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Single sentence summary:    

 

Beta-amyloid induces brain hypometabolism and network hyperactivity via activation of NADPH 

oxidase, suggesting a novel therapeutic approach for Alzheimer’s disease. 
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Abstract 

 

A paramount driver of sporadic Alzheimer's disease (AD) is the synergy of oxidative stress and 

glucose hypometabolism in the brain. Oxidative stress damages macromolecules such as DNA, 

lipids and proteins, whereas glucose hypometabolism impairs cellular energy supply and 

antioxidant defense; Together, these cellular and functional alterations may be primary triggers of 

AD. However, the exact basis of AD-associated glucose hypometabolism has remained unknown. 

Here we report acute inhibition of brain glucose utilization by beta-amyloid peptide (Aβ1-42) and 

identify oxidative stress resulting from Aβ1-42 –induced activation of NADPH oxidase 2 (NOX2) 

as the trigger of brain glucose hypometabolism and network hyperactivity. We show that in 

hippocampal brain slices, Aβ1-42 application reduced network activity-driven glucose consumption 

and glycolysis by half, while NOX2 antagonism prevented this effect. In vivo, 

intracerebroventricular injection of Aβ1-42 exerted a profound inhibitory effect on brain glucose 

consumption, resulting in long-lasting network hyperactivity and changes in animal behavioral 

profile. Critically, the novel bioavailable NOX2 antagonist GSK2795039 prevented all of the 

observed Aβ-related detrimental effects. These data provide the first experimental evidence behind 

AD-related brain glucose hypometabolism and its consequences, and suggest that targeting NOX2-

induced oxidative stress is a promising approach to both the prevention and treatment of AD. 
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Introduction 

 

The pathological processes that drive AD may begin several decades before the first clinical 

symptoms manifest (1–3). Numerous human studies suggest a causal upstream role for Aβ in AD 

pathogenesis (3–5). Although β-amyloidosis alone may not be sufficient to cause cognitive 

deterioration, it likely causes downstream pathological changes (i.e., tauopathy and 

neurodegeneration) that ultimately lead to cognitive decline (3, 6). Recent progress in AD 

biomarkers has revealed that amyloidosis is one of the earliest signs of AD pathogenesis, 

detectable at preclinical stages of the disease (1–3). Interestingly, at this stage patients are still 

cognitively unimpaired but may demonstrate variable neuropsychiatric symptoms (e.g., apathy, 

depression, agitation/aggression, anxiety, and irritability) (7, 8), the emergence of which may 

correlate with amyloidosis (9).  

 

Initial Aβ pathology is often detected concurrently with another pre-symptomatic marker of AD, 

glucose hypometabolism (10–12)(13). Indeed, glucose hypometabolism is an accurate predictor of 

progression to AD in mild cognitive impairment (MCI) patients (10, 14, 15). Since glucose 

utilization underlies vital brain functions such as energy supply and antioxidant defense (16), it is 

not surprising that disturbances in glucose metabolism can lead to a chain of harmful 

consequences, and thus likely represent a major underlying cause of disease initiation and 

progression (12). In turn, multiple studies have shown that oligomeric Aβ induces oxidative stress 

(12, 17), which has been hypothesized to inhibit glucose metabolism during AD (12, 18), thus 

establishing a vicious cycle of disease initiation and progression. Thus, early brain glucose 

hypometabolism may prove to be the crucial link between Aβ accumulation (19, 20) and 

subsequent neurodegeneration in the chain of AD progression. However, until now the exact 

trigger for AD-associated glucose hypometabolism has been unknown, hampering the search for 

effective treatment.  
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In the current study, we found that oxidative stress caused by the Aβ1-42 -induced activation of 

NAD(P)H oxidase (NOX) underlies glucose metabolism deficiency.  It was previously reported in 

multiple cell types that Aβ1-42  induces brain oxidative stress (21), largely via activation of NOX 

(22–24), however the exact consequences of such interaction remained unclear. We show in vivo 

that NOX activation by oligomeric Aβ1-42 results in pathological changes in brain glucose 

consumption, hippocampal network hyperactivity, and neuropsychiatric-like disturbances in the 

behavior of mice—all abnormalities that can be prevented by administration of the novel selective 

NOX2 antagonist GSK2795039. Therefore, NOX may be a primary molecular target responsible 

for AD initiation and progression.  Our results suggest that early intervention in NOX-induced 

oxidative stress has the potential to be an effective approach to AD prevention and treatment.   

