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Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order for which numerous mouse models have been generated. In
both AD patients and mouse models, there is increasing evidence
that neuronal dysfunction occurs before the accumulation of
�-amyloid (A�)-containing plaques and neurodegeneration. Char-
acterization of the timing and nature of preplaque dysfunction is
important for understanding the progression of this disease and to
identify pathways and molecular targets for therapeutic interven-
tion. Hence, we have examined the progression of dysfunction at
the morphological, functional, and behavioral levels in the Tg2576
mouse model of AD. Our data show that decreased dendritic spine
density, impaired long-term potentiation (LTP), and behavioral
deficits occurred months before plaque deposition, which was first
detectable at 18 months of age. We detected a decrease in spine
density in the outer molecular layer of the dentate gyrus (DG)
beginning as early as 4 months of age. Furthermore, by 5 months,
there was a decline in LTP in the DG after perforant path stimu-
lation and impairment in contextual fear conditioning. Moreover,
an increase in the A�42�A�40 ratio was first observed at these
early ages. However, total amyloid levels did not significantly
increase until �18 months of age, at which time significant in-
creases in reactive astrocytes and microglia could be observed.
Overall, these data show that the perforant path input from the
entorhinal cortex to the DG is compromised both structurally and
functionally, and this pathology is manifested in memory defects
long before significant plaque deposition.

�-amyloid � cognition

A lzheimer’s disease (AD), a progressive neurodegenerative
disease of the elderly, is the most common cause of de-

mentia. Characteristic pathologies develop in the brain of AD
patients, including senile plaques composed of �-amyloid (A�),
neurofibrillary tangles composed of intracellular hyperphospho-
rylated microtubule-associated protein tau, as well as dystrophic
neurites, diminished synaptic densities, and the loss of neuronal
function (1). The amyloid hypothesis suggests that accumulation
of A� fragments 1–40 and 1–42 is primarily responsible for AD
pathology, and that it is the imbalance of A� production and A�
clearance that appears to give rise to neurofibrillary tangle
formation and the cognitive impairments associated with AD
(2, 3).

To better understand disease progression, human amyloid pre-
cursor protein (APP) transgenic mouse lines expressing various
mutations identified from patients with familial AD have been
developed to model the effect of A� production and deposition on
glial and neuronal structure and function and on cognitive perfor-
mance (4–6). These models have become crucial to understanding
the role of A� in AD pathology and for testing novel therapeutic
strategies. To test the effects of candidate therapeutic treatments,
it is necessary to recognize the type, extent, and onset of pathologies
in each model. Variability across models largely reflects the back-
ground strain of the mouse and the characteristics of the molecular
construct encoding mutant human APP (7). The influence of age

and the spatial and temporal cumulative pathophysiological
changes responsible for neurologic and behavioral deficits remain
unknown.

Previous experiments using immunostaining, thioflavin fluores-
cence, and 3D reconstruction analyses to define the temporal and
spatial events of A� accumulation and deposition in one transgenic
mouse model of AD (PDAPP mice) demonstrated that, although
amyloid deposits appear between 12 and 15 months of age through-
out the cortex and hippocampal formation (8), a decreased volume
of the dentate gyrus (DG) and a shortening of branches of dentate
granule cells are apparent by 90 days of age (8, 9). These preamyloid
deposition changes have been attributed to a selective vulnerability
of dentate granule cells and the cells of the entorhinal cortex with
projections that terminate in the molecular layer.

In contrast, in the Tg2576 transgenic (Tg) mouse model (origi-
nally termed APP695SWE), amyloid plaques do not develop until 18
months (10), although both long-term potentiation (LTP) deficits
in hippocampal CA1 and DG and spatial memory deficits in a
modified water maze are detected at 6 months. This suggests
impaired synaptic plasticity, because there was no observable loss
of pre- or postsynaptic structural elements or neurons (11). Spatial
memory deficits observed at 6 months were correlated with an
elevation of detergent insoluble A� aggregates (12). Similarly, a
preplaque reduction of synaptophysin had earlier been reported in
another APP transgenic mouse strain at 2–3 months of age (13).
This level of reduction can be correlated with APP expression and
the age at which soluble A� levels rise in the mouse strain that
expresses higher APP levels (14).

