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ARTICLE INFO ABSTRACT
Keywords: The inter-relationship between microglia dynamics and oxidative stress (Ox-stress) in dystrophic neurites (DNs)
Microglia at Alzheimer’s Disease (AD) plaques may contribute to the pathological changes in neurons. We developed new
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in vivo imaging strategies to combine EGFP expression in microglia with neuronal expression of genetically
encoded ratiometric redox sensors (rogRFP2 or roGFP1), and immunohistochemistry to investigate how
microglia influence Ox-stress at amyloid plaques in 5xFAD AD mice. By simultaneously imaging microglia
morphology and neuronal Ox-stress over time in vivo and in fixed brains we found that microglia preferentially
enwrapped DNs exhibiting the greatest degree of Ox-stress. After microglia were partially depleted with the CSF1
receptor antagonist PLX3397, Ox-stress in DNs increased in a manner that was inversely correlated to the extent
of coverage of the adjacent AP plaques by the remaining microglia. These data suggest that microglia do not
create Ox-stress at Ap plaques but instead create protective barriers around AP plaques possibly reducing the
spread of Ap. Intracranial injection of Ap was sufficient to induce neuronal Ox-stress suggesting it to be the initial
trigger of Ox-stress generation. Although Ox-stress is increased in DNs, neuronal survival is enhanced following
microglia depletion indicating complex and multifactorial roles of microglia with both neurotoxic and neuro-
protective components. Increased Ox-stress of DNs was correlated with higher LAMP1 and ubiquitin immuno-
reactivity supporting proposed mechanistic links between lysosomal accumulation in DNs and their intrinsic
generation of Ox-stress. Our results suggest protective as well as neurotoxic roles for microglia at plaques and
that the generation of Ox-stress of DNs could intrinsically be generated via lysosomal disruption rather than by
microglia.

In Brief: Simultaneous imaging of microglia and neuronal Ox-stress revealed a double-edged role for microglia
in 5xFAD mice. Plaque associated microglia were attracted to and enwrapped Af plaques as well as the most
highly oxidized DNs. After partial depletion of microglia, DNs were larger with greater levels of Ox-stress.
Despite increased Ox-stress after microglia removal neuronal survival improved. Greater Ox-stress was corre-
lated with increased levels of LAMP1 and ubiquitin thereby linking lysosome accumulation and Ox-stress in DNs.

1. Introduction that markers of Ox-stress were significantly increased in brains from AD
patients with dementia, but not in healthy controls nor in non-demented

Oxidative stress (Ox-stress) is a pathological hallmark of Alzheimer’s patients with amyloid neuropathology, indicating that Ox-stress is
Disease (AD) [1-3]. For example, post-mortem brain studies showed closely correlated with symptomatic AD [4]. In previous studies using
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synapsin 1; IHC, Immunohistochemical; LAMP1, Lysosomal membrane protein 1; MAP2, Microtubule-associated protein 2; MPO, Myeloperoxidase; NEM, N-ethyl-
maleimide; NOX2, NADPH oxidase 2; Ox-stress, Oxidative stress; PFA, Paraformaldehyde; PLX, PLX3397; ROI, Region of interest; STED, Stimulated emission
depletion; TREM2, Triggering receptor expressed on myeloid cells 2.
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the genetically encoded redox indicator, roGFP1, the most intense
Ox-stress in the brain was observed in the cellular elements termed
dystrophic neurites (DNs) that cluster at amyloid beta (Ap) plaques [5].
Long-term in vivo imaging also showed that Ox-stress in DNs at Ap pla-
ques preceded subsequent neuronal death [5]. DN, first described by
Oskar Fischer in 1907 [6] are swollen cellular structures that appear at
AP plaques both in patients and in animal models of AD. DNs are
abundant in vesicular and granular organelles [7,8] and are believed to
be of axonal origin [9-14] with connections to viable neuronal cell
bodies [14,15]. Microglia, the primary immune cells of the brain express
many AD risk genes [16] and accumulate around A plaques in human
AD patients and in AD mouse models. They were found to closely
associate with DNs in the brain of AD mice, but the functional role of this
neuron-microglia interaction remains unknown [17]. The generation of
Ox-stress and neuroinflammation at plaques has been hypothesized to
be generated by Ap acting on microglia [18,19] based on the expression
of ROS generating enzymes in microglia, and reports that microglia
secrete proinflammatory cytokines that induce Ox-stress in neurons
[20]. Most recently it was suggested that microglia are the primary
source of ROS in 5xFAD mice based on reduced inflammatory pheno-
types of microglia in vitro by a small molecule which further ameliorates
synaptic loss as well as reduced memory impairments [21]. However, a
direct causal link between microglial activation and Ox-stress at Ap
plaques has not been demonstrated in vivo.