 

Results 

 

Aβ1-42 disrupts network glucose utilization both in brain slices and in vivo 

Our previous publication suggested that Aβ1-42 modifies glycolysis when applied to brain slices  

(25). To investigate this effect further, we applied fibrillar Aβ1-42 to hippocampal slices for 40 

minutes, which acutely and robustly reduced network activity-driven glucose uptake in 

hippocampal slices to 57.7 ± 4.13% of control (p < 0.0001, n = 21) (Fig. 1A). To confirm this 

result in vivo, we injected Aβ1-42 i.c.v. in anesthetized mice. In the living brain, the dynamics of 

extracellular glucose differ from brain slices where there is a constant supply of glucose from the 

perfusate (in our case, 5mM), and any glucose uptake is seen as a negative deflection in 

extracellular glucose levels (Fig. 1A). In vivo, network activation also leads to an increase in 

glucose uptake, but the blood vessels rapidly dilate and the supply of glucose is upregulated,  
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Figure 1. Aβ1-42 acutely inhibits network glucose utilization.  A. In brain slices, fibrillar Aβ1-42 reduces network 
activity-driven glucose uptake. Left, example traces from a single experiment showing the extracellular glucose 
transients in CA1 pyramidal cell layer in response to a 10Hz, 30s stimulation of Schaffer collaterals (grey) in control 
(black) and following 40min of Aβ1-42 application (red). Considering the constant 5mM glucose supply from the 
perfusate, the drop in the transient amplitude indicates reduced uptake. Middle, summary graph showing glucose 
transient integral values normalized to controls.  B. In anesthetized mice, i.c.v. injection of fibrillar Aβ1-42 results in a 
rapid change in glucose uptake. Top left, a schematic depicting the relationship between the dynamic extracellular 
glucose supply from the blood (which increases following synaptic activation) and network glucose uptake. Top right: 
example traces from a single experiment showing both local field potential (LFP, orange) and extracellular glucose 
(black) recordings from the CA1 region before and after Aβ1-42 injection. Middle row: in detail of LFP recording 
showing characteristic anaesthesia-induced oscillations (left) at baseline and the response to synaptic stimulation 
(right). Bottom row, average stimulation-induced glucose transients from a single experiment in control (black) and 
following i.c.v. Aβ1-42 injection (red). Middle, summary graph showing glucose transient integral values normalized 
to controls; right, a summary of LFP integrals showing that stimulation response did not change significantly 
following Aβ1-42 injection; This suggests that the activity-induced increase in glucose supply from the blood did not 
change, and therefore the apparent increase in glucose transients following Aβ1-42 injection indicates reduced uptake. 
C. Aβ1-42 inhibits activity-driven glycolysis. Left, NAD(P)H autofluorescence traces from a single experiment in 
control (black) and following 40min of Aβ1-42 application (red). Right, summary values of transient amplitudes both 
for the “overshoot” (glycolysis-related) and “oxidation” phases of the signal. D. Aβ1-42 increases oxygen consumption: 
sample pO2 traces from a single experiment showing a transient decrease of tissue oxygen levels in control (black) 
and following 40min of Aβ1-42 application (red) and a summary plot of normalized pO2 integral values. E. Aβ1-42 does 
not significantly change the strength of network response to synaptic stimulation: a summary plot of normalized LFP 
train integral values. *p <0.05, ***p<0.01. 
 

leading to a net increase of extracellular glucose, as has been demonstrated in response to sensory 

stimulation (26) or electric stimulation (27). Following Aβ1-42 injection, extracellular glucose 

transients increased in response to synaptic stimulation more than two-fold (248.5 ± 45% of 

control; p < 0.0005; n = 5) (Fig. 1B). Meanwhile, network LFP response to stimulation  
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did not change significantly (Fig. 1B, bottom right), nor did the baseline glucose concentration 

(not shown), suggesting that Aβ did not affect glucose delivery and that the increased amplitudes 

of the extracellular glucose transients likely indicate a reduced uptake of glucose by the activated 

network, mirroring the results obtained in brain slices. 

 
 

We also observed that Aβ1-42 decreased glycolysis, seen as reduced amplitudes of NAD(P)H 

 fluorescence “overshoot” (56.4 ± 3.8% of control; p < 0.0001; n = 23) (Fig. 1C), together with an 

increase of oxidation (“dip”) amplitude (118.6 ± 7.55% of control; p < 0.03; n = 23) (28). In line 

with this, we observed a significant increase in activity-driven oxygen consumption (118.7 ± 6%; 

p < 0.005; n = 26) (Fig. 1D), which together with increased NAD(P)H oxidation amplitude could 

indicate upregulated mitochondrial respiration to compensate for reduced glycolysis (29, 30). 

Finally, none of these disruptions could be attributed to changes in stimulation strength or 

response, as the stimulus train LFP integral did not change (102.6 ± 3.96% of control, n=21) (Fig. 

1E). 

 

Aβ1-42 toxicity is prevented by blockade of NOX2 

The changes in glucose utilization resulting from Aβ1-42 treatment were similar to those we 

previously observed following induced seizures, which are paralleled by a spike of H2O2 release 

