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Correlative Memory Deficits, AP Elevation, and 
Amyloid Plaques in Transgenic Mice 

Karen ~siao,* Paul Chapman, Steven Nilsen, Chris Ec kman, 
' 

Yasuo Harigaya, Steven Younkin, Fusheng Yang, Greg Cole 

Transgenic mice overexpressing the 695-amino acid isoform of human Alzheimer 
p-amyloid (Ap) precursor protein containing a Lys670 + Asn, Met671 + Leu mutation had 
normal learning and memory in spatial reference and alternation tasks at 3 months of age 
but showed impairment by 9 to 10 months of age. A fivefold increase in Ap(1-40) and 
a 14-fold increase in Ap(1-42/43) accompanied the appearance of these behavioral 
deficits. Numerous Ap plaques that stained with Congo red dye were present in cortical 
and limbic structures of mice with elevated amounts of AP. The correlative appearance 
of behavioral, biochemical, and pathological abnormalities reminiscent of Alzheimer's 
disease in these transgenic mice suggests new opportunities for exploring the patho- 
physiology and neurobiology of this disease. 

Alzheimer's disease (AD), the most com- 
mon cause of dementia in aged humans, is a 
disease of unknown etiology. Amyloid 
plaques are routinely used for diagnosing 
AD in brain tissue (1 ), even though other 
histologic changes such as neurofibrillary 
tangles, synaptic and neuronal loss, and dys- 
trophic neurites are also usually present and 
sometimes correlate better with dementia 
(2, 3).  The amyloid in senile plaques is 
composed of AP, a 39- to 43-amino acid 
protein derived from the larger amyloid pre- 
cursor protein (APP). Small numbers of 
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classic senile plaques develop in the brain 
with age, but large numbers of senile 
plaques are found almost exclusively in pa- 
tients with Alzheimer's type dementia. A 
diagnosis of AD is made only if both cog- 
nitive deterioration and senile plaques are 
present (4). APP isoforms resulting from 
alternative splicing form a set of polypep- 
tides ranging from 563 to 770 residues in 
length. The most abundant of these, 
APP,,,, is predominantly expressed in neu- 
rons (5) and lacks a Kunitz-protease inhib- 
itor (KPI) domain present in the APP751 
and isoforms. Five mutations in 
APP, all located in or near the AP domain, 
have been identified in families with earlv- 
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onset AD (6-10). 
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trocytosis, and microgliosis (1 1), but defi- 
cits in memory and learning have not yet 
been reported. Transgenic mice (JU) ex- 
pressing human wild-type APP7,, showed 
deficits in spatial reference and alternation 
tasks by 12 months of age (12). However, 
only 4% of aged (*I2 months) transgenic 
mice exhibited AP deposits, and these were 
rare and diffuse and did not stain with 
Congo red dye (1 3). Transgenic mice (FVB/ 
N)  overexpressing wild-type and variant 
human or mouse developed a cen- 
tral nervous system disorder that involved 
most of the corticolimbic regions of the 
brain (except the somatosensorimotor area) 
and resembled an accelerated naturally oc- 
curring senescent disorder of FVB/N mice 
(1 4). Parameters that influence the pheno- 
type of transgenic mice expressing APP in- 
clude host strain, APP primary structure, 
and extent of APP expression (14). We 
investigated the effects of APP overexpres- 
sion in C57B6/SJL F2 mice backcrossed to 
C57B6 breeders because of their greater 
longevity compared with FVB/N mice ex- 
pressing identical transgenes. 

Human APP,,, containing the double 
mutation Lys670 + Asn, Met671 + Leu 
(K670N,M671L; numbering), 
which was found in a large Swedish family 
with early-onset AD (1 O), was inserted into 
a hamster prion protein (PrP) cosmid vec- 
tor (15) in which the PrP open reading 
frame (ORF) was replaced with the variant 
APP ORF [see (14)l. The resulting mice, 
Tg(HuAPP695.K670N-M671L)2576, pro- 
duced 5.56 t 0.33 units (mean ? SEM; 
73-day-old mice) to 5.76 t 0.74 units (430- 
day-old mice) of transgenic brain APP ex- 
pression, where a unit of expression is 
equivalent to the amount of endogenous 
mouse APP in nontransgenic (control) lit- 
termates (Fig. 1). Transgenic APP expres- 

m 
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" .  