To investigate the relationship between microglia and DN Ox-stress
at AP plaques, we developed a strategy to combine in vivo imaging of
the new ratiometric redox sensor rogRFP2 [22] expressed in neurons
with EGFP expression in microglia in 5XFAD AD mice. This allowed us to
resolve relative degrees of Ox-stress in neurons at Af plaques in vivo,
with simultaneous imaging of microglial morphology. In addition, we
applied a new fixation technique that allowed us to preserve the
oxidative state of roGFP1 to combine immunohistochemical (IHC)
studies with in vivo imaging of neuronal Ox-stress. The ability to
combine Ox-stress imaging with IHC allowed us to investigate the cor-
relation of other potential stressors to the generation of Ox-stress at Ap
plaques, such as NOX2 activation, and test the impact of microglia
depletion on the degree of neuronal Ox-stress. While microglia are
tightly associated with highly oxidized DN, we find that, surprisingly,
Ox-stress of DNs was increased after microglia depletion suggesting that
microglia are not the primary source of ROS at plaques in aged mice but
may instead have a neuroprotective function. Therefore we performed
IHC imaging of other potential contributors to ROS generation at Ap
plaques to investigate their correlation with increased Ox-stress as a first
step to evaluating their potential as candidates for generating Ox-stress
when microglia are partially depleted [23,24]. Multiple sources of ROS
may contribute to the AD pathogenesis at Af plaques independently of
microglia. For example, Ap itself can form ROS catalyzed by redox active
metal ions [25]. Other proposed sources of neuronal Ox-stress in AD are
ROS overproduction by dysfunctional mitochondria [26], and/or
dysfunctional lysosomes that have been observed in DNs [27,28]. Redox
levels in DNs were highly correlated with lysosome accumulation sup-
porting suggestions they are principal contributors to Ox-stress in DNs.

2. Results

2.1. Tight associations between microglia and oxidized dystrophic
neurites in vivo revealed by roGRFP2 imaging

We first established imaging strategies to simultaneously investigate
neuronal redox states with rogRFP2 and microglial cells in acute brain
slices prepared from 12 months old 5xFAD x CX3CR1-EGFP mice (see
methods, Fig. S1). Neuronal rogRFP2 expression was induced by intra-
cranial injection of AAV2/9-hSyn-rogRFP2. The promoter human syn-
apsin 1(hSyn) was reported to be exclusively expressed in neurons and
not glial cells [29]. This allowed us to image rogRFP2 redox levels in
regions around Af plaques in 5XxFAD x CX3CR1-EGFP mice to assess the
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extent of neuronal Ox-stress as well as the location and morphology of
microglia. rogRFP2 expressing DNs can be readily found as swollen
cellular structures surrounding AP plaques in these mice. A detailed
description and illustration of rogRFP2 redox sensing properties are
provided in the methods and Fig. S1. We used rogRFP2 because in
addition to the green fluorescent redox sensing emission of roGFP2 it
also displays a redox sensitive red fluorescent emission via ~50% FRET
to the linked red fluorescent protein mApple (Fig. S1a) [22]. Therefore,
due to these unique properties of rogRFP2 there are two ratiometric
redox ratios at different emission wavelengths that are caused by the
same two-photon excitation at 800 nm and 900 nm as illustrated in
Fig. Sla. The images of the green and red fluorescent output are shown
in Fig. S1b and are plotted in Fig. S1c. The green emission of the directly
redox sensitive roGFP2 is labeled RxFgpp and the red emission from the
mApple (that is excited by FRET from the redox sensitive roGFP2) is
labeled RoxFrpp. rogRFP2 redox fluorescence is either displayed in
pseudo colored green-red merged images (Fig. la, left panel) or by
showing the calculated redox ratios as a spectrum (Fig. 1a, right panel).

