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ABSTRACT Autosomal dominant forms of familial Alz-
heimer’s disease (FAD) are associated with increased produc-
tion of the amyloid 3 peptide, AB42, which is derived from the
amyloid protein precursor (APP). In FAD, as well as in
sporadic forms of the illness, A3 peptides accumulate abnor-
mally in the brain in the form of amyloid plaques. Here, we
show that overexpression of FAD(717y_p)-mutant human
APP in neurons of transgenic mice decreases the density of
presynaptic terminals and neurons well before these mice
develop amyloid plaques. Electrophysiological recordings
from the hippocampus revealed prominent deficits in synaptic
transmission, which also preceded amyloid deposition by
several months. Although in young mice, functional and
structural neuronal deficits were of similar magnitude, func-
tional deficits became predominant with advancing age. In-
creased A3 production in the context of decreased overall APP
expression, achieved by addition of the Swedish FAD mutation
to the APP transgene in a second line of mice, further
increased synaptic transmission deficits in young APP mice
without plaques. These results suggest a neurotoxic effect of
AP that is independent of plaque formation.

Alzheimer’s disease (AD) is a progressive dementing illness in
which the brain becomes littered with neuritic amyloid
plaques. These plaques are associated with degenerating neu-
ronal processes and consist primarily of fibrillar aggregates of
the amyloid B peptide, AB. AB is derived from the amyloid
protein precursor (APP), presumably via proteolytic cleavage
of APP by B- and y-secretases (1). The predominant forms of
Apare 40 (AB40) or 42 (AB42) amino acids in length (2). Ap42
and AB40 appear to be generated in different intracellular
compartments, and AB42 has a greater propensity to self-
aggregate into insoluble fibrils than AB40 (3, 4). Various point
mutations in three distinct genes (APP, presenilin 1, presenilin
2) have been linked to autosomal dominant forms of familial
AD (FAD). Notably, all of these mutations increase the
production of AB42 (5).

Although A has been shown to be neurotoxic in cell culture
(6-38), a causal role for AB in widespread neuronal degener-
ation in vivo remains speculative. A particularly controversial
question concerns whether AB-induced neurotoxicity requires
deposition of aggregated AB into plaques (9-13). Transgenic
mice in which full-length FAD-mutant APPs and AB are
coexpressed at high levels develop typical neuritic amyloid
plaques (14-17). However, loss of neurons so far has been
identified in only one of these models (18) whereas two others
showed no significant neuronal loss despite extensive cerebral
AP deposition (19, 20). No electrophysiological studies have
been reported in these models.
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In the current study, we investigated in transgenic mice what
early effects neuronal expression of full-length, FAD-mutant
human APP has on the anatomy and physiology of the
hippocampus, a central nervous system structure considered
crucial for learning and memory. Our study demonstrates that
the development of structural and functional neuronal deficits
substantially precedes the formation of extracellular amyloid
plaques and provides indirect evidence that AB, rather than
APP itself, disrupts neuronal circuits in APP transgenic mice.

MATERIALS AND METHODS

Transgenic Mouse Lines. The platelet-derived growth factor
(PDGF)-APPy,q transgene (14, 21) and the generation of
PDGF-APPy,4 line H6 (22) have been described. The Swedish
mutation was introduced into the PDGF-APPy,q4 transgene by
PCR primer modification, and the correctness of PCR-
amplified regions was confirmed by sequencing essentially as
described (21). Microinjection of the PDGF-APPgy, 1nq trans-
gene into (C57BL/6 X DBA/2) F2 one-cell embryos, identi-
fication of transgenic founders by slot blot analysis of genomic
DNA, and selection of the APPsy, ma expresser line J9 by
RNase protection assay (RPA) analysis were carried out
according to previously described procedures (14, 21). Trans-
genic lines were maintained by crossing heterozygous trans-
genic mice with nontransgenic (C57BL/6 X DBA/2) F1
breeders. All transgenic mice were heterozygous with respect
to the transgene. Nontransgenic littermates served as controls.