Fig. 1. Brain APP immunoblot of young and old 
Tg+ mice and nontransgenic control mice with 
6E10 (24), which recognizes human but not 
mouse APP, and 22C11 (Boehringer Mannheim), 
which recognizes both human and mouse APP. 
Lanes 1 to 3, nontransgenic mice; lanes 4 to 6, 
73-day-old mice; lanes 7 and 8, 430-day-old 
mice. Detailed methods for APP quantitation were 
described previously (14); antibody binding was 
revealed with 35S-labeled protein A instead of lZ5l- 
labeled protein A. 
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sion anneared to remain ~rnchanged be- given a c h o ~ c e  of entering either of two 
A A u " " 

tween 2 and 14 months of age. arms in a Y-maze, they tended to alternate 
Two groups of 7 to 9 transgene-positive their choices spontaneously. Ten-month- 

(Tgt)  mice and 10 to 11 transgene-negative old transgenic mice, however, showed sig- 
(Tg-) control littermates underwent spatial nificantly less tendency (P < 0.03) than did 
alternation testing in a Y-maze at 3 and 10 age-matched control mice to alternate the 
months of age. Three groups of 9 to 13 Tgt arms on  successive choices (Fig. 2F). The  
mice and 10 to 14 T e  littermates underwent behavior of the older transgenic mice on 

L, 

spatial reference learning and memory test- the spatial alternation task was characteris- 
ing in the Morris water maze (I  6) at 2 ,6 ,  and tic of animals with damage to the hip- 
9 to 10 months of age. The  test experience pocampal formation (1 7). 
for each set of mice was novel, and all mice Nine- to 10-month-old transgenic mice 
were tested in a coded manner. The 9- to 
10-month-old mice were N,-generation 
mice (C57B6 X C57B6/SJL FZ); the 2- and 
6-month-Qcl mice were N2-generation mice 
(C57B6 X C57B6 x C57B6/SJL F,). A 
subset of the N2-generation mice (8 trans- 
genic and 10 control mice) were retested at 
12 to 15 months of age. 

When  transgenic and control mice were 

- 
were also impaired in their perforn~a~lce in 
the water maze relative to age-matched 
controls (18) (Fig. 2). The performance of 
transgenic mice trained and tested at 2 or 6 
months of age was not significa~ltly iliffer- 
ent from that of age-matched control mice 
on most measures. The  amount of time 
taken by the mice to reach the hidden 
platform (the escape latency) did not differ 

Fig. 2. Learning and A 
memory tests of trans- 50 - o 3 month TQ+ 3 month TQ- 
genic and control mice. 
Asterisks ~nd~cate mea- 
sures in wh~ch trans- 
genic mlce differeq s~g-  
n~f~cantly from controls 
(P < 0.05). (A) The laten- 
cy to escape to the hid- 
den platform in the water 
maze is impaired in Tg+ 

0 '  
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Blocks of 4 trials 

mlce relative to age- 2 B 2-3 months 6 months 9-1 o months 
matched nontransgen~c 
controls (79). Although 
the impa~rment increas- 
es w~th age, Tg+ mlce 
showed a consistent 
trend toward longer es- 
caoe latencies than those 
of ~ g -  controls. (B) After 
24 trials (over 6 days) with 
the platform in its fixed lo- 
cat~on, mice were given a 
probe trial in whlch they 
swam for 60 s with the 
platform removed. Two- 
and 6-month-old Tg- 
and Tg+ mice spent s~g-  
nificanty more than 25% 
of their time In the target 
quadrant, lndicatlng that 
they had learned its loca- 
tion. Although 9- to 10- 
month-old control mice 

V) 
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l L d 4  still searched selectively Blocks of 4 trials months months 
for the platform, older 
transgenic mice spent no more t~me In the target quadrant than in the other three quadrants, suggesting 
that they had not learned the platform's ocat~on (20). (C) The implications of (B) are supported by the 
observat~on that on probetrials, 9- to 10-month-old Tg+ mlce crossed what had been the exact location 
of the platform sign~f~cantly less frequently than d ~ d  age-matched T g  mice. (D) The bars on the left 
indicate that transgen~c (+) mice d ~ d  not differ from control (-) mice in the total number of platform 
locations crossed (that is, the centers of all four quadrants); the bars on the r~ght show the sign~f~cant 
difference between 9- to 10-month-old transgenic mice and controls on the percentage of total platform 
crossings that were over the target. (E) Nine- to 10-month-old Tg+ mice were also impa~red in swimm~ng 
to a visible platform, although escape atenc~es d ~ d  not d~ffer signif~cantly on the f~rst visible-platform 
training trial. (F) Aged Tg+ mice were impa~red in their tendency to spontaneously alternate arm-entry in 
a Y-maze, another behavioral task sens~tive to h~ppocampa damage 

