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Our results raise the possibility of a dynamic
role for apoptosis in other morphogenic processes.
Indeed, an apoptotic force has been proposed as
part of the epithelial strand-pull theory in hair
follicles (21). Although not all apoptotic processes
are related to force generation, we anticipate that
apoptotic forces may be important for epithelial
fusion in processes such as the development of
the adult abdomen of Drosophila (22). Moreover,
we cannot rule out the possibility that apoptotic
forces contribute to the tissue-sculpting processes
that drive processes such as digit individualiza-
tion and joint formation. An apoptotic force may
also play a beneficial role during wound healing
(11, 23) as a source of mechanical tension that
promotes tissue reconstruction. We propose that
evolution efficiently uses all possible sources of
forces for morphogenesis, and that apoptosis in
the amnioserosa is one such force that is co-opted
to help drive dorsal closure.
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Clusters of Hyperactive Neurons
Near Amyloid Plaques in a Mouse
Model of Alzheimer’'s Disease
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The neurodegeneration observed in Alzheimer's disease has been associated with synaptic
dismantling and progressive decrease in neuronal activity. We tested this hypothesis in

vivo by using two-photon Ca®* imaging in a mouse model of Alzheimer’s disease. Although a
decrease in neuronal activity was seen in 29% of layer 2/3 cortical neurons, 21% of neurons
displayed an unexpected increase in the frequency of spontaneous Ca®* transients. These
“hyperactive” neurons were found exclusively near the plaques of amyloid B—depositing mice.
The hyperactivity appeared to be due to a relative decrease in synaptic inhibition. Thus, we suggest
that a redistribution of synaptic drive between silent and hyperactive neurons, rather than an
overall decrease in synaptic activity, provides a mechanism for the disturbed cortical function in

Alzheimer’s disease.

progressive decrease in neuronal activity
is an established feature of Alzheimer’s
disease (AD) (1, 2). Even early stages of

AD are associated with a decrease in the density
of cortical synapses (3, 4) and dendritic spines
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(5). Furthermore, results obtained in various ani-
mal models of the disease show amyloid B (AB)—
mediated inhibition of synaptic currents (6-8),
disruption of synaptic plasticity (9, 10), as well as
endocytosis of glutamate receptors (8, //—15).
These findings are summarized in the synaptic
failure hypothesis suggesting that “AD represents,
at least initially, an attack on synapses” (4). To test
this hypothesis under in vivo conditions, we
explored activity of individual cortical neurons
in a mouse model of AD. We used double-
transgenic APP23xPS45 mice (fig. S1), which
overexpress both B-amyloid precursor protein
(APPs,,.) and mutant presenilin 1 [G1y384HAla384
mutation (G384A)] under the control of Thy-1
promoter (/6). For the simultaneous in vivo

visualization of amyloid plaques and cortical neu-
rons (Fig. 1A), we used the multicell bolus load-
ing technique (/7). We sequentially injected the
Ca”" indicator dye Oregon Green 488 BAPTA-1
AM (OGB-1) and the fluorescent marker thio-
flavin S, known to label fibrillar amyloid depos-
its (18-21).