Mice were killed by decapitation under halothane anesthesia
or by transcardial saline perfusion under anesthesia with
chloral hydrate. Brains were removed rapidly and were dis-
sected into regions to be snap-frozen immediately for later
RNA and protein analyses, drop-fixed in phosphate-buffered
4% paraformaldehyde at 4°C for 24—72 h for neuropatholog-
ical analysis, or used immediately for electrophysiological
experiments.

RNA Analysis. RNA extractions and mRNA quantitations
by solution hybridization RPA were performed as described
(21) by using 10 g of total RNA per sample in combination
with the following 3?P-labeled antisense riboprobes [protected
nucleotides (GenBank accession no.)]: human APP (hAPP)
[nt2468-2657 (X06989) of hAPP fused via Notl linker with
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nt2532-2656 (M24914) of SV40] and actin [nt480-559
(X03672) of mouse B-actin].

Detection of APP and Af. Homogenization of snap-frozen
hippocampi in guanidine buffer and ELISA quantitations of
human full-length (FL) and a-secreted (a) APP, total AB, and
AB1-42 were performed as described (23). For detection of
AP deposits, vibratome sections were incubated overnight at
4°C with biotinylated mouse monoclonal antibody 3D6 (dilut-
ed to 5 ug/ml), which specifically recognizes AB;_s (22, 23).
Binding of primary antibody was detected with the Elite kit
from Vector Laboratories by using diaminobenzidine and
H,O; for development. Sections were counterstained with 1%
hematoxyline and were examined with a Vanox light micro-
scope (Olympus, New Hyde Park, NY). Four sections were
analyzed per mouse.

Assessment of Neurodegeneration. To determine the integ-
rity of presynaptic terminals and neuronal cell bodies, vi-
bratome sections were incubated overnight with mAbs against
synaptophysin (1 pg/ml; Boehringer Ingelheim) or microtu-
bule-associated protein 2 (1 ug/ml, Boehringer Ingelheim),
followed by incubation with fluorescein isothiocyanate-
conjugated horse anti-mouse IgG (1:75, Vector Laboratories).
Sections then were transferred to SuperFrost slides (Fisher
Scientific) and were mounted under glass coverslips with an
antifading media (Vector Laboratories). The sections were
imaged with a laser scanning confocal microscope (MRC1024;
Bio-Rad) as described (14, 15) at a magnification of 630X. The
three-dimensional numerical densities (expressed as counts
per cubic millimeter) of synaptophysin-immunoreactive pre-
synaptic terminals and microtubule-associated protein 2 im-
munoreactive neuronal cell bodies in the CAl and CA3
subfields of the hippocampus were determined by using a
modification of the stereological “disector” (24). A confocal
image of synaptic boutons (disector grid: 105.26 pum?) or
neurons (disector grid: 2546.19 um?) was obtained, and then
a second image was captured at the same x and y coordinates
but at a greater depth (0.9 um for synapses and 2 um for
neurons). The two images were superimposed, and the number
of immunolabeled objects traversing both planes was counted.
Twelve such disectors were spaced randomly through three
serial hippocampal sections per mouse (avoiding overlap be-
tween disectors) and were analyzed. The mean counts ob-
tained from 12 disectors per case were used for subsequent
statistical analyses.

Electrophysiology. Hippocampal slice preparation and re-
cording were performed as described (25). The artificial
cerebrospinal fluid contained (in mM): 119 NaCl, 2.5 KCl, 2.5
CaClp, 1.3 Mg,SOy4, 1.0 NaH,POy4, 26.2 NaHCOs3, and 10
glucose. Experiments were performed in the presence of
picrotoxin (0.1 mM). Whole-cell recording electrodes were
filled with a solution containing (in mM): 122.5 Cs-gluconate,
11 EGTA, 10 CsCl, 10 Hepes, 8 NaCl, 10 glucose, 1 CaCl,, 4
Mg-ATP, and 0.3 Nas-GTP. Unless otherwise specified, cells
were voltage-clamped at —70 mV.