between 2-month-old transgenic and con- - 
trol mice at any point during training, 
whereas the latency was significantly differ- 
ent on  every day for 9- to 10-month-old 
mice (19). Six-month-old transgenic mice 
differed from controls in escape latency 
only on the last day of training. After the 
last training day (day 6), all mice were 
give11 a probe trial, ill which they swam in 
the pool for 60 s with the platfor111 removed 
(20). One measure of the animals' knowl- 
edge of platform location is the percentage 
of the 60-s swim spent in the target quad- 
rant (the quadrant that held the platform 
during training; Fig. 2B). Because the plat- 
form is  laced in the center of the target 

u 

quadrant during training, an additional 
measure that has proven especially ~lsef~l l  
for mice involves recording the number of 
times they cross the center of each quad- 
rant. The  number of times each mouse 
crossed the center of the target quadrant 
(platform crossings; Fig. 2C) and the per- 
centage of total quadrant center crossi~lgs 
that were in the target quadrant were both 
significantly different [21.5 ? 5.2% for 
transgenic mice versus 36.1 i- 3.9% for 
control mice (P < 0.05), where 25% is 
performance at the level of chance] (Fig. 
2D) for 9- to 10-month-old transgenic mice 
compared with age-matched co~ltrols. 

When 12- to 15-month-old N,-genera- 
tion transgenic mice were retested in the 
water maze (after rearranging the extramaze 
cues), they showed significantly ~ ~ n p a ~ r e d  
performance (P  < 0.05) co~l~pared with 
control littermates on  escape latencies after 
the fifth trial block and on  robe trials 
given after the sixth and ninth trial blocks. 
These data suggest that the age-related 
learning impairment seen in N,-generation 
Tgt mice can occur despite further genetic 
dilution of the SJL strain. Although the 
escape latencies of the transgenic N2-gen- 
eration mice were significantly longer than 
those of thelr control littermates, they were 
also shorter than those of naive Tgt mice of 

L, 

comparable age. Thus, deficits in escape 
latency in aged transgenic mice are unlikely 
to result from difficulty in swimming, as 
aged mice given sufficient practice can 
swim as well as younger mlce. 

Because it is vossible that the ~ e r f o r -  
mance of older transgenic mice was attrib- 
utable to sensory or motor impairments, we 
also tested 9- to 10-month-old mice on the 
visible-platform version of the water maze 
(Fig. 2E). Although d~fferences in escape 
latency were evident on the second and 
fourth of four training days, there were no 
differences on day 1. These data suggest 
that although older transgenic mice may 
show generalized cognitwe impairment, 
they are capable of perform~ng as well as 
co~ltrols when both are relatively nai've. W e  
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also compared motor performance of the 
transgenic and control 9-month-old mice 
by scoring the total number of times during 
the probe trial that each mouse crossed 
imaginary platforms located in each of the 
four quadrants. If impaired mice swim nor- 
mally but in a random pattern during probe 
trials, they should cross the center of all four 
quadrants combined as many times as would 
unimpaired mice; they will simply cross the 
target platform fewer times. If, on the other 
hand, they are impaired on probe trials 
simply because they are not swimming, 
there will be fewer total platform crossings. 
In fact, the total numbers of platform cross- 
ings for transgenic mice (24.4 ? 8.7, 
mean ? SEM) and control mice (29.5 ? 
1.4) were not significantly different, which 
indicated that motor impairment was not a 
cause of poor performance in the water 
maze (Fig. 2D). 

After behavioral testing, a subset of each 
group of mice was killed painlessly. One 
hemibrain was frozen for cerebral cortical 
AP measurements, and the other hemibrain 
was immersion-fixed for histopathological 
analysis. All brains were analyzed in a coded 
fashion. Measurements of AP(1-40) and of 
AP(1-42/43) were done with the use of 

either the Ban-50/Ba-27 or Ban-50/Bc-05 
enzyme-linked immunosorbent assay 
(ELISA) systems (21, 22). These measure- 
ments showed a fivefold increase in the 
concentration of AP(1-40) (P = 0.03, rank 
sum test) and a 14-fold increase in that of 
AP(1-42/43) (P = 0.03, rank sum test) 
between the youngest (2 to 8 months) and 
oldest (11 to 13 months) Tg+ mice (Table 
1). Thus, there was an association between 
significantly elevated amounts of AP and 
the appearance of memory and learning 
deficits in the oldest group of transgenic 
mice. - -  - 