Here we have performed a systematic evaluation, from behavior
to synaptic indices, of the temporal progression of neuronal dys-
function in the Tg mouse model of AD. We find that significant
deficits in morphologic markers of synaptic integrity and behavior
occur at 4 months, just before LTP deficits observed at 5 months
and before the measurable rise of insoluble A�42 levels at 6 months.
In contrast, as previously noted, amyloid plaque deposition in these
animals is not detectable until 12–18 months of age. Measuring
spine densities in the molecular layer of the DG using a modified
stereologic approach to count spines in Golgi-impregnated neu-
rons, we demonstrate a significant reduction of spine densities at 4
months of age that coincides with the first evidence of impaired
hippocampal learning in contextual fear conditioning (CFC).
Transgenic animals examined at younger ages do not display spine
deficits nor were they impaired in the learning task. We conclude
that a reduction in spine density correlating with CFC impairment

Conflict of interest statement: No conflicts declared.

Freely available online through the PNAS open access option.

Abbreviations: AD, Alzheimer’s disease; A�, �-amyloid; APP, amyloid precursor protein;
LTP, long-term potentiation; CFC, contextual fear conditioning; Tg, Tg2576 transgenic; I–O,
input–output; DG, dentate gyrus.

†To whom correspondence may be addressed. E-mail: jacobss@wyeth.com or fbloom@
scripps.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0600948103 PNAS � March 28, 2006 � vol. 103 � no. 13 � 5161–5166

N
EU

RO
SC

IE
N

CE



is the earliest evidence of neuronal dysfunction observed in this
mouse model of AD.

Results
Spine Density Is Decreased in Tg Mice. Using a modified stereological
procedure, the spine density (i.e., number of spines per unit length
of dendrite) of the outer-to-middle molecular layers of the DG was
analyzed in 2-, 4-, 12-, and 18-month-old Tg and WT mice. The
results showed both transgene- and age-dependent declines in spine
density (P � 0.0001). No statistically significant difference in spine
density was found between 2-month-old Tg and WT mice (although
a marginal reduction of 8% was shown in 2-month-old Tg mice). A
significant reduction (18%) in spine density was found in 4-month-
old Tg compared with WT mice (P � 0.0001). In 12-month-old Tg
mice, the reduction was also significant, and the deficit in Tg mice

increased to 27% compared with that of WT mice (P � 0.0001).
However, this deficit in spine density did not decline further
between 12 and 18 months of age in Tg mice yet remained lower
compared with WT mice (19% reduction, P � 0.0001). Within WT
mice, a significant reduction in spine density was also found
between 12 and 18 months, suggesting that the aging process itself
can result in a loss of spines, with the degree of deficit increasing and
occurring earlier in the APP transgenic mice (Fig. 1).

Basal Synaptic Transmission and LTP Reduced. Input–output (I–O) curve.
In slices prepared from 2-month-old Tg mice, baseline synaptic
transmission as measured by I–O curves is not significantly different
from those of WT controls (P � 0.05). The maximum excitatory
postsynaptic potential slope � SEM was 4.2 � 0.2 for WT [n � 7(6)]
and 4.0 � 0.3 for Tg [n � 8(5)] mice (Fig. 2A). In contrast, the I–O

Fig. 1. Spine density in the DG. Spine segments are shown from 2-, 4-, 12-, and 18-month-old WT littermates (A, C, E, and G, respectively) and Tg mice (B, D,
F, and H, respectively). Segments are from the molecular layer of the DG (middle and outer molecular layers combined). (Scale bar, 10 �m.) (I) Spine deficits were
detected in 4-, 12-, and 18-month-old Tg mice compared with WT littermates but not in 2-month-old Tg mice (*, P � 0.05). Also shown is a reduced spine density
detected over time in Tg mice and WT littermates (†, P � 0.05; see Results for specific comparisons).

Fig. 2. Basal synaptic transmission and LTP. The DG is synaptically impaired in 4- but not 2-month-old Tg mouse hippocampal slices. (A) I–O curves were derived
from dendritic recordings of the DG after step-wise increases in perforant path stimulation. No difference was found between 2-month-old Tg and WT slices.
(B) LTP was induced by multiple high-frequency stimulus trains. The level of potentiation was comparable between 2-month-old Tg and WT slices. (C) The I–O
curves of 4- to 5-month-old slices were significantly impaired compared with age-matched WT controls. (D) Slices from 4- to 5-month-old Tg mice potentiated
significantly less than those from age-matched WT controls. In B and D, arrows indicate application time points of conditioning stimulus trains. In C and D,
statistical significance is denoted (*, P � 0.01).
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