Basal synaptic transmission was assayed by determining
input—output relations from extracellular field potential re-
cordings in the stratum radiatum of CAl; the input was the
peak amplitude of the fiber volley, and the output was the
initial slope of the excitatory postsynaptic potential (EPSP).
Long-term potentiation (LTP) was induced with four tetani
delivered 20 s apart, each at 100 Hz for 1 s.

Paired-pulse facilitation was elicited by using an interstimu-
lus interval of 40 ms. The N-methyl-D-aspartate (NMDA)/a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) ratio was determined by holding cells at +50 mV.
The peak amplitude of the average NMDA receptor-mediated
excitatory postsynaptic current (EPSC) was divided by the
peak amplitude of the average AMPA receptor-mediated
EPSC recorded in the presence of the NMDA receptor

Proc. Natl. Acad. Sci. USA 96 (1999) 3229

antagonist D-2-amino-5-phosphonovaleric acid (D-APV) (50
uM), essentially as described (25).

In a separate series of experiments, we tested whether slice
preparation itself could exacerbate excitotoxicity in transgenic
slices and thereby lead to the observed deficits in basal synaptic
transmission. Hippocampal slices were prepared from three 8-
to 9-month-old APPy,g mice either in the presence (n = 11) or
absence (n = 9) of the glutamate receptor antagonist kynure-
nate (10 mM). Slopes of input—output relations were measured
after removal of kynurenate. Pretreatment of slices with
kynurenate did not prevent the impairment of input-output
relations in transgenic slices (P > 0.7).

Statistical Analysis. For all experiments, mice and brain
tissue samples were coded to blind investigators with respect
to genotype. Unless indicated otherwise, data were expressed
as mean * SEM. Significance (« = 0.05) was determined by
Student’s ¢ test (pairwise comparisons), single-factor ANOVA
followed by the Tukey-Kramer or Duncan’s procedure (mul-
tiple comparisons), or the Pearson product-moment correla-
tion coefficient ¢ test (regression analyses).

RESULTS AND DISCUSSION

Age-Related Deposition of AB in Neuritic Plaques. In the
first line of mice studied (H6) (22), the PDGF B chain
promoter directs high-level neuronal expression of an alter-
natively spliced minigene encoding 717v_p-mutant human
APP695, APP751, and APP770 (21). Because the 717v_F
substitution (APP770 numbering) has been linked to FAD in
Indiana (26), hAPP carrying this mutation subsequently will be
referred to as APPrnq. High-level neuronal expression of the
PDGF-APPy,4 fusion gene in another line of transgenic mice
(line 109) has been shown to result in the development of
AD-like neuropathology, including prominent amyloid
plaques, dystrophic neurites, and gliosis (14, 15). Similar
central nervous system alterations were subsequently also
identified in transgenic models expressing FAD-mutant APPs
from other promoters (16, 17).

Transgene expression levels in brains of APPy,g mice from
line H6 were similar to those of mice from line 109 (Fig. 1 a
and b) (21, 23). Immunostaining with an hAPP-specific anti-
body (8ES) revealed widespread neuronal hAPP expression in
brains of mice from line H6, with maximal levels found in the
neocortex and hippocampus (data not shown). Hippocampal
levels of hAPP and AP increased with age (Fig. 1b). In
addition, deposition of AB in the form of AD-like amyloid
plaques was age-dependent (Fig. 1 ¢ and d): Amyloid plaques
were found in 45% (9 of 20) of mice 8-10 months of age
whereas no amyloid plaques were found in mice 2-5 months of
age (n = 9). We therefore studied hippocampal anatomy and
physiology of mice at both of these ages to see whether amyloid
plaques are necessary for any observed neuronal deficits to
occur.