Classic senile plaques (with dense amy- 
loid cores) and diffuse deposits were both 
present in all three mice with elevated AP, 
as determined by ELISA. The A p  deposits 
were immunoreactive with antibodies rec- 
ognizing AP(1-5) (23), AP(1-17) (24), 
AP(17-24) (25), AP(34-40) (26), AP(42/ 
43) (27), and free AP42 (28). The same 
plaques were readily identified with multi- 
ple antibodies on adjacent sections and 
were not seen with preimmune or nonspe- 
cific ascites, and the immunoreactivity was 
eliminated by preabsorption with the rele- 
vant peptides (Fig. 3). Deposits could not be 
found in the older or younger controls or in 

the younger transgenic mice examined. The 
deposits were found in frontal, temporal, 
and entorhinal cortex, hippocampus, pre- 
subiculum, subiculum, and cerebellum, in a 
pattern similar to that reported by Games et 
d. (1 1 ) .  Dense amyloid plaques were most 
frequent in cortex, subiculum, and presubic- 
ulum. The dense amyloid deposits were 
readilv detected with thioflavin S fluores- 
cence and typically could also be labeled 
with Congo red to give the characteristic 
apple-green birefringence of classical amy- 
loid (29). Some small de~osits had the . . 
"Maltese cross" signature pattern of the 
amyloid cores found in AD brains. Under 
high magnification, the thioflavin S- and 
Congo red-positive amyloid plaques usually 
exhibited wisps or fibers radiating from the 
central mass, which was often ringed by glial 
nuclei with both astrocytic and microglial 
morphology. Glial fibrillary acidic protein- 
immunoreactive astrocvtes were associated 
with amyloid deposition. Staining by the 
Gallyas silver method revealed dystrophic 
neurites surrounding dense core plaques. 

In contrast to plaques from patients with 
sporadic AD, antibodies to P l  and to both 
free AP(42) and AP(34-40) (which pref- 
erentially recognizes x-40) labeled the ma- 

Fig. 3. Extracellular amyloid deposits in transgenic mice A01 493 (age, 368 A01 488, plaque staining with Ap(1) affinity-purified antiserum specifically 
days) and A01488 (354 days) overexpressing human APP,,, with the recognizing the NH,-terminus of AP. (G) A01488, plaque staining 
K670N,M671 L mutation. (A) A01 493, multiple plaques in the cerebral with AP(42) affinity-purified antiserum specifically recognizing the COOH- 
cortex and subiculum staining with 4G8 mAb. (B) A01493, inset from terminus of AP(1-42). (H) A01488, plaque staining with a40 affinity- 
(A). (C) A01 488, plaque in subiculum staining with 4G8 mAb. (D) A01 488, purified antiserum specifically recognizing the COOH-terminus of 
plaque in section adjacent to (C) fails to stain with 4G8 mAb preabsorbed Ap(1-40). Magnifications: XI00 (A), x250 (B), XI000 (C, D, F, and G), 
with AP(14-24). (E) A01488, plaques staining with thioflavin S. (F) x640 (E), and x500 (H). 
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Table 1. Concentrations of Ap In transgenic and control mouse bralns. Braln tlssue was stalned with 
monoclonal antibody (mAb) 4G8 (25), which recognizes both mouse and human AP. All amyloid 
deposits stained with 6E10 (24), which specifically recognizes human Ap .  No extracellular 6E10 stalnlng 
was detected in three 105- to 1 06-day-old Tgt mlce or one 155-day-old Tgt mouse (A01 480, A01 547, 
A01 548, and Tg2576 founder). + +, 2 to 5 plaques per section; + + +,  6 to 10 plaques per section; 
+ + + +, >I 0 plaques per sectlon; -, no staining. Because all the pathological specimens were analyzed 
in a coded fashion, some nonspecific, equivocal stalnlng that could not be blocked by preabsorption of 
the antibody wlth specific peptldes was observed in some sections (indicated by ?). 

