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An essential feature of Alzheimer’s disease (AD) is the accumulation of amy-

loid-b (Ab) peptides in the brain, many years to decades before the onset of

overt cognitive symptoms. We suggest that during this very extended early

phase of the disease, soluble Ab oligomers and amyloid plaques alter the

function of local neuronal circuits and large-scale networks by disrupting

the balance of synaptic excitation and inhibition (E/I balance) in the brain.

The analysis of mouse models of AD revealed that an Ab-induced change

of the E/I balance caused hyperactivity in cortical and hippocampal neurons,

a breakdown of slow-wave oscillations, as well as network hypersynchrony.

Remarkably, hyperactivity of hippocampal neurons precedes amyloid

plaque formation, suggesting that hyperactivity is one of the earliest dys-

functions in the pathophysiological cascade initiated by abnormal Ab

accumulation. Therapeutics that correct the E/I balance in early AD may pre-

vent neuronal dysfunction, widespread cell loss and cognitive impairments

associated with later stages of the disease.

This article is part of the themed issue ‘Evolution brings Ca2þ and ATP

together to control life and death’.
1. Introduction
Alzheimer’s disease (AD) is the most common cause of intellectual decline in

the elderly population worldwide [1]. AD is characterized by slowly progres-

sive memory deficits, cognitive impairments and dementia. The diagnosis is

established by these clinical features combined with biomarker evidence for

amyloid-b (Ab) accumulation (as measured by cerebrospinal fluid (CSF) levels

of Ab1–42 or positron emission tomography (PET)-amyloid imaging) and/or neur-

onal degeneration (as measured by CSF levels of tau and phosphorylated tau as

well as fluorodeoxyglucose (FDG)-PET or structural magnetic resonance imaging

(MRI)) in the brain [2]. Current treatments are unsatisfactory as they provide only

symptomatic relief and are effective in only a subset of affected individuals [3].

It is becoming increasingly clear that the pathogenic cascade that causes AD

begins decades before first clinical symptoms become evident [4,5]. For instance,

in people at risk of AD abnormal Ab accumulation and amyloid deposition, as

measured by CSFAb and amyloid-PET, was detected 25 years before symptom

onset [6]. There is growing evidence from functional MRI (fMRI) that this ‘precli-

nical’ stage of AD is associated with profound functional alterations of brain

networks that seem to be structurally largely intact. For example, hippocampal

hyperactivation and impaired deactivation of the default-mode network during

memory-encoding have been demonstrated in people at genetic risk for AD

[7–9], cognitively normal individuals with evidence for Ab accumulation

[10–12] and people with early AD [13–15].

Major unresolved issues include the questions of why neuronal circuits

become dysfunctional in response to high Ab levels and how circuit abnormal-

ities can be repaired. As these problems cannot be studied easily in humans

with existing techniques, transgenic mouse models overproducing human

mutant Ab are in many cases the method of choice for such investigations.

Indeed, recent experimental evidence obtained in mouse model studies suggest
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Figure 1. Functional impairments of cortical neurons in mouse models of AD in vivo. (a) In vivo two-photon calcium image of layer 2/3 neurons in the frontal cortex
of a wild-type (WT) mouse (top panel) and an APP23 � PS45 transgenic mouse with thioflavin-S labelled amyloid plaques (bottom panel). (b) Spontaneous Ca2þ-
transients from neurons marked in (a): blue, silent neurons; black, normal neurons; red, hyperactive neurons. (c) Relative fractions of silent (blue), normal (green)
and hyperactive (red) neurons. (d ) Activity map of cortical region in an APP23 � PS45 mouse with neurons colour-coded according to the frequency of their
spontaneous Ca2þ transients. Broken line circles are centred at the respective plaques and delineate the area located less than 60 mm from the plaque
border. Adapted from [18]. Reproduced with permission from AAAS. (e) Bar graphs showing the abundance of silent (blue), normal (green) and hyperactive
(red) neurons at different distances from the border of the nearest plaque. ( f ) Age-dependent increase in plaque burden in the cortex of APP23 � PS45
mice. (g,h) Relative proportions of silent (g) and hyperactive (h) neurons in WT (black) and APP23 � PS45 (red) mice at four different age groups (1.5 – 2,
3 – 3.25, 4 – 4.5 and 8 – 10 months). Error bars indicate s.e.m. Adapted from [19].
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that a disruption in the balance of excitation and inhibition