(31). In that context, the likely source of the H2O2 and actual trigger of seizures is the reactive 

oxygen species (ROS)-generating NAD(P)H oxidase (NOX) (32).  Aβ1-42 has been reported to 

induce oxidative stress in multiple cell types by activating NOX (21–24). Therefore, we asked 

whether the toxic effect of Aβ on glucose metabolism was mediated by NOX activation. Indeed, 

when NOX2 was inhibited by the novel NOX2 antagonist GSK2795039, Aβ1-42 failed to disrupt 

glucose uptake in slices (Fig. 2A) or in vivo (Fig. 2B). NOX2 inhibition also prevented Aβ1-42-

induced modification of glycolysis (Fig. 2C) or oxygen consumption (Fig. 2D). 
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Figure 2. NOX2 blockade 
prevents Aβ1-42 –induced 
disruption of network glucose 
utilization.  
A. In brain slices, application of 
NOX2 antagonist GSK2795039 
prevents the reduction in 
network activity-driven glucose 
uptake caused by Aβ1-42 : 
example traces from a single 
experiment showing the 
extracellular glucose transients 
in CA1 pyramidal cell layer in 
response to a 10Hz, 30s 
stimulation of Schaffer 
collaterals (grey) in control 
(black), after wash-in of 
GSK2795039 (green), and 
following 40min of 
GSK2795039 + Aβ1-42  
application (blue); summary 
graph showing corresponding 
glucose transient integral values 
normalized to controls with 

those of Aβ1-42 alone for comparison (red).  B. In anesthetized mice, intraventricular injection of GSK2795039 + Aβ1-
42 (blue) preceded by GSK2795039 (green) fails to elicit any changes in glucose uptake. Top, example traces from a 
single experiment showing both local field potential (LFP, orange) and extracellular glucose (black) recordings from 
the CA1 region. Middle, average stimulation-induced glucose transients from a single experiment in control (black), 
following i.c.v. GSK2795039 injection (green) and subsequent injection of GSK2795039 + Aβ1-42 (blue). Bottom, the 
summary graph showing corresponding glucose transient integral values together with those of Aβ1-42 alone for 
comparison (red). C. GSK2795039 prevents Aβ1-42 disruption of activity-driven glycolysis. Left, NAD(P)H 
autofluorescence traces from a single experiment in control (black) after wash-in of GSK2795039 (green), and 
following 40min of GSK2795039 + Aβ1-42 application (blue); Right, summary values of transient amplitudes both for 
the “overshoot” (glycolysis-related) and “oxidation” phases of the signal. D. GSK2795039 blocks Aβ1-42 induced 
increase in oxygen consumption: sample pO2 traces from a single experiment showing a transient decrease of tissue 
oxygen levels in control (black) after wash-in of GSK2795039 (green), and following 40min of GSK2795039 + Aβ1-
42 application (blue); the summary plot of normalized pO2 integral values. *p <0.05, ***p<0.01, ****p<0.001. 
 

Aβ1-42 disruption of glucose utilization is replicated by NOX activator PMA 

We then tested whether pharmacological activation of NOX2 mimics the effect of Aβ1-42 on 

glucose utilization using the NOX activator phorbol 12-myristate 13-acetate (PMA, 100 nM) (33). 

Strikingly, application of PMA to brain slices reproduced the effect of Aβ1-42, resulting in a 

reduction of both the glucose consumption to 68.5 ± 6.4% of control (p<0.0001; n = 10) (Fig. 

3A,C), and NAD(P)H overshoot (glycolysis) to 70.7 ± 4.8% of control (p<0.0001; n = 12) (Fig. 

3B,C). Curiously, PMA treatment did not significantly alter either the NAD(P)H oxidative phase 

amplitude (Fig. 3D,F) or oxygen consumption (data not shown), suggesting a lack of effect on 

respiration.  
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Figure 3. Direct activation of 
NOX reproduces the effect of Aβ1-
42 on glucose utilization. A. 
Application of NOX activator 
PMA (100nM) reduces glucose 
uptake; average traces from a 
single experiment showing 
extracellular glucose transients in 
CA1 pyramidal cell layer in 
response to a 10Hz, 30s stimulation 
of Schaffer collaterals (grey) in 
control (black) and following 
40min of PMA application (red) B. 
GSK2795039 prevents the effects 
of PMA on activity-driven 
glycolysis. Example traces from a 
single experiment showing glucose 
transients in control (black), after 

application of GSK2795039 (green), and following GSK2795039+PMA application (blue). C. Summary graph of all 
corresponding glucose transient integral values in A-B. D. PMA reduces glycolysis: NAD(P)H autofluorescence traces 
from a single experiment in control (black) and after application of PMA (red). E. PMA effect on glycolysis is blocked 
by GSK2795039: NAD(P)H autofluorescence traces from a single experiment in control (black), after application of 
GSK2795039 (green), and following GSK2795039+PMA application (blue). F. Summary graph of all corresponding 
NAD(P)H amplitudes in D-E. ***p<0.01 
 

Accordingly, NOX2 antagonist GSK2795039 completely prevented the PMA effects (Fig. 3B-F). 

Importantly, it has been reported that GSK2795039 has no indirect action on PMA and therefore 

its effect is likely mediated by NOX2 inhibition alone (34).  Taken together, these data suggest 

that Aβ1-42 inhibits glucose metabolism by inducing oxidative stress via NOX2 activation. 

 
Neuronal NOX2 expression is largely responsible for the effects of Aβ1-42  

 

In the brain, NOX2 is primarily expressed in microglia (35, 36), although it is also present in 

neurons (37) and astrocytes (38). To begin to determine in which cell type Aβ1-42 affects NOX2, 

we recorded activity-driven NAD(P)H transients before and after Aβ1-42 application in the presence 

of the NMDA receptor blocker APV. NMDA receptors are primarily expressed in neurons and 

neuronal NOX2 is activated via the NMDA receptor signaling pathway (39). Moreover, inhibiting 

NMDA receptors abolishes NOX2-induced epileptic seizures (32). The addition of APV by itself 

had no effect on NAD(P)H transients, but it prevented Aβ-induced modifications (Fig. 4A). This 

indicates that activation of NOX2 by Aβ is largely dependent on NMDA receptor signaling.  