We confirmed previous observations [5,27,28] that the swollen DNs
around Ap plaques in 5xFAD mice were round to slightly elongated with
varying sizes and were much more oxidized than more distant neuronal
processes (Fig. 1a, see arrows). We identified plaque associated micro-
glia that only express EGFP in brain regions by digitally performing a
raw pixel by pixel subtraction of rogRFP2 fluorescence from the images
using F1JI channel subtraction (see methods). The structures expressing
rogRFP2 were identified by the overlapping green and red emission (see
methods and Fig. S1d). This approach was successful when EGFP
expression was not brighter than rogRFP2 fluorescence to ensure suc-
cessful channel subtraction (see methods). Using this technique, we
found that highly oxidized DNs were often enwrapped by microglial
cells in live tissue (Fig. 1b-c, arrow). To validate functional rogRFP2
expression in DNs, we bath applied DTT (5 mM, reducing agent) or
diamide (2 mM, oxidizing agent) and detected commensurate shifts in
rogRFP2 readouts (Fig. 1d), indicating DNs responded to cytosolic redox
changes. Shifts in redox ratios were observed using RoxFrpp (red emis-
sion: Em. 575-640 nm, Fig. 1d; for green emission and RxFgrp images
see Fig. S2). Although DNs appeared to be severely oxidized, the
application of diamide resulted in significantly greater oxidation ratios
indicating that DNs were not fully oxidized. We further confirmed that
the CX3CR1-EGFP positive cells express P2YR12 and Ibal identifying
them as microglia (Fig. S3). To further confirm that redox sensitivity is
limited to rogRFP2 and not CX3CR1-EGFP we performed bath applica-
tions of DTT and diamide in mice with only CX3CR1-EGFP in microglia
(i.e. no rogRFP2 expression) and found no shifts in fluorescence emis-
sions of EGFP expressed in microglia using the rogRFP2 imaging settings
(Fig. S4).

Functional rogRFP2 expression in DNs indicates that despite their
swollen and peculiar morphology DNs are intact albeit unusual cellular
structures. We further confirmed this by showing that DNs in acute brain
slices of 12 months old mice do not take up propidium iodide, which
labels dead cells (Figs. S5a-b). By performing patch-clamp experiments
on DNs surrounding Af plaques we found that DNs had stable membrane
potentials of ~-60 mV and displayed potassium as well as sodium cur-
rents (Figs. S5c—e) further confirming their functional properties and
intact membranes.