(E/I balance) underlies both the functional impairment of

local neuronal circuits as well as that of large-scale networks

in the amyloid-depositing brain. Remarkably, restoration of
the E/I balance can rescue neuronal circuit dysfunctions

and ameliorate behavioural impairments in mouse models,

providing a paradigm for targeting the E/I balance in

humans with AD.
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Figure 2. Impaired excitation – inhibition (E/I ) balance in the amyloid-bearing mouse cortex. (a) Spontaneous Ca2þ-transients in normal (green circles) and hyper-
active (red circles) cortical neurons before, during and after local application of the glutamate receptor antagonists CNQX and APV. (b) Ca2þ-transients in normal and
hyperactive neurons before, during and after local application of the GABAA-receptor agonist diazepam. (c) Summary graph illustrating the effect of diazepam on the
frequency of Ca2þ-transients. (d ) Ca2þ-transients in silent (blue), normal and hyperactive neurons before, during and after local application of the GABAA-receptor
antagonist gabazine. (e) Summary graph illustrating the effect of gabazine on the frequency of Ca2þ-transients. Adapted from [18]. Reprinted with permission from
AAAS. ( f ) Schematic model summarizing the results shown in (a – e).
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2. Impairment of cortical neurons by amyloid
plaques

Two-photon imaging in combination with fluorescent calcium

indicators allows functional analyses of neuronal activity in the

intact mouse brain with single-cell and single-action potential

accuracy [16]. At the same time, amyloid plaques can be

directly visualized and characterized in the living brain tissue

[17]. By using this optical approach in the APP23 � PS45

model of AD, we revealed that neurons in layer 2/3 of the

amyloid-depositing frontal cortex are functionally impaired

in vivo [18] (figure 1). In striking contrast with a dominant

hypothesis in the field at that time that emphasized a progres-

sive ‘synaptic dismantling’ in AD [20], we observed a 16-fold

increase in the fraction of excessively active neurons and only

a threefold increase in the fraction of functionally silent neurons

in APP23 � PS45 mice when compared with wild-type litter-

mates (figure 1a–c). Surprisingly, hyperactive neurons were

found predominantly near the amyloid plaques, whereas

silent neurons were more evenly distributed in the cortex

(figure 1d,e). We also noted that the fractions of both
hyperactive and hypoactive neurons increased with the

progression of the disease (figure 1f–h).

Experimental evidence indicated that hyperactivity

was of synaptic origin and unrelated to spontaneous Ca2þ-

release from overfilled intracellular Ca2þ-stores [21] or

increased intrinsic neuronal excitability (figure 2a). Instead,

we found that there was a redistribution of synaptic drive

between hyperactive and silent neurons, with a relative

reduction in GABAAergic inhibition of hyperactive neurons

and an enhanced inhibition of silent neurons (figure 2b–e).

Figure 2f illustrates these results schematically. Interestingly,

the relative decrease in inhibition caused not only hyperactiv-

ity but, often, also an abnormal synchronization of neuronal

firing, which may underlie the previously reported higher

incidence of epileptiform activity in mouse models as com-

pared to wild-type mice [22,23]. Meanwhile, neuronal

hyperactivity has been observed in various transgenic

mouse models of AD, including APP23 � PS45 [18,24],

APP23 [25], PDAPP [26], Tg2576 [26], APPswe/PS1D9 [27]

and ARTE 10 [28] mice. Furthermore, hyperactivity can be

induced by direct application of exogenous Ab into the
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Figure 3. Hyperactivity precedes amyloid plaque formation in the hippocampus. (a,b) Confocal fluorescence images of sagittal hippocampal sections from a young
APP23 � PS45 mouse without (a) and an aged APP3 � PS45 mouse with several (b) amyloid plaques. Plaques were labelled with thioflavin-S. (c) (i) Activity map
of hippocampal region in a WT mouse with neurons colour-coded according to the frequency of their spontaneous activity. (ii) Ca2þ-transients of the corresponding
neurons marked in (i). (d ) Histogram showing the frequency distribution of Ca2þ-transients in WT mice (n ¼ 693 cells in six mice). (e) Activity map of the
hippocampus and example traces from individual neurons in a young APP23 � PS45 mouse without plaques. ( f ) Histogram of frequency distribution of
Ca2þ-transients in APP23 � PS45 mice before plaque formation (n ¼ 818 cells in seven mice). Adapted from [24].
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brains of wild-type mice [24] and even through small

elevations of endogenous Ab [29].