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.08.12.248492doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248492


 

8 

Figure 4. Locus of NOX2 
expression behind Aβ-induced 
glucose hypometabolism.  
A. NMDA receptor blockade by 
APV prevents Aβ effects on 
glycolysis, suggesting neuronal 
NOX contribution. Left, example 
traces from a single experiment 
showing activity-induced NAD(P)H 
autofluorescence transients in 
control (black), following APV 
application (green), and after 
subsequent application of Aβ1-42 
(blue). Right, the summary plot of 
NAD(P)H oxidation and overshoot 
amplitudes; red markers indicate Aβ 
values from Fig. 1 for comparison. B, 
C. Microglial depletion does not 
prevent Aβ effect on glucose 
utilization. B. Sample images of ex-
vivo hippocampal microsections 

stained for lba1 antibody from mice following 1 week of control (left) and PLX5622-containing diet (center). Right, 
quantification of GFP fluorescence % area. C. Hippocampal slices from PLX5622-treated mice are not protected from 
Aβ toxicity on glucose utilization. Left, traces from a single experiment showing activity-induced NAD(P)H 
autofluorescence transients in control (black) and following application of Aβ1-42 (red). Center: NOX2 blockade in 
microglia-depleted slices prevents Aβ effects on glycolysis. Right: summary plot of corresponding NAD(P)H 
amplitudes. *p<0.05, **p<0.02, ***p<0.01. 
 
 

Next, to determine any potential microglial involvement in the effect of Aβ1-42, we artificially 

reduced microglial density by feeding mice chow containing PLX5622, an inhibitor of colony-

stimulating factor 1 receptor (CSF1R) which results in microglia depletion (40, 41).  One week of 

PLX5622 diet reduced hippocampal microglia density to 48.8% of controls (area 1.64 ± 0.13% vs. 

3.37 ± 0.44% in controls, p = 0.02) (Fig. 4B). Nevertheless, in microglia-depleted slices, addition 

of Aβ1-42 significantly reduced the activity-driven NAD(P)H overshoot amplitude to 58 ± 4.97% 

of control (n = 9, p < 0.0001) (Fig. 4C) and increased dip amplitude to 114 ± 4.92% of control (n 

= 9, p = 0.003) (Fig. 4C), similar to the effect in slices from non-depleted mice (overshoot 

reduction: p = 0.54; oxidation increase: p = 0.18). Moreover, NOX2 antagonist GSK2795039 again 

prevented the Aβ1-42 effect (Fig. 4C), indicating a significant presence of functional NOX2 in the 

microglia-depleted slices. Altogether, these results suggest that the effect of Aβ1-42 is mediated by 
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NOX2 in neurons, although we cannot completely rule out microglial involvement due to potential 

NMDAR expression in microglia as well as incomplete microglial depletion in this study. 

 

NOX2 inhibition prevents Aβ1-42-induced hyperexcitability in vivo  

Epileptic seizures are a frequent comorbidity of AD (42, 43). Epilepsy also occurs in multiple 

transgenic models overproducing Aβ (44), and network hyperactivity has been observed in 

hippocampal slices following acute Aβ application (25, 45).  To investigate the immediate and 

medium-term effects of Aβ1-42 on network electrophysiology, we recorded hippocampal CA1 local 

field potentials in awake freely-moving wild type mice before and following i.c.v. oligomeric Aβ1-

42 injection. We observed a rapid onset of network hyperactivity following Aβ1-42 injection, seen 

both as an increased accumulated activity (a general measure of high network activity) (46) and in 

interictal spike frequency (Fig. 5A, C). Network hyperactivity persisted through 24 hours (Fig. 

5D) and at least up to 48 hours (Fig. 5E) after the injection. Importantly, inhibiting NOX2 by i.c.v 

injection of GSK2795039 prior to Aβ1-42 injection completely prevented network abnormalities at 

all time points (Fig. 5B-E). This suggests that NOX2 activation is critical not only for Aβ1-42-

induced brain glucose hypometabolism, but also for Aβ1-42-induced network abnormalities. This 

is in line with our previous reports showing that NOX2 is the primary trigger of epileptic seizures 

(32) and brain glucose hypometabolism-induced network hyperactivity and epileptogenesis (27). 