For the assessment of neural network function
in APP23xPS45 mice, we analyzed the sponta-
neous ongoing cortical activity, which is known
to be an important determinant of information
processing in the brain (22-26). We simulta-
neously monitored spontaneously occurring so-
matic Ca®>" transients in many individual cells (Fig.
1, A and B). Such Ca®" transients directly reflect
firing of action potentials in neurons (27, 28). In
wild-type (WT, 6- to 10-month-old) mice, the
pattern of ongoing activity was remarkably stable
from cell to cell (Fig. 1, B and C) with a low
mean frequency of Ca*" transients (1.41 + 0.04
transients/min, n = 564 cells). In APP23xPS45
mice of the same age, the pattern of activity was
distinctly different from that in the WT control
mice (Fig. 1, B to D). In the mutant mice, only
50% of the neurons were active in the normal
frequency range, whereas the remaining neurons
were at roughly equal proportions, either silent
(showing no Ca®" transients over 6-min-long re-
cording periods) or hyperactive [showing tran-
sients at much higher frequencies (fig. S2)]. We
observed a 16-fold increase in the fraction of hy-
peractive neurons and a threefold increase in the
fraction of silent neurons. We detected no major
differences in amplitude (37 + 4% AF/F, where F’
is fluorescence, and n = 564 cells in WT versus
39 £ 4% and n = 564 in APP23xPS45) or decay
time constant (0.96 + 0.02 s in WT versus 0.83 +
0.01 s in APP23xPS45) of intracellular Ca*"
transients in WT and mutant mice.
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Next, we mapped the distribution of the
three types of neurons in relation to the three-
dimensionally nearest amyloid plaque (/6).
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Fig. 1. Altered activity of layer 2/3 neurons in APP23xPS45 mice. (A and B) Spontaneous Ca®*
transients (B) recorded in vivo in the corresponding neurons of the frontal cortex shown in (A) in
a WT (top) and a APP23xPS45 (bottom) mouse. Traces in (B) bottom are color-coded to mark
neurons that were either inactive during the recording period (blue) or showed an increased
frequency of Ca* transients (red). (C and D) Histograms showing the frequency distribution of
Ca®* transients in WT and APP23xPS45 mice (in both cases n = 564 cells). There is a substantial
increase in the amount of silent and hyperactive neurons in APP23xPS45 mice. (Insets) Pie charts
showing the relative proportion of silent, normal, and hyperactive neurons in WT (n = 10) and
APP23xPS45 (n = 20) mice.
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of Ca®" transients were distributed throughout
the cortex (Fig. 2, A and B). At increasing dis-
tances from the plaques, the proportion of silent
cells gradually increased (Fig. 2C). To address
the question of whether changes in neuronal ac-
tivity pattern occur also in the absence of amyloid
plaques, we studied predepositing APP23xPS45
mice (1.5 to 2 months of age; fig. S1, D to F). At
this age the cortical activity was normal, without
any difference in the amplitude, the kinetics, or
the frequency of spontaneous Ca>" transients (fig.
S3). Furthermore, the behavioral performance was
inconspicuous: At 2 months of age, APP23xPS45
mice performed normally when tested in the
discriminatory water maze task [spatial memory
test (29)] and in the Y maze [working memory
test (30); fig. S4]. In contrast, 6- to 8-month-old
AB-depositing mice showed a significantly re-
duced performance in both memory tests. In the
water maze test, APP23xPS45 mice not only
made fewer correct choices but also needed a
significantly longer time for making a decision
(fig. S4, A and B).

What are the mechanisms underlying neuro-
nal hyperactivity in APP23xPS45 mice? The in-
creased frequency of Ca®' transients may be
caused by spontaneous Ca’" release from over-
filled intracellular Ca>* stores because the G384A
mutation was shown to abolish the presenilin-
mediated Ca®" leak from intracellular Ca®" stores
(31). This Ca®" leak is important to maintain the
physiological filling state of the stores (32).
However, we found that in 4/4 mutant mice the
sodium channel blocker tetrodotoxin (TTX) com-
pletely and reversibly blocked all Ca®" transients
of hyperactive neurons, indicating that they were
exclusively generated by action potential firing.
This posed the next question of whether in hy-
peractive neurons there is an increased neuronal
excitability leading to strong intrinsic firing or
whether the Ca" transients are driven by syn-
aptic activity. This question was answered by the
observation that the Ca®" transients of hyper-
active neurons were completely abolished by the
application of the ionotropic glutamate receptor
blockers 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and p,L-2-amino-5-phosphonovaleric
acid (APV) (n =7 cells in five mice) (Fig. 3A).
The synaptic origin of the Ca>" transients in hy-
peractive neurons was further supported by the
finding that, in a given peri-plaque region, all
neuronal Ca”" transients were strictly correlated
with the respective neuropil signals, known to
reflect primarily the activity of presynaptic fibers
(27) (Fig. 3, B and C; n = 6 experiments). The
activity of hyperactive neurons surrounding a
given plaque was correlated (Fig. 3, B and D).
Importantly, the spontaneous as well as glutamate-
induced Ca®" transients detected in hyperactive
neurons were very similar to those recorded in
the “normal” neurons (figs. S5 and S6), indicat-
ing the absence of any major increase in intrinsic
excitability in hyperactive neurons. Thus, a possible
explanation for the neuronal hyperactivity may
be an impairment of synaptic inhibition. In order
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Fig. 2. Spatial distribution of silent and hyperactive
neurons in APP23xPS45 mice. (A) Maximal projection
image (100- to 130-um depth) of layer 2/3 in the frontal
cortex of an APP23xPS45 mouse. To measure the
distance from the plaque to the recorded cell, we fitted
the plaque with a circle and measured the distance
(arrow) between the plaque border and the middle of the
cell. The cortical area located above and below the
imaged plane (55- to 175-um depth) was also scanned to
assure that plaques shown were nearest to the recorded
neurons. (B) Activity map of this region with neurons
color-coded according to the frequency of their Ca®*
transients. The broken line circles are centered at the
respective plaques and delineate the area located less
than 60 um from the plaque border. (C) Bar graph
showing the abundance of silent, normal, and hyper-
active neurons at different distances from the border
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of the nearest plaque (n = 422 cells).