Two-photon calcium imaging has also been used to study

glia cells in mouse models of AD, both astrocytes [30,31] and

microglia [32]. Remarkably, similarly to what is observed in

neurons, these cell types can become hyperactive (that is,

they exhibit an increased number of Ca2þ-transients) in

response to Ab-induced pathology. Hyperactive astrocytes

are mostly found near amyloid plaques [31]. In view of the

fact that astrocytes can secrete gliotransmitters (e.g. adenosine

triphosphate, glutamate, D-serine) in a calcium-dependent

manner [33], hyperactive astrocytes may directly enhance

neuronal activity. Furthermore, they may release pro-

inflammatory factors and induce microglial activation, which

may contribute further to neurotoxicity through excessive
cytokine release [34]. Finally, other functions of astrocytes,

including buffering of extracellular potassium during neuronal

activity and the uptake of neurotransmitters (e.g. glutamate,

GABA) from the extracellular space may also be disturbed.

Overall, these observations and considerations suggest that

glia cells contribute significantly to various aspects of brain

dysfunction in AD [35–37].
3. Hippocampal hyperactivity precedes amyloid
plaque formation and neuronal silencing

While the use of two-photon microscopy was initially

restricted to superficial brain areas such as the neocortex, the

development of surgical techniques to implant a hippocampal
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Figure 4. Hippocampal hyperactivity is determined by soluble Ab. (a) Ca2þ-transient activity in CA1 hippocampal neurons in a WT mouse before, during and after
local application of Ab dimer solution (100 nM). (b) (i) Summary graph illustrating the effect of amyloid dimers on the frequency of Ca2þ-transients. (ii) Summary
graph showing that heat-denatured dimers have no significant effect on neuronal activity. Error bars indicate s.e.m. (c) (i) In vivo two-photon image of CA1 hip-
pocampal neurons in a WT, an untreated APP23 � PS45, and a g-secretase inhibitor (LY-411575)-treated APP23 � PS45 mouse. (ii) Activity maps of
the hippocampal region shown in top panel with neurons colour-coded according to the frequency of their spontaneous Ca2þ-transients. Adapted from [24].
(d ) Schematic model summarizing the results shown in (a – c).
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window [24,38] has enabled the in vivo investigation of hippo-

campal neurons. By employing this approach in the APP23 �
PS45 model (figure 3), we found that in the CA1 region of

the hippocampus many neurons were hyperactive already

before plaque formation in 1–2 months-old mice [24]. We

demonstrated that hippocampal hyperactivity can be induced

by direct application of soluble Ab dimers in wild-type mice

(figure 4a,b) and that it can be rescued in APP23 � PS45 mice

by acute treatment with a g-secretase inhibitor, which reduced

the levels of soluble Ab in the brain (figure 4c). Figure 4d
summarizes these experimental results. The observations

suggested that soluble Ab oligomers, rather than amyloid

plaques, are the underlying cause for neuronal dysfunction.

Furthermore, the experimental finding that neuronal hyper-

activity precedes the formation of amyloid plaques and

neuronal silencing indicates that hyperactivity represents the

initial step in the pathophysiological cascade of AD. We

hypothesize that the predominant occurrence of hyperactive

neurons in the vicinity of amyloid plaques in later stages of

the disease may be related to the enrichment of oligomers in

the microenvironment of plaques [39], or, alternatively, owing

to the activity-dependent release of Ab [40,41] plaques may
develop preferentially near the hyperactive neurons. Remaining

open questions concern the cellular mechanisms by which sol-

uble Ab species induce neuronal hyperactivity and which of

their various forms are most toxic. For instance, Ab dimers

were shown to reduce the re-uptake of synaptic glutamate

[42] and Ab1–40 monomers and dimers were found to enhance

the presynaptic release of glutamate [43]. A combination of

these effects could increase extracellular levels of residual

glutamate and, thereby, promote neuronal hyperactivity.