Decreased Density of Presynaptic Terminals and Neurons
Precedes Plaque Formation. Losses of the presynaptic vesicle
protein synaptophysin in the prefrontal cortex (27) and hip-
pocampus (28) have been shown to correlate with cognitive
decline in human AD cases. In addition, there is loss of
hippocampal neurons in AD with the most prominent losses
seen in CAl (29). The densities of synaptophysin-immunore-
active presynaptic terminals and microtubule-associated pro-
tein 2-positive neurons in the CAl region were 26—-32% lower
in 2- to 3-month-old APPj,q mice than in nontransgenic
controls (Fig. 2). Neuronal loss in the CA3 region became
statistically significant only in older animals but, in some of
these cases, was rather striking (Fig. 2 4 and f). These findings
are in contrast to the lack of neuronal loss in mice from line
109 (ref. 20; E.M., unpublished observations), which express
the same PDGF-APPy,4 construct. Strain differences may
explain this discrepancy. Line 109 was maintained on an
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Fic.1. Expression levels of transgene products and age-related A
deposition in brains of APPi,g mice. (a) Representative autoradio-
graph showing comparable hAPP mRNA levels in brains of APPrnq
mice from line 109 and line H6. non-tg, nontransgenic control. Entire
hemibrains were analyzed by RPA to determine steady-state mRNA
levels. The leftmost lane shows signals of undigested (U) radiolabeled
riboprobes (identified on left); the other lanes contained the same
riboprobes plus either tRNA (D; no specific hybridization) or brain
RNA samples, digested with RNases. Protected mRNAs are indicated
on the right. The hAPP probe detects human but not mouse APP; it
also recognizes a SV40 segment of transgene-derived mRNAs (labeled
“S”). (b) Hippocampal levels of the following human antigens were
quantitated by ELISAs in 3-month-old and in 10-month-old transgenic
mice from line H6 (n = 7-8 per age group): full-length hAPP plus
secreted hAPP cleaved at the a-secretase site (APP-FL/«), total AB,
and AB1-42. x, P < (.05. For several of the data points, the small error
bars are hidden by the symbols. An additional 10-month-old transgenic
mouse showed exceptionally high AB levels (APP-FL/a, 1,642 nM;
total AB, 8,398 nM; AB1-42, 6824 nM); this outlier was excluded from
the statistical analysis. (¢) Hippocampus of a 4-month-old APPrng
mouse (line H6). No AB deposits were detected by 3D6 immunostain-
ing. (d) Hippocampus of a 10-month-old APPi,q mouse (line H6)
displaying multiple 3D6-positive Af deposits.

outbred background (C57BL/6 X DBA/2 X Swiss—Webster)
whereas line H6 was maintained on a hybrid background
(C57BL/6 X DBA/2). It is well known that susceptibility to
other types of neuronal injury (e.g., excitotoxin-induced neu-
rodegeneration) also can vary widely across mouse strains (30).
Of interest, loss of neurons in CAl has recently also been
observed in another transgenic line in which high-level neu-
ronal expression of FAD-mutant hAPP695 was directed by the
Thy-1 promoter (18). To resolve the apparent discrepancies
among different APP transgenic models will likely require
concerted long-range efforts among different laboratories
because all mouse lines will have to be backcrossed onto the
same genetic background and analyzed side-by-side with the
same methodologies.

Functional Decline Outstrips Neuropathological Alter-
ations. Although histological identification of neuronal struc-
tures is informative, recent results caution against reliance on
morphological information alone to make conclusions about
the number of neuronal elements that are truly functional.
Anatomical identification of presynaptic terminals can over-
estimate the number of functional synapses: presynaptically,
there may not be active transmitter release (31-34), and
postsynaptically, there may be an absence of receptors that are
active at resting membrane potential (35, 36). Similarly, ana-
tomical neuron counting may include neurons that are func-
tionally removed from circuits (e.g., unable to generate action
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FiG.2. Decreased density of presynaptic terminals and neurons in
the hippocampus of APPq mice (line H6). Vibratome sections of
transgenic and nontransgenic brains were labeled with antibodies
against a marker of presynaptic terminals (synaptophysin) (a—) or a
marker of neuronal cell bodies and dendrites (microtubule-associated
protein 2) (d—f). (a and d) Quantitative assessment of presynaptic
terminals in CA1 (a) and of neurons in CA1 and CA3 (d) (n = 9-11
mice per age range and genotype; *, P < 0.05 by Tukey-Kramer post
hoc test compared with age-matched nontransgenic controls). (b and
¢) Representative confocal images of CA1 sections immunostained for
synaptophysin. (e and f) Some 8- to 10-month-old transgenic mice
showed a prominent loss of neurons in CA3 (f) that was unrelated to
the presence or absence of amyloid plaques (data not shown). Such
damage never was observed in age-matched nontransgenic littermate
controls (e).

potentials). We therefore used electrophysiological techniques
to assess whether there are functional changes in addition to
the observed anatomical deficits, again at ages before and after
amyloid plaque formation.