The formation of Ap plaques is correlated with a progressive increase
in the number and size of oxidized DNs that develop over weeks to
months [5]. To monitor the spatiotemporal interactions between
microglia and neuronal Ox-stress during DN formation, we performed
longitudinal imaging of plaques and surrounding DNs and microglia in
vivo. Chronic cranial windows were implanted into 5xFAD x
CX3CR1-EGFP mice injected with the AAV-rogRFP2 vector followed by
bi-weekly imaging sessions (Fig. 1e). We employed our digital image
subtraction strategy that we validated in brain slices to visualize
microglia separately from DNs around A plaques in vivo (Fig. 1f). Using
our imaging parameters lipofuscin deposits that are commonly observed
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Fig. 1. Microglia closely associate with highly oxidized dystrophic neurites (DN) in vivo revealed by long-term in vivo imaging through a cranial window in rogRFP2
expressing 5xFAD x CX3CR1-EGFP mice. a: rogRFP2 expression in 5XFAD mice show increased oxidative stress in DNs (see arrows) around amyloid plaques dis-
playing red rogRFP2 emission (Em. 575-640 nm). For green fluorescent rogRFP2 channels of this image see Fig. S1 b: Digitally subtracting from images the rogRFP2
red emission revealed green emission expressed in microglial cells around amyloid plaques and highly oxidized neurons surrounded by microglia (indicated by the
arrow, see Fig. S1 for more details). Afterwards neuronal redox states can be quantified while considering the location of microglial cells. ¢: A microglial process (in
white) is wrapping around an oxidized DN (rogRFP2 in green and red). In all subsequent micrographs microglia are shown in white and neuronal redox states in
green-red. d: rogRFP2 expressed in acute brain slices of 5XFAD x CX3CR1-EGFP mice is functional shown by the changes in the redox ratios that were induced by DTT
versus diamide applications. Regions of interests are labeled A-E (dystrophic neurites: A-C; surrounding neurons: D-E). e: A chronic cranial window was inserted into
mice right after AAV injection and mice were allowed to recover for 4 weeks. Mice were then imaged bi-weekly for 3 months in 7 consecutive imaging sessions to
follow plaque growths over time. f: Example of an identified plaque in vivo. Increased neuronal oxidation can be seen in the red emission channel (Em. 575-640 nm).
Subtracting the red emission channels from the green emission reveals microglial cells around the plaque (see Fig. S2 for more details). A DN distant to a microglia is
labeled with a white arrow while a neurite associated to a microglia is marked with a grey arrow. g: A series of images from the same plaque imaged over a period of
12 weeks is shown. DNs associated with microglia are labeled with a grey arrow while neurites distant to microglia are labeled with white arrows. h: At any given
time point microglia associated DN are on average more oxidized than non-microglia associated DN. i: Averaged total number of DN increases over time on the left
and increase in DN size over time on the right. Significance indicated using one-way ANOVA following Dunnett’s test comparing all groups to week 0. j: Comparison
of the average change in DN number between week 0 and week 12 in microglia associated and non-microglia associated DN reveals that the number of DN associated
with microglia is constant and the increase in total DN numbers is due to non-microglia associated DN. k: Single plaque analysis of the change in total number of DN
between week 0 to week 12 reveals that not all plaques are growing in DN numbers. I: Dynamic changes of DN [1-3] over time. 3 different DN and one microglia (*)
are labeled as examples and 3 imaging time points are shown. White labelling indicates the structures are present whereas the red label indicates that the structures
disappeared in subsequent imaging sessions. Note that a single microglia (*) and associated oxidized DN appeared together at one specific time point and were not
detected before or after. Scale bars are 10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

<

in older brains [30] were detected as very brightly autofluorescent
puncta that were most pronounced in red emission [31] using 800 nm
excitation and were excluded from analysis. We successfully followed 23
individual plaques from 3 mice, aged 8 to 9 months old, over 3-months.
We identified DNs, quantified their rogRFP2 redox ratios and estab-
lished whether microglia were associated with the DNs or not and
tracked them over 7 imaging sessions (Fig. 1g). Redox levels were
quantified in two groups of DNs defined as either associated with, or not
associated with microglia (Fig. 1h). To account for changes in tissue
optics at varying imaging depths, all redox ratios were normalized to
redox levels from the surrounding neuropil. Interestingly, we found that
DNs associated with microglia were substantially more oxidized
throughout the entire imaging period (2.2-fold + 0.6 vs. 1.48-fold +
0.34, pooled data all timepoints, ****p<0.0001). In addition, the total
number of observed DNs increased over time (week 0 to week 12, **p <
0.01, Fig. 1i) as well as their size (week 0 to week 10, *p < 0.01, week
0 to week 12, ****p < 0.001, Fig. 1i). This was attributed to an increase
in DNs that were not associated with microglia (Fig. 1j). Over the
12-week observation period only 2 plaques showed decreasing number
of DNs (Fig. 1k). We identified a subpopulation of persistent DNs that
were trackable over several imaging sessions, and found location and
presence of microglia to be extremely plastic with DNs and their location
varying between imaging sessions. Three different regions of interest
(ROI's) are marked in Fig. 11, ROI 1 shows a region where both microglia
and an oxidized DN were visible during only one imaging session indi-
cating that they appeared and disappeared simultaneously. Conversely,
ROI 2 shows a reduced DN which was not associated with microglia and
disappeared after one imaging session. ROI 3 shows an oxidized DN
surrounded by microglia which appeared to be removed or reduced in
size in consecutive imaging sessions. This data suggests a highly dy-
namic turnover of DNs and their association with microglia which in-
dicates that microglia could be mechanistically involved in 1) the
formation of DNs around Af plaques 2) the generation of Ox-stress in
DNs and 3) their removal from the brain.