It has previously been shown that Aβ-induced network dysfunction can lead to changes in mouse 

behavior profile (47, 48). To evaluate a possible role of NOX2-induced oxidative stress in such 

neuropsychiatric-like disturbances, we performed exploratory experiments that revealed that 

inhibition of NOX2 by GSK2795039 prevented anxiety and aggression induced by i.c.v. Aβ1-42 

injection in mice (fig S1). 
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Figure 5. NOX2 mediates Aβ effect on network activity in-vivo. A. Aβ1-42 i.c.v. injection results in an immediate 
increase in network activity and interictal spike frequency in awake freely moving mice. Top, example LFP trace from 
hippocampal CA1 stratum pyramidale before and after Aβ injection. Middle: accumulated activity integrals analyzed 
from the top trace. Bottom: interictal spike frequency analyzed from the top trace. B. NOX2 blockade prevents Aβ-
induced hyperactivity. Top: example LFP trace from hippocampal CA1 stratum pyramidale in control, following 
GSK2795039 injection, and after subsequent Aβ injection. Middle: accumulated activity integrals analyzed from the 
top trace. Bottom: interictal spike frequency analyzed from the top trace. C. Mean accumulated activity integral and 
interictal spike frequency values for all acute experiments (n = 4 for vehicle group (black), n = 8 for Aβ group (red), 
and n = 6 for Aβ+GSK group (blue). D. Aβ-induced hyperactivity persists 24 hours following the Aβ injection and is 
prevented by preceding GSK2795039 application. Left, average accumulated activity for all recordings. Middle, 
average accumulated activity integrals. Right, average interictal spike frequency values. (n = 4 for vehicle group 
(black), n = 7 for Aβ group (red), and n = 6 for Aβ+GSK group (blue)). E. Aβ-induced hyperactivity persists 48 hours 
following the Aβ injection and is prevented by preceding GSK2795039 application. Left, average accumulated activity 
for all recordings. Middle, average accumulated activity integrals. Right, average interictal spike frequency values. (n 
= 4 for vehicle group (black), n = 7 for Aβ group (red) and n = 6 for Aβ+GSK group (blue)). *p<0.01, **p<0.02, 
*p<0.05 
 

 

Discussion 

 

Glucose hypometabolism is implicated in the initiation of sporadic AD, as it is associated with 

many AD risk factors (10–13). Glucose hypometabolism occurs in patients with amnestic mild 

cognitive impairment (aMCI), widely thought to be a prodromal stage of AD (10, 14, 15), and has 
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also been detected in AD patients almost two decades prior to the onset of clinical symptoms. 

Nevertheless, the mechanisms driving glucose hypometabolism and its relationship to cognitive 

decline have remained unclear. As a result, there are no approaches to prevent this pathology, and 

no understanding of how such intervention would impact disease progression. Importantly, brain 

hypometabolism in AD is always associated with oxidative stress (for review, (12, 15)).  However, 

a causative link between these two factors, while hypothesized (12), has never been demonstrated 

experimentally. Multiple studies have shown that oxidative stress during AD is largely induced by 

oligomeric Aβ, yet any relationship between Aβ-induced oxidative stress and glucose utilization 

has not been described. In this study, we report that oligomeric Aβ1-42 impairs hippocampal glucose 

utilization via activation of neuronal NOX2 and the consequent oxidative stress. Shedding light on 

the causality between multiple AD-related pathologies, we show that inhibition of NOX2 with the 

selective antagonist GSK2795039 prevents the toxic effects of Aβ on glucose metabolism, network 

activity, and behavioral profile.  

 

Glucose supports multiple critical cellular functions such as energy supply, antioxidant defense, 

and nucleotide biosynthesis (16). Therefore, glucose hypometabolism can have many potentially 

harmful consequences, particularly energy shortages. Energy deficiency has been reported to result 

in BACE1 upregulation and increased production of Aβ  (19, 20). Accumulation of Aβ1-42 is a key 

to the neuropathogenesis of AD and is known to induce oxidative stress (17). We now show that 

Aβ also inhibits glucose utilization, thus establishing a vicious cycle of brain hypometabolism.  

 

Acute application of oligomeric Aβ1-42 resulted in a pronounced reduction of glucose utilization in 

hippocampal slices during network activity. In vivo, hippocampal i.c.v. administration of Aβ1-42 

induced a prominent increase in activity-driven extracellular glucose transients. The latter effect 

is more difficult to interpret, given the dynamic supply of glucose from the blood that increases to 

compensate for the energy demand from network activity. However, when considered together 

with the results from brain slices where the glucose supply is constant, the augmented extracellular 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.08.12.248492doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.12.248492


 

12 

glucose transients in vivo likely indicate decreased glucose consumption following Aβ1-42 

injection. Both ex vivo and in vivo, these effects of Aβ on glucose metabolism were mediated by 

oxidative stress, and could be completely prevented by blockade of NOX2 activity.  These results 

define NOX2 as the enzyme largely responsible for the observed toxic effect(s) of Aβ1-42. Indeed, 

in freely moving animals, we observed hippocampal electrical hyperactivity and abnormal animal 

behavior more than 48 hours after oligomeric Aβ1-42 i.c.v. injection, confirming previous studies 

(49, 50) (47, 51, 52). Crucially, pre-treating mice with i.c.v. injection of an NOX2 antagonist 

prevented these Aβ toxicities, suggesting that NOX2-induced oxidative stress may underlie not 

only brain hypometabolism but also major electrophysiological and behavioral deficits in 

preclinical AD. Thus, NOX2 is a promising therapeutic target for AD. 