Extracellularly recorded EPSPs (field EPSPs) were used to
assess the strength of basal synaptic transmission between
hippocampal CA3 and CA1 cells. In 1- to 4-month-old APPynq
mice, an ~40% decrease in the slope of the input—output curve
was observed (Fig. 3a), indicating a significant impairment in
synaptic transmission. This functional deficit is similar in
magnitude to that observed anatomically in young mice (Fig.
2a). However, by 8—10 months of age, a >80% deficit in basal
synaptic transmission was observed (Fig. 3 a and b), suggesting
a functional decline in great excess of morphological changes
at that age.

The decrement in synaptic transmission is unlikely to be due
to a decrease in the probability of transmitter release (pr)
because paired-pulse facilitation, which correlates inversely
with the probability of transmitter release (37-39), remained
unchanged (Fig. 3c). Nor can this decrement be explained by
a graded decrease in the responsiveness to transmitter at
individual synapses, because the average amplitude of minia-
ture EPSCs was similar in transgenic mice and nontransgenic
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F1G. 3. Severe impairment in synaptic transmission between hip-
pocampal CA3 and CA1l cells in APPyyq mice (line H6). (a) The
responsiveness of CA1l cells to increasing afferent fiber stimulation
[slope of input-output (i/0) relation; see Materials and Methods| was
determined in APPiyq mice and nontransgenic controls to assess the
strength of basal synaptic transmission. Each data point represents
average results obtained in 17-87 slices obtained from 4-15 mice. For
each age group, results were normalized to the mean value obtained
in nontransgenic mice. Statistically significant differences were iden-
tified by Duncan’s test between transgenic and nontransgenic mice
(P <0.05 at 3-4 weeks; P < 0.01 at 2-4 and 8-10 months) and between
2- to 4-month-old and 8- to 10-month-old transgenic mice (P < 0.01).
(b) Representative field EPSPs at increasing stimulus strengths are
shown for a nontransgenic and an APPy,q mouse, illustrating that far
higher stimulation strengths are required to elicit synaptic responses in
APPr,q mice. The fiber volley (arrow) is an indirect measure of the
number of axons activated. (¢ and d) Paired-pulse facilitation (PPF)
and quantal size were measured in CAl cells of 8- to 10-month-old
APP1,q mice and nontransgenic controls. Each column represents
average results from 6-8 hippocampal slices prepared from 2-4 mice.
Paired-pulse facilitation was expressed as the ratio (az/ai) of the
average amplitudes of EPSCs evoked by a pair of closely spaced stimuli
(¢). Quantal size was determined as the mean amplitude of miniature
EPSCs (mEPSCs) (d). pA, picoamps.

controls (Fig. 3d). Because neither the reliability nor the
strength of individual synapses decreased, it is likely that a
significant decrease in the number of functional synapses
occurs between 3 and 8 months of age. This change is unlikely
to be caused by the extracellular deposition of amyloid plaques
because the magnitude of the functional deficit in 8- to
10-month-old APPy,q mice did not correlate with the presence
of plaques (P > 0.5, n = 6 mice; data not shown).