2.2. roGFP1 redox sensing is preserved in PFA fixed brain tissue

To further evaluate DN Ox-stress around Af plaques and their in-
teractions with microglia at high resolution we switched to imaging
neuronal roGFP1 expression (exclusively green emission redox imaging)
induced via intracranial injection of AAV2/9-CBA-roGFP1 to examine
DN oxidation in APP/PS1 mice (5). As a first step we investigated the
utility of immunohistochemical (IHC) staining after PFA fixation for
identifying cell expression and in the second step we established a PFA

fixation protocol that preserved the oxidative state of roGFP1 and was
compatible with IHC staining. Staining for the neuronal marker
microtubule-associated protein 2 (MAP2) revealed that only MAP2
positive neurons expressed roGFP1 (Fig. S6a) and that there was no
overlap of roGFP1 with the microglial marker Ibal or the NG2 cell
marker Olig2. Although low levels of roGFP1 expression were observed
in a subpopulation of GFAP-positive astrocytes (16 + 5.6% of astro-
cytes), roGFP1 was predominantly expressed in neurons. Staining for
PDGFR{ did not show any colocalization of roGFP1 expression with
pericytes or cerebral blood vessels (Figs. S6b—e).

We developed and validated a strategy to preserve the redox state of
roGFP1 by fixing tissue from 12 months old mice with 4% para-
formaldehyde (PFA) supplemented with 20 mM N-ethylmaleimide
(NEM) (see Fig. S1f). We established that supplementation with NEM
during the fixation procedure in acute brain slices was both required and
sufficient to preserve the redox levels at the time of fixation and pre-
vented roGFP1 oxidation after fixation as previously reported [32,33]
(see Fig. S7). At rest neuronal redox states appear almost fully reduced
evident by the lack of an DTT effect (see Figs. Slc,e,g) and [22] which
can only be preserved when using NEM during PFA fixation. In com-
parison after fixation without NEM neuronal somata redox states are
almost twice as high without NEM (RoxFgpp of 1.2 vs. 0.68, **p<0.01,
2-way ANOVA following Holm-Sidak test). Our data demonstrates that
NEM supplementation provides remarkable preservation of neuronal
redox states monitored by roGFP1 after tissue fixation. We believe that
this is an underappreciated feature of roGFP1 and allows for quantita-
tive in-depth analysis of Ox-stress in health and disease of the brain.

Based on our observations that redox measures from live neurons
expressing roGFP1 were preserved after PFA fixation when NEM was
also included, we hypothesized that PFA plus NEM fixed tissue could be
an important tool to complement our in vivo imaging results for further
investigations on Ox-stress in 5XFAD mice. These mice were perfused
with 4% PFA and 20 mM NEM to fix the brain and preserve the roGFP1
oxidation state before sectioning. 2-photon imaging of roGFP1
expressing neurons and DNs around plaques in PFA and NEM fixed tis-
sue revealed similar patterns of DN Ox-stress compared to our live in vivo
observations. Using this approach, we were also able to compare levels
of Ox-stress in different cortical regions. One hallmark of 5xFAD mice is
that plaques form early in deep cortex layers (L5-6) while plaques in
upper cortex layers (L1-2) form late and can only be found in aged mice
[34]. Interestingly, DNs were significantly smaller in L1-2 compared to
L5-6 while the level of Ox-stress was the same despite the difference in
size (Fig. 2a). We then imaged slices from PFA and NEM perfused brains
on a 1-photon confocal laser scanning microscope and found roGFP1
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Fig. 2. Functional roGFP1 imaging (acquiring green fluorescence only, Em. 500-550 nm) in PFA perfused 5xFAD tissue confirms high levels of Ox-stress surrounding
amyloid plaques. a: 5XFAD mice expressing roGF1P were perfused with 4% PFA +20 mM NEM, stored in PBS + NEM solution overnight and sliced into 120 pm thick
slices afterwards. Plaques were stained with 20 pm congo red for 30 min prior to imaging. First, two different cortical regions were imaged, L1-2 or L5-6, on a 2-
photon microscope. Increased redox ratios in DNs around amyloid plaques were well preserved. Exemplary DNs are marked by white circles. Sizes of DNs were
significantly smaller in L1-2 compared to L5-6 (6.5 + 2.4 vs. 20.5 + 12.4 pm?, N = 4 each, **p < 0.01). Note that redox ratios of DN in both cortical regions did not
differ. b: Slices were alternatively imaged on a confocal laser scanning microscope following a Methoxy-X04 staining revealing highly oxidized DNs surrounding
dense amyloid plaques. Exemplary DNs are marked by white circles. c: Oxidative stress in multiple brain regions was confirmed including cortex, subiculum and the
hippocampus. PFA perfused roGFP1 expressing brain tissue was immunolabelled for Ibal to reveal location and morphology of microglia in non-tg (d) and 5xFAD (e)
tissue. Scale bars are 10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

