic mice appears to be developmentally 
regulated, as it is not sigrhcant before 6 
months of age (15). The late onset of amyloid Oligo 29 

Human 
(80 nt) 

Oligo 30 
Mwse 

APP p protein accumulation suggests that either 
the steady-state concentration of amyloid P t m- Human 

(70 nt) 
protein increases with age or that factors in 
addition to amyloid P protein expression 
participate in amyloid deposition. 

Evidence of neuronal cell death, early 

(60 nt) 

signs of neuronal degeneration, or obvious 
signs of CNS dyshnction have not been 
detected in transgenic mice at 1 year of age. 
Older mice will be examined for behaviokd 
and neuropathological changes associated 
with amyloid P protein accumulation. The 
introduction of gene constructs encoding 
native and mutant forms of APP into trans- 
genic mice should allow elucidation of the 
cellular and molecular mechanisms involved 
in CNS amyloidosis. 

Fig. 2. S1 nuclease protection analysis of total 
RNA from normal and transgenic AE301 (F l )  
brain (20). The protected fragment sizes of the 
human (transgenic) and endogenous mouse APP 
oligonucleotide probes are 70 and 50 nucleotides 
(nt), respectively. Lane 1, human (oligo 29, 80 
nt) and mouse (oligo 30,60 nt) APP probes; lane 
2, 1-nt DNA ladder; lane 3, normal mouse brain 
RNA; lane 4, Hela cell RNA; and lane 5, AE301 
brain RNA. AE101, data not shown. 

Fig. 3. Amyloid P protein distribution in a par- 
&n section from the hippocampus of a l-year- 
old AElOl transgenic mouse that was photo- 
graphed before (A) and after (B) hematoxylin 
counterstaining. Arrowheads, amyloid P protein 
deposits around blood vessels; and P, pyramidal 
cell layer of hippocampus. Scale bar: 200 pm. 
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While studying the arp T cell receptor repertoire in rheumatoid arthritis (RA) patients, 
we found that the frequency of VB14+ T cells was significantly higher in the synovial 
fluid of aEected joints than in the peripheral blood. In fact, VB14+ T cells were 
virtually undetectable in the peripheral blood of a majority of these RA patients. 
p-chain sequences indicated that one or a few clones dominated the VB14+ population 
in the synovial fluid of individual RA patients, whereas oligoclonality was less marked 
for other VfYs and for VB14 in other types of inflammatory arthritis. These results 
implicate VB14-bearing T cells in the pathology of RA. They also suggest that the 
etiology of RA may involve initial activation of VB14+ T cells by a VB14-specific 
superantigen with subsequent recruitment of a few activated autoreactive VB14+ T cell 
clones to the joints while the majority of other VB14+ T cells disappear. 

R A IS AN AUTOIMMUNE DISEASE similar autoimmune diseases remains un- 
characterized by long-term i d a m -  known, genetic and environmental factors 
mation of multiple joints. Mononu- have been implicated. Several lines of evi- 

clear cell infiltration o f t h e  synovial mem- dence suggest that T cells specific for self- 
brane eventually can lead to the destruction antigens may play a critical role in the 
of articular cartilage and surrounding struc- initiation of these diseases. In the case of 
tures. Because of its high frequency and 
potentially severe nature, this disease is a 
major cause of long-term disability in adults. 
Although the pathogenesis of RA and other 
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RA, the linkage of the disease to the DR4 
and DR1 alleles of the class I1 genes of the 
major histocompatibility complex (MHC) 
and the finding of sometimes oligoclonal, 
activated CD4+ T cells in synovial fluid and 
tissue of affected joints (1, 2) suggest the 
involvement of CD4+, a p  T cell receptor 
(TCR)-bearing, class 11-restricted T cells in 
the disease. This view is supported by the 
finding that partial elimination or inhibition 
of T cells by a variety of techniques can lead 
to an amelioration of disease in certain pa- 
tients (3). 

Usually, potentially autoreactive T cells 
are deleted or inactivated by encounter with 
self-antigen during their development, be- 
fore they can damage the individual (4, 5 ) .  
To understand autoimmunity one must 
therefore understand how self-reactive T 
cells escape these processes to become part 
of the mature T cell pool and what factors 
control whether these cells will remain qui- 
escent or become activated to induce au- 
toimmune disease. I t  is possible that a self- 
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