 

The NOX family of enzymes are transmembrane proteins that transport an electron from cytosolic 

NADPH to reduce oxygen to superoxide anion. There are seven known isoforms of NOX, with 

NOX1, NOX2 and NOX4 expressed in multiple brain regions including the cerebral cortex, 

hippocampus, cerebellum, hypothalamus, midbrain and/or striatum (53). Of these NOX variants, 

NOX2 is the predominant form expressed by microglia, neurons, and astrocytes. Several lines of 

evidence including postmortem analyses of AD patient cerebral cortices indicate that oxidative 

stress—particularly resulting from NOX2 activation—plays a significant role in the development 

of AD  (23, 35, 36, 53, 54). The close relationship between the levels of Aβ and NOX2 activity 

has also been well documented in multiple studies (22, 38, 55–59). 

 

The selective NOX2 antagonist GSK2795039 that we used in our study is a novel small-molecule 

selective and direct inhibitor of NOX2 with brain bioavailability following systematic (oral) 

administration (34). GSK2795039 was fully characterized in in vivo mouse paw inflammation 

models, which demonstrated the relationship between dosage, blood levels, and NOX2 enzyme 

inhibition over time (34). GSK2795039 is presumably not cytotoxic at the concentrations used for 

NOX2 inhibition (34): it was well tolerated in rodents, with no obvious adverse effects following 
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5 days of twice-daily dosing (34). Following oral administration, GSK2795039 was detected in 

the blood and the central nervous system, indicating that it can cross the blood-brain barrier (34). 

Thus to our knowledge, GSK2795039 is the only available selective NOX2 inhibitor that may be 

appropriate for the development of future AD therapies (60).  

 

Oxidative stress can induce multiple and multi-factorial damage in the brain, as ROS damages 

DNA, lipids and proteins, ultimately resulting in necrosis and apoptotic cell death (12, 61). 

Glucose hypometabolism can also result in multiple impairments. We show that NOX2-induced 

oxidative stress is actually the direct cause of deficient glucose metabolism. Thus, the question is 

whether the network and behavioral pathologies we observed in our study can be explained by 

glucose hypometabolism alone, by oxidative stress, or by some combination of both. This is 

challenging to resolve since in most cases oxidative stress and hypometabolism occur in synergy 

and in a feedback loop. We showed previously that acute application of H2O2 induced a long-

lasting reduction in glucose utilization and decreased synaptic transmission (31). On the other 

hand, we have also found that partial inhibition of brain glucose utilization by chronic i.c.v. 

administration of 2-DG induced hyperactivity and epileptogenesis in vivo (27). However, we 

cannot rule out the possibility that secondary NOX activation resulting from glucose 

hypometabolism causes hyperactivity, forming yet another oxidative stress – hypometabolism – 

network dysfunction positive feedback loop. In any case, in the present study, we establish a direct 

causal link between NOX2 activity and glucose utilization, and show that NOX2 inhibition with 

consequent prevention of glucose hypometabolism is sufficient to ameliorate many Aβ-induced 

downstream pathologies, including behavioral deficits.      

 

Given the primary role of oxidative stress in AD pathology, one potential treatment strategy could 

be scavenging ROS by antioxidants. However, clinical trials in aMCI and AD patients using 

antioxidants have so far been disappointing (12, 62). Our previous studies might provide an 

explanation for this apparent discrepancy. Using an amperometric technique to detect extracellular 
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H2O2 transients evoked by interictal activity in hippocampal slices, we recorded the dynamic 

release of ROS from a network of synchronously activated cells (31, 32). We showed that the 

potent antioxidant Tempol (63, 64), even at high concentrations of 4 mM, did not reduce the 

transient amplitude of NOX-derived H2O2 “spike” by more than 20% (31), and failed to abate 

rapid ROS accumulation resulting from NOX2 activation during epileptic seizures (32). Therefore, 

it may be that oral administration of antioxidants cannot achieve the brain antioxidant levels 

necessary to mediate the oxidative stress induced by NOX activation. 

 

Intriguingly, glucose hypometabolism is also a prominent feature of epilepsy, and we have shown 

recently that glucose utilization deficiency can be induced by just a few epileptic seizures (31). 

Moreover, we found that seizure onset is dependent on rapid ROS release from NOX2 activation 

(32). Notably, just as with AD, the major risk factors for acquired epilepsy are associated with 

oxidative stress and glucose hypometabolism (18, 65, 66). Multiple studies in rodent epilepsy 

models have demonstrated that reduced glucose metabolism is predictive of disease initiation (67). 

Therefore, the combination of oxidative stress and glucose hypometabolism may be a primary 

mechanism underlying epilepsy progression (65).  Moreover, oxidative stress, neuroinflammation, 

and hypometabolism acting in concert, particularly NOX-induced oxidative stress, have been 

reported in the early stages of other major neurodegenerative diseases (18, 61, 68, 69)(23, 70). 

Therefore, we posit that the role of NOX-hypometabolism axis is pervasive in neurodegenerative 

disease initiation, and special attention should be paid to NOX2 in the search for effective 

treatments.  