to test whether hyperactive neurons still receive
synaptic inhibition, we locally applied diazepam,
a benzodiazepine that increases the open proba-
bility of y-aminobutyric acid type A (GABA,A)
receptor channels. This treatment markedly re-
duced the activity of hyperactive neurons (from
6.10 + 0.28 transients/min, n = 13 cells in five
mice, to 1.52 + 0.36 transients/min; Fig. 3, E and
F). Application of the GABA receptor antago-
nist gabazine increased the frequency of Ca>"
transients in all three types of neurons to the same
level of 30 to 40 transients/min (Fig. 3, G and H).
However, the relative frequency increase in hy-
peractive neurons (5.7-fold, n = 9 cells in four
mice) was distinctly smaller compared with the
frequency increase in normally active cells (16.3-
fold, n = 13 cells in four mice). Thus, taken to-
gether, our results suggest that an impaired
synaptic inhibition, rather than intracellular Ca®"
release from store signaling or intrinsic firing,
underlies hyperactivity.

What are the mediator(s) of the synaptically
driven neuronal hyperactivity? The list of candi-
date molecules includes (i) soluble AB42 oligo-
mers accumulating in the vicinity of amyloid
plaques (33, 34) as well as (ii) different proin-
flammatory mediators released from activated mi-
croglia and astrocytes. The latter include cytokines,
reactive oxygen species, complement factors, free
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radicals, and nitric oxide (35). These factors most
likely cause an anatomical remodeling of both
excitatory and inhibitory synaptic inputs that un-
derlies the observed changes in neuronal func-
tion. Such a remodeling has been observed in two
different mouse models of AD. In APP23 mice,
axons of entorhinal (excitatory) neurons showed
a hyperinnervation of the thalamic regions sur-
rounding AP plaques (36), whereas in hAPP mice
axonal sprouting of GABAergic interneurons was
found in the hippocampal dentate gyrus (37).

In conclusion, the study of the in vivo func-
tion of individual cortical neurons in a mouse
model of AD revealed an increase in neuronal
activity in the direct vicinity of AP plaques. Not
only do hyperactive neurons fire more frequently,
they also do this in a correlated manner, thus in-
creasing the risk for seizurelike activity. Indeed,
AD patients are known to have an increased inci-
dence of epileptic seizures (38, 39), and sponta-
neous nonconvulsive seizures have been observed
in the cortex and hippocampus of another AD
mouse model (37). The hyperactive neurons are
likely candidates to trigger this pathological ac-
tivity. Besides, hyperactivity may contribute to
the calcium overload recently observed in neu-
rites surrounding AP plaques (40). Together with
the silent neurons, which are distributed through-
out the cortex, hyperactive neurons comprise up

to 50% of neuronal population, revealing a
substantial dysfunction of neuronal network in
APP23xPS45 mice. A strict correlation was ob-
served between the formation of amyloid plaques,
the appearance of hyperactive neurons, and the
impairment of the animal’s learing capability.
Furthermore, the peri-plaque regions appear to act
like distinct functional compartments of the dis-
eased mouse brain. These compartments are not
only “reservoirs” of bioactive molecules, attract-
ing and activating microglia as well as causing
loss of dendritic spines and axonal dystrophies
(41), they also modify the functional properties
of neurons, making them hyperactive.
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Fig. 3. Synaptic mechanisms of hyperactivity. (A) Spontaneous Ca®* transients
in layer 2/3 neurons before, during, and after a local iontophoretic application
of CNQX and APV. Here and below, the colored circles indicate the type of
neuron (blue, silent; green, normal; and red, hyperactive). (B) Activity pattern in
a region with many hyperactive neurons. Each Ca®* transient in the cell is
correlated with a transient in the neuropil. Each black square marks the
beginning of a Ca?* transient. (C and D) Cross-correlograms of digitized traces
showing that Ca®* transients in individual hyperactive neurons are correlated
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with each other and with Ca®* transients in the neuropil. (E) Spontaneous Ca**
transients before, during, and after a local pressure application of diazepam. (F)
Summary graph illustrating the effect of diazepam on the frequency of Ca®*
transients (n = 21 normal and 13 hyperactive neurons). (G) Spontaneous Ca®*
transients before, during, and after a local iontophoretic application of gabazine
(60 s, 500 uM in the application pipette). (H) Summary graph illustrating the
effect of gabazine on the frequency of Ca®* transients (n = 6 silent, 13 normal,
and 9 hyperactive neurons). Error bars in each panel represent SEM.
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