Analysis of Remaining Functional Synapses. Expression of
APPp,q thus appears to disconnect, both anatomically and
functionally, neuronal subregions in the hippocampus. We next
asked whether, among the functional synapses that remain,
there are any alterations in the ability to undergo plastic
change. We therefore measured LTP in the CAl region of
APPy,g mice but found no impairment (Fig. 4 a and b). At 30
min after induction, LTP was 167 * 13% in APPy,q mice (n =
9) and 163 = 13% in nontransgenic controls (n = 7) (P > 0.8;
age, 8—10 months). To ensure that the LTP in these mice was
stable, in a subset of experiments LTP was monitored until 1 h
after induction (Fig. 4b); it averaged 199 = 27% in 8-month-

Proc. Natl. Acad. Sci. USA 96 (1999) 3231

o
o

®APP 4

B
(=3
(=]

onon-tg  @APP4

(5]
(=3
o

g
fEPSP slope (norm.)
N
(=1
(=

0 15 30 0 15 30 45 60
Time (min) Time (min)

fEPSP slope (norm.)
n
(=]
(=]

]
Q

® APPjng APP,
Onon-tg / Ind
= 180
E T
S 160 L 4
£ 1
140
£
2 120 ®
S0 = T
% 100 o ¢
S 80
2-5mo. 8-10 mo.

F1G.4. APPiyq mice (line H6) showed normal LTP and an increase
in the NMDA/AMPA ratio in CA1 cells. (¢) LTP was measured in 8-
to 10-month-old APPyg mice (9 slices from 5 mice) and nontransgenic
controls (7 slices from 3 mice) at 30 min after induction. Insets show
average EPSPs at 5 min before and 50 min after LTP induction in
representative experiments from an 8-month-old APP,q mouse and
an age-matched nontransgenic control. Scale: 0.2 mV (nontransgenic),
0.1 mV (APPina); 10 ms. fEPSP = field EPSP. (b) In a subset of these
APPrg mice (n = 3), LTP was monitored until 1 h after induction. (c)
The ratio of amplitudes of NMDA receptor-mediated to AMPA
receptor-mediated EPSCs in individual CA1 cells was determined. For
each age group, results were normalized to the mean value obtained
in nontransgenic mice. Each data point represents data from 12-27
slices from 3-9 mice. At all ages analyzed, APPhq mice showed an
increase in the mean NMDA/AMPA ratio compared with nontrans-
genic controls (P < 0.01). There was an age-related increase in
NMDA/AMPA ratios in transgenic (P < 0.01) but not in nontrans-
genic mice. P values were determined by Duncan’s test. (d) Example
EPSCs recorded in two representative CAl cells from a 9-month-old
APPing mouse and an age-matched nontransgenic control. EPSCs
were scaled such that the AMPA receptor-mediated EPSCs from each
cell are of equal amplitude. (Bar = 20 ms.)

old APPy,q mice (n = 3). In contrast, an impairment of LTP
previously has been reported in transgenic mice in which a
C-terminal fragment of hAPP was expressed (40), presumably
in the cytoplasmic compartment of neurons, as opposed to the
transmembrane localization of endogenous hAPP. The han-
dling, trafficking, and signaling properties of this hAPP frag-
ment are likely different from those of the full-length hAPP
molecule and its natural cleavage products, which may explain
the different results obtained in the two mouse models.
Another potential change at individual synapses is the
proportion of synaptic transmission mediated by different
receptor subtypes (41-44). The EPSC has two components
generated by the NMDA and AMPA subtypes of glutamate
receptors. We observed in APPy,q mice an increased ratio of
the NMDA versus AMPA components of the EPSC (Fig. 4 ¢
and d), suggesting either an up-regulation of NMDA receptors
or the inhibition/internalization of AMPA receptors at indi-
vidual synapses. Because the AMPA receptor component of
the miniature EPSCs did not decrease in amplitude in APPyyq
mice (Fig. 3d), an up-regulation of NMDA receptors is more
likely. Consistent with this interpretation, acute application of
recombinant AB has been reported to selectively up-regulate
NMDA receptor-mediated, but not AMPA receptor-
mediated, synaptic transmission in hippocampal slices (45).
Conceivably, AB-induced up-regulation of NMDA receptors
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could contribute to excitotoxicity and neuronal degeneration
(46).