 

In the brain, NOX2 is largely expressed in microglia, the resident brain phagocytes, where it is 

used as a host defense mechanism. However, our experiments suggest that neurons play the 

dominant role in producing Aβ1-42- induced ROS toxicity. While NOX2 in microglia is activated 

in response to neurotoxic stimulation (54), NMDA receptor stimulation is required for NOX2 

activation in neurons (39), and we found that blockade of NMDARs by APV recapitulated the 
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effect of NOX2 inhibition. Importantly, we cannot rule out a possible contribution of microglia, 

as the expression of NMDARs has been reported for microglia (71), although the presence of 

functional microglial NMDARs in situ is a matter of debate (72, 73) and our microglial depletion 

experiments did not achieve complete ablation. Further experiments will also be needed to evaluate 

a potential contribution of astrocytes, which express both NMDARs and NOX.  

 

In summary, in this study we established a link between Aβ1-42, NOX2-induced oxidative stress, 

glucose hypometabolism, and network hyperactivity in AD pathogenesis. We also demonstrate a 

potency of selective NOX2 inhibitor GSK2795039 in preventing toxic Aβ1-42 effects, and propose 

NOX2 as a primary target for early interventions in Alzheimer’s disease, which warrants further 

studies.  

 

Materials and Methods 

All animal protocols and experimental procedures were approved by the Ethics Committees for 

Animal Experimentation at the INSERM (#30-03102012), ITEB RAS, the University of California 

and Gladstone Institutes under IACUC protocol AN176773.   

 
Ex vivo experiments 
 
 
Tissue slice preparation 

Recordings were performed on brain slices from P21-56 OF1 male mice (Charles River 

Laboratories, France) or C57/Bl6 mice (Jackson Labs, USA).  Mice anaesthetized with isoflurane 

were decapitated; the brain was rapidly removed from the skull and placed in the ice-cold ACSF. 

The ACSF solution consisted of (in mmol/L): NaCl 126, KCl 3.50, NaH2PO4 1.25, NaHCO3 25, 

CaCl2 2.00, MgCl2 1.30, and dextrose 5, pH 7.4. ACSF was aerated with 95% O2/5% CO2 gas 

mixture. Sagittal slices (350 µm) were cut using a tissue slicer (Leica VT 1200s, Leica 

Microsystem, Germany). During cutting, slices were submerged in an ice-cold (< 6°C) solution 

consisting of (in mmol/L): K-gluconate 140, HEPES 10, Na-gluconate 15, EGTA 0.2, NaCl 4, pH 
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adjusted to 7.2 with KOH. Slices were immediately transferred to a multi-section, dual-side 

perfusion holding chamber with constantly circulating ACSF and allowed to recover for 2h at room 

temperature (22°C-24°C).  

 
Synaptic stimulation and field potential recordings 

Slices were transferred to a recording chamber continuously superfused (10 ml/min) with ACSF 

(33–34°C) with access to both slice sides. Schaffer collateral/commissures was stimulated using 

the DS2A isolated stimulator (Digitimer Ltd, UK) with a bipolar metal electrode. Stimulus current 

was adjusted using single pulses (40-170 µA, 200µs, 0.15 Hz) to induce a LFP of about 50% 

maximal amplitude. LFPs were recorded using glass microelectrodes filled with ASCF, placed in 

stratum pyramidale of CA1 area and connected to the ISO DAM-8A amplifier (WPI, FL). Synaptic 

stimulation consisted of a stimulus train (200µs pulses) at 100 Hz lasting 1s. 

 
Oxygen and glucose measurements 

A Clark-style oxygen microelectrode (Unisense Ltd, Denmark) was used to measure slice tissue 

pO2. Extracellular glucose was measured using enzymatic microelectrodes (Sarissa Biomedical, 

Coventry, UK) connected to a free radical analyzer TBR4100 (Word Precision Instruments Ltd, 

UK).  

 
NAD(P)H fluorescence imaging. 

Changes in NAD(P)H autofluorescence in hippocampal slices were recorded as described 

previously (28).  Data were expressed as the percentage change in fluorescence over baseline 

[(DF/F) · 100].  

 
Pharmacology 

Antagonist of NMDA receptors, (2R)-amino-5-phosphonopentanoate (APV) was purchased from 

Tocris Bioscience (Bio-Techne Ltd, UK); GSK2795039 from MedChemExpress.  
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In vivo experiments on freely-moving animals 

Animals and surgery 

Eighteen CD-1 mature male mice (35- 45g) were used for in vivo experiments. Before the 

experiment mice were implanted with nichrome recording electrodes in the CA1 (АР=-2.5mm, 

ML= 2mm, H=1.5mm) and dentate gyrus (АР=-2mm, ML= 0.8mm, H=2.5mm), and a guide 

cannula for i.c.v. injections (АР=-0.2mm, ML= 1.8mm, H=2.2mm).  Animals were anesthetized 

with Zoletil (120 mg/kg) supplemented with xylazine (10mg/kg). Electrode and cannula 

placements were verified post-mortem. An indifferent electrode was screwed into the occipital 

bone.  

 

Drug administration  

Animals received either 1μl vehicle (NaCl 0.9%+PBS+Glucose 5mM) or 1μl of Aβ1-42 (Sigma-

Aldrich, 4mg/ml in 1.0% NH4OH) intracerebroventricularly (i.c.v.) using a Hamilton syringe. In 

experiments with GSK2795039, 1μl of inhibitor solution (20mg/ml) was injected 30 min prior to 

Aβ1-42 and additionally 1μl together with Aβ1-42 solution. 