We and others have provided evidence for a potential con-

tribution of reduced GABAAergic inhibition, mainly via a

functional impairment of inhibitory interneurons [44], a decline

of GABAAcurrents [45] and a redistribution of inhibitory and

excitatory drive within neuronal circuits [18]. Intriguingly, the

enhancement of GABAAergic inhibition can rescue hyperactiv-

ity [18] as well as memory impairments in mouse models of AD

[46,47]. These findings are in line with the observation that the

apolipoprotein E4 (APOE4) genotype, which is associated

with a loss of GABAergic interneurons in the hippocampus, is

the main genetic risk factor for AD. Also in this case, the

enhancement of GABAAergic inhibition can rescue behavioural

deficits [46].
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There is increasing experimental support that the neuronal

dysfunctions found in mouse models are, at least in part,

observed also in human patients. Thus, the observation that

hyperactivity is followed by a functional silencing of neurons

in advanced disease stages is consistent with results from

longitudinal human fMRI imaging showing hyperactivation

of the hippocampal region before the appearance of severe

clinical AD symptoms and a massive loss of hippocampal

activity over time [48]. In addition, evidence from human

FDG-PET imaging indicates that increased glucose metabolism

in brain regions with high amyloid plaque burden can precede

cognitive and metabolic decline in later disease stages [49–51].
Interestingly, FDG-PET in combination with 3D-microscopic

autoradiography in an AD mouse model (the APPswe/

PS1M146L model) revealed that the glucose hypermetabolism

is most pronounced in the direct vicinity of amyloid plaques

[52], which could be related to the increased fractions of

hyperactive neurons at these locations.
4. Hyperactivity impairs local circuit function
How are the cellular abnormalities (hyper- and hypoactivity)

linked to impaired local circuit function? To address this
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important issue, we analysed the primary visual cortex in the

APP23 � PS45 mouse model of AD and found that a pro-

gressive deterioration of neuronal tuning for the orientation

and direction of visual stimuli occurred in parallel with the

age-dependent increase of amyloid plaque burden [19]

(figure 5). This impairment was specific to the fraction of

hyperactive neurons, which were located predominantly

near amyloid plaques, as in the frontal cortex; no defects

were observed in functionally normal neurons. Interestingly,

in APP23 � PS45 mice, silent neurons were characterized by a

total absence of visually evoked responses, whereas in wild-

type mice, 20% of the silent neurons had normal responses to

visual stimuli. Furthermore, in the APPswe/PS1D9 mouse

model there was a strong decrease in the fraction of neurons

that were activated by structured visual stimulation near

amyloid plaques as measured by Arc expression [27]. In

line with these observations in cortical neurons, it was shown

that hippocampal neuronal hyperactivity is associated with a

profound impairment of place cell function [53,54]. Interest-

ingly, fMRI imaging revealed that in humans at risk of AD

(APOE4 allele carriers), hyperactivity of the hippocampus

was associated with diminished grid-cell-like representations

in the entorhinal cortex during a virtual reality spatial

memory task [55]. Such dysfunctions of cortical and hippocam-

pal local circuits may contribute to the failure to recruit task-

associated networks across the brain and thereby underlie

the deficits in brain function and cognition in AD.
5. Ab-induced breakdown of long-range brain
circuits

Higher brain functions such as learning and memory emerge

from the interaction of myriads of neurons, organized across

multiple hierarchical levels from local neuronal (micro)-circuits

to communicating large-scale networks. We, therefore, tested

the hypothesis that the dysfunction of individual neurons

observed in AD mouse models can impair the long-range

communication between distant brain regions. Indeed, by

employing large-scale calcium fluorescence imaging of the

mouse cortical surface, we revealed that the long-range

coherence of neuronal activity across neocortical areas was mas-

sively impaired in amyloid plaques-bearing APP23 and

APP23 � PS45 mouse models when compared with wild-type

littermates [56] (figure 6). In these investigations we focused

on the slow-wave oscillations, known to be present during

non-REM sleep, quiet wakefulness and anaesthesia [57].