Increasing Af3 Production While Decreasing hAPP Expres-
sion Worsens Neuronal Deficits. In all AD models in which A
is expressed from the full-length precursor molecule, overex-
pression of A is inseparably linked to overexpression of APP
itself. Because APP could affect neuronal function through a
number of different mechanisms (47-52), it is important to
determine whether APP per se might be responsible for
functional deficits observed in these models. We therefore
generated a second mouse line in which A is expressed at high
levels in the context of relatively low levels of hAPP expression.
This second mouse line (APPsy, mq line J9) was generated by
introducing into the original APPy,q transgene the “Swedish”
mutation (670x—n/671 pm—r) (53), which has been shown to
increase the generation of AB (54, 55). Mice from APPgsy, 1nd
line J9 had almost twice as much A in their hippocampi as
mice from APPy,g line H6 but much lower hAPP levels (Fig.
5 a—c).

Because they are sensitive to both functional and anatomical
changes, electrophysiological measures were used to compare
2- to 4-month-old mice from lines H6 and J9. We reasoned
that, if APP itself exerted the predominant deleterious effect
in these models, mice from line J9 should display smaller
deficits than mice from line H6 whereas the opposite would
occur if AB were the main culprit. As shown in Fig. 5d, the
deficit in synaptic transmission in line J9 was almost twice as
large as that in line H6. These findings are consistent with an
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F1G. 5. Increased A levels exacerbate synaptic transmission def-
icits in the context of lower APP expression. (a) Autoradiograph
depicting an RPA analysis of cerebral hAPP levels in APPy,q (line H6)
and APPsy, ma (line J9) mice (n = 4 mice/line; age, 2-4 months). The
APP probe used detects human but not mouse APP; it also recognizes
an SV40 segment of transgene-derived mRNAs (S). Conventions
otherwise as in Fig. 1a. (b) The signals shown in @ were quantified by
phosphorimager analysis and were expressed as hAPP to actin ratios
to correct for variations in RNA content/loading. #*, P < 0.01. (c)
Hippocampal levels of human APP-FL/« and total AB were deter-
mined by ELISAs in APPy,q (line H6) and APPsy, g (line J9) mice
(n = 8 mice/line; age, 2-4 months). **, P < 0.001. Note that the
hAPP-FL/a ELISA does not detect B-secreted hAPP. This may
explain why hAPP expression levels in APPsy, 1nq mice were lower by
ELISA than by RPA analysis. (d) Comparison of deficits in field
input—output relations in 2- to 4-month-old APPyq (line H6) and
APPsy, 1na (line J9) mice. For each line, results were expressed as the
percent deficit relative to the mean value obtained in nontransgenic
controls. The APPrnq analysis shown here was based on the same raw
data as the analysis of 2- to 4-month-old APPy,g mice included in Fig.
3a. These data were compared with results obtained in 18 slices
prepared from three age-matched APPsy, 1nq mice.
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insidious role for AB; however, to determine whether the
neuronal deficits in these models are caused solely by AB, it
will be necessary to develop compounds that selectively block
AP production or activity without affecting other APP me-
tabolites.

Although amyloid plaques were found in APPs,, 1mq mice
from line J9 at 8-10 months of age, no amyloid plaques were
detected in these mice at ages analyzed electrophysiologically
(0 of 19 mice at 2-4 months of age). This finding underscores
the fact that extracellular deposition of fibrillar AB is not
required for the development of severe functional deficits in
these models. If not extracellular deposits of fibrillar AB, what,
then, is causing these impairments? Possibilities include neu-
rotoxic effects induced by diffusible AB oligomers (8) or by
intraneuronal accumulation of AB (4, 15, 56).

It is tempting to speculate that the disruption of neuronal
connectivity we identified in the hippocampus of APP mice
may relate to cognitive impairments seen in humans with AD.
Although great caution must be applied when extrapolating
from findings obtained in experimental models to complex
human diseases, our results could provide a circuit-level
explanation for the discrepancies observed between plaque
load and functional deficits in humans with AD (11-13). They
also suggest that inhibition of plaque formation alone may not
prevent AB neurotoxicity in vivo and that inhibition of neu-
ronal AB production may be required to achieve this thera-
peutic goal.
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