 

LFP recordings 

After a four-day recovery period, LFP recordings on freely-moving animals were 

initiated.  Following 60-minute recordings of control activity, animals received an injection of the 

appropriate drug. To estimate acute effects, brain activity was monitored 90 min after drug 

application. For the 3 days following the experiment, animals received daily i.c.v. injection of 

either vehicle (control and Aβ groups) or GSK2795039 (Aβ+GSK group). 1-hour long LFP 

recordings were performed 24h and 48h after the acute experiments. 

LFPs were filtered (high-pass filter 0.1Hz, low-pass filter 5kHz) and recorded at 10kHz sampling 

rate. Each recording was normalized to its own baseline activity (SD). Accumulated activity 

integrals and interictal spikes were detected as described previously (27, 46) using custom macros 

in IgorPro (Wavemetrics, USA). Briefly, accumulated activity constitutes a sum of all events 
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exceeding the 3xSD threshold and binned at 20sec intervals. Interictal spikes were detected as any 

event exceeding 3xSD amplitude and lasting between 10-990msec. 

 
 
In vivo experiments on anesthetized animals 

 

Animals and surgery 

For acute glucose measurements, animals (n=6) were anesthetized with pentobarbital (60mg/kg) 

supplemented with xylazine (20 mg/kg). Animals were placed in a stereotaxic frame, scalped, and 

holes for electrodes and guide cannula were drilled. In addition to hippocampal field electrode and 

guide cannula, a bipolar stimulating electrode was implanted to the fimbria fornix (AP=-0.4mm, 

L= 1mm, H=3mm, approach angle 15°) for hippocampal network activation. A cranial window (Ø 

1.5mm) above the hippocampus was drilled ipsilateral to the cannula, and a Sarissa glucose sensor 

was dipped in the hippocampus (2mm) using a micromanipulator. After surgical preparation, the 

cortex was kept under saline to prevent drying.  

 

LFPs and extracellular glucose measurement 

LFPs and extracellular glucose were measured using the same equipment used for in vitro 

experiments. Following 2-3 stimulations in control conditions, Aβ1-42 or GSK2795039 were 

injected prior to Aβ1-42. 

 
PLX treatment 

To deplete microglia, mice were switched to PLX5622 diet (PLX5622-enriched chow was 

provided by Research Diets, Inc., New Brunswick, USA). Mice were on the ad libitum diet for 7-

15 days. Approximately 5 mg of PLX5622 was ingested daily by mice of 35 grams of weight. 

 

Histological analysis 
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Free-floating slices (35 µm) from perfused animals were incubated with Triton X (0.3%) in PBS 

three times for 5 min, followed by blocking solution (BSA 1%, Triton X 0.3% in PBS) for 2 h. 

Then, the primary antibody rabbit anti-Iba-1 (1:1000; Wako, Japan) was added and slices were 

incubated overnight at 4◦C. Next day, the secondary antibodies goat anti-rabbit (1:1000; Alexa 

Fluor 488, ThermoFisher, USA) were added for 2 h. After washout in PBS with 0.3% TritonX-

100, slices were mounted on gelatinized covers in Fluoromount media (Sigma-Aldrich, USA). 

Immunostaining was analyzed under a Nikon E200 fluorescence microscope. In order to make a 

proper comparison, equivalent regions containing similar portions were chosen for all the groups. 

3+ sections per animal were used for averaging. Photomicrographs using 10X (0.25 of numerical 

aperture) of stained fluorescence were quantified with the aid of ImageJ software (NIH, USA), 

and the whole hippocampus was used for quantification. The number of Iba-1+cells and % total 

labelled area was calculated. 

 

Drug administration  

A guide cannula (stainless steel, 21 gauge) was implanted above the left lateral brain ventricle (AP 

= –0.7; L = 1.37; H = 1.25).  Drugs were administered 1-month post-surgery to avoid surgery side 

effects. Mice were allocated to three groups: control (n = 6), Aβ (n = 5), and Aβ+GSK2795039 (n 

= 6). Injections were made i.c.v. through the guide cannula (1 μl/min) to awake mice. All 

substances were injected in equal volumes (1 μl) and the guide cannula was closed by a plunger. 

Mice in the Aβ+GSK2795039 group received GSK2795039 (MedChemExpress Europe; 4.5 

mg/ml in DMSO) and Aβ1-42 (Sigma-Aldrich, 4mg/ml in 1.0% NH4OH) on the first day, and daily 

GSK2795039 further for 14 days. Mice in the Aβ group received Aβ1-42 on the first day, and daily 

DMSO further for 14 days. Mice in the control group received daily DMSO for 15 days.  
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Statistical analysis 

Paired experiments were analyzed by Student’s t-test; group comparisons were made using the 

Kruskal-Wallis test, Mann-Whitney U test or one-way ANOVA, where appropriate. Data are 

presented as mean ± SEM. 

 

List of Supplementary Materials 

Supplementary Figure 1, Supplementary Methods 
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