Increasing evidence indicates that slow oscillations play a key

role in the consolidation of recently acquired memories through

mechanisms that include the coordination of neuronal activity

between cortical areas, thalamus and the hippocampus [58].

In the AD mouse models, we found that the activity correlations

between these widely distributed brain regions were substan-

tially impaired. Notably, such impairment of slow-wave

oscillations can also be induced by direct application of Ab in

wild-type mice, suggesting a direct ‘functional disturbance’
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through soluble Ab oligomers rather than an involvement of

amyloid plaques-mediated structural damages. This view is

supported by the observations that the normalization of the

E/I balance, through the application of a low dose of a benzo-

diazepine that enhances GABAAergic inhibition, can rescue the

impairment of slow-wave oscillations (figure 7a,b). By contrast,

application of gabazine, which acts by blocking GABAAergic

receptors, in wild-type mice resulted in a profound disturbance

in the long-range coherence of the slow-wave oscillations,

which was similar to that in mouse models of AD. Remarkably,

the restoration of slow-wave oscillations by normalization of the

E/I-balance resulted in a profound improvement of memory

deficits in the APP23 � PS45 mice (figure 7c,d).

Our observations in mouse models of AD are of clinical inter-

est because sleep is often considerably disrupted among people

with AD; in many cases long before the onset of cognitive symp-

toms [59]. Based on our experimental results, we hypothesized

that the Ab-induced impairment of slow-wave oscillations and

resulting functional decoupling of cortical–hippocampal–

thalamic networks during non-REM sleep could contribute to

memory decline in AD. In line with this hypothesis, a recent

cross-sectional study in 26 older humans showed that a high

amyloid burden in the medial prefrontal cortex, as measured
by amyloid-PET, correlated with decreased slow-wave activity

during non-REM sleep in that region [60]. Importantly, the

impaired slow-wave activity was associated with an impaired

overnight hippocampus-dependent memory consolidation.
6. Rescue of circuit dysfunction by correcting the
synaptic excitation and inhibition balance

The experimental results reviewed above suggest that thera-

pies that directly modulate the impaired E/I balance in the

AD brain may be beneficial, perhaps even at advanced

stages of AD. This hypothesis is supported by results

obtained in mouse models of AD, showing that the enhance-

ment of GABAAergic inhibition can normalize the activity

status of hyperactive neurons, restore slow-wave oscillations

and improve memory deficits [18,56]. Furthermore, the anti-

epileptic drug levetiracetam was shown to reduce neuronal

hypersynchrony and behavioural deficits in the hAPPJ20

mouse model of AD [61]. Moreover, treatment with low

doses of levetiracetam in people with early AD reduced hip-

pocampal hyperactivation and improved performance in a

hippocampus-dependant memory task [15,62].
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Finally, a recent study employing a chemogenetic approach

with designer receptors exclusively activated by designer

drugs (DREADDs) in AD mouse models (the 5XFAD and

PSZAPP models) indicated that reduction of neuronal hyperac-

tivity can prevent the further build-up of amyloid plaques and

synapse loss [63], suggesting that hyperactivity is not only a

consequence of Ab accumulation but a cellular mechanism

that directly promotes the pathogenesis of AD.
 hing.org
Phil.Trans.R.Soc
7. Conclusion
In AD research, we are witnessing a fundamental paradigm

shift. The classic view that the structural damage by amyloid

plaques and the loss of neurons underlies cognitive impair-

ment in AD through a reduced cortical activity is challenged

by recent findings from animal and human studies showing
that, in fact, excess neuronal activity, hypersynchrony and

altered brain oscillations are key features of the disease. Grow-

ing experimental evidence suggests that these functional

impairments are predominantly driven by the abnormal

accumulation of soluble Ab in the brain. This process may

start in patients decades before the occurrence of the first clini-

cal symptoms. In view of a potential key role of neuronal

hyperactivity for AD pathogenesis, we suggest that the thera-

peutic correction of neuronal circuit impairments, as early as

possible, could prevent or slow down the onset of cognitive

impairment in patients with AD.
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