Mouse Trans- Age when AP(1-40) Ap(1-42/43) Amyloid 
number gene killed (days) (~mol/g) (~mol/g) plaques 

Mice killed at 11 to 13 months of age 
A01 484 + 361 325 
A01 488 + 354 192 
A01 489 - 354 < 2 
A01 492 - 371 1 2  
A01 493 + 368 273 
A01 495 - 354 1 2  
A01 496 - 354 < 2 
Mean (?SEM) AP concentration in Tgt mlce: 264 ? 38 

Mice killed at 6 to 8 months of age 
A01 984 - 233 < 2 
A01 987 - 21 9 < 2 
A01 989 + 21 9 45 
A02561 - 21 4 <2 
A02595 - 207 <2 

Mice killed at 2 to 5 months of age 
A02428 - 139 1 2  
A02429 - 139 < 2 
A02430 - 139 < 2 
A02565 t 118 71 
A02900 - 85 < 2 
A031 03 + 67 32 
A031 07 + 67 45 
Mean (?SEM) AP concentration in Tg+ mice: 48 ? 8 

jority of depos~ts. This may reflect the 
APP670-671 mutations, which greatly in- 
crease cleavage at the p l  site, leading to 
large concentrations of all fragments begin- 
ning with the p l  epitope. In contrast, the 
Va1717 + Phe mutations increase the per- 
centage of x-42 (21, 30). 

u 

Our results demonstrate the feasib~lity of 
creating transgenic mice with robust behav- 
ioral and pathological features resembling 
those found in AD. Impairment in learning 
and memory became apparent in mice 9 
months of age and older; this impairment 
was correlated with markedlv increased 
amounts of AP and was accokpanied by 
numerous amyloid plaques and AP deposits. 
We have demonstrated that an APP trans- 
gene lacking the KPI domain is also capable 
of engendering amyloid plaques in mice. 
The increase in the concentration of A13 
cannot be explained by a rise in transgenic 
APP expression, which appeared to remain 
~mchanged with age. Concentrations of 
AP(1-42/43) rose more markedly than did 
those of AP(1-40). This result parallels the 
finding in humans with presenilin 1 and 
presenilin 2 mutations showing more signif- 
icant elevations of AP(1-42/43) than of 
AP(1-40) in seruniand cultirred fibroblasts 
(31 ). Studies correlating individual perfor- 
mance in learning and memory tests with 

concentration of AP and extent of ainyloid 
deposition may help to ascertain the con- 
tribution of each parameter to behavioral 
deficits. Whether the learning and memory 
deficits in these mice are caused by or mere- 
ly correlate with a rise in brain AP levels 
and amyloid deposition remains unresolved. 
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18. The water maze was a circular pool (dameter 1 m) 
f l e d  with water maintained at 29°C and made 
opaque by the addition of powdered milk Mice 
were pretrained by swimming to a 12.7 cm by 12.7 

cm Plexiglas platform that was submerged 1 5 cm 
beneath the surface of the water and placed at 
random locatons withn the pool Durng pretran- 
ing, heavy curtans were drawn around the pool so 
that mice were unfamar with the extramaze room 
cues on the first day of spatial training Spatial 
training consisted of four trials per day, each trial 
lasting until the mouse reached the platform or 
60 s, whichever came first. After each trial, mice 
remalned on the platform for 30 s Twenty-four 
hours after the 12th and 24th trials, all mice were 
subjected to a probe tral in which they swam for 
60 s in the pool with the platform removed. Mlce 
were montored by a camera mounted in the celing 
directly above the pool, and all trals were stored on 
videotape for subsequent analysls of platform 
crossings and percent time spent in each quadrant 
durng probe trals Vlsible-platform training-in the 
same pool but with a platform that was black, 
slightly larger (1 4.2 cm by 14 2 cm), and raised 
above the surface of the water-was given at least 
24 hours after the second probe trial. The platform 
location was varied randomly from trial to tral to 
eliminate the potentally confounding contribution 
of extramaze spatial cues In both visbe-platform 
and hidden-platform versions, mice were placed in 
the pool facing toward the wall of the pool n one of 
seven randomly selected locatons The numbers 
of mice tested n the water maze were 12 trans- 
genc and 12 controls at 2 months, 13 transgenic 
and 14 controls at 6 months, and 9 transgenc and 
10 controls at 9 to 10 months of age. 

19. The escape latency data were examlned with a mu/- 
tfactor analysis of varance (ANOVA) lncudlng geno- 
type (transgenic vs. control), age (2 months, 6 
months, or 9 to 10 months), and tranng day (four 
trials per day). The ANOVA revealed slgnficant man 
effects of genotype [F(1, 384) = 65.19, P < 0 00011, 
age [F(2, 384) = 7.64, P i 0.0011, and trial block 
[F(5, 384) =12.20, P i 0.00011. Moreover, there 
was a sgnf~cant interacton between genotype and 
age [F(2, 384) = 10.13, P < 0.0001], ndicatng that 
the transgene-induced impairment of escape aten- 
cy Increases with age 

20. All mce were also glven a probe trial after 12 training 
trals (3 days at four trials per day). However, neither 
the transgenic nor the control mice had learned to 
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