oxidation states remarkably well preserved as evident by a higher dy-
namic range compared to live recordings (see methods). While we
focused on cortical regions (Fig. 2b) this approach could be used to study
Ox-stress in other brain regions of interest such as the subiculum or the
hippocampus (Fig. 2¢) where we also found high levels of Ox-stress.

2.3. Super resolution imaging confirms tight associations between
microglia and oxidized DNs

Next, we sought to study spatial microglia-DN interactions in roGFP1
expressing PFA perfused 5XFAD brain tissue from 12 months old mice.
Microglial cells were immunostained for Ibal and imaged in parallel
with roGFP1. This strategy allowed the analysis of the location and
morphology of microglia in both non-tg (Fig. 2d) as well as 5xFAD mice
(Fig. 2e). Note that the channel subtraction approach that we used for in
vivo imaging of microglia in live mice with neurons expressing rogRFP2
and microglia expressing CX3CR1-EGFP was not applied in these ex-
periments because only roGFP1 was used. In the experiments described
here, roGFP1 ratios showing neuronal Ox-stress were preserved using
PFA with NEM fixation and microglia imaging was possible only after
immunofluorescence staining.

To further confirm the association between microglia and oxidized
DNs, we stained for multiple microglia markers Ibal, cd11b and P2YR12
in PFA-fixed 5xFAD mouse tissue (Fig. 3a). Consistent with our in vivo
findings from 5xFAD x CX3CR1-EGFP mice (Fig. 1), we found that
microglia (identified by either of the 3 markers) were closely associated
with DNs with their fine processes enwrapping or fully engulfing
oxidized DNs. DNs were classified into two subpopulations based on
their proximity to Ibal stained microglia where a microglial associated
DN is defined by a direct microglia-DN contact and alternately defined
as non-microglia associated if no direct contact is observed by analyzing
a given z-stack. Examples of DNs either strongly associated with
microglia (examples labeled 1-4) or non-associated (examples labeled
A-D) (Fig. 3b). Quantification of roGFP1 redox ratios from these distinct
populations indicated that microglia preferentially associated with the

most highly oxidized DNs (+10.3 £+ 1.5%, ***p < 0.001, Fig. 3c-e).

Microglia processes are typically <2 pm with the finest filopodia
<500 nm in diameter [35]. We therefore performed high-resolution
stimulated emission depletion (STED) confocal imaging of Ibal and
roGFP1 in fixed 5xFAD brain slices to confirm the tight spatial associ-
ation between microglia processes and oxidized DNs in fixed tissue
(Fig. 3f). The microglia membrane stained by Ibal revealed submicron
DN-microglia associations. Importantly, microglia fine processes were
clearly separated from the roGFP1 positive DNs suggesting that the DNs
are not located within the microglial cytosol (see ROI1). Many oxidized
DNs were observed using STED to be associated with microglial pro-
cesses (Fig. 3f) or closely apposed to a microglial cell body (Fig. 3g).

To validate that the close interaction of microglia with DNs also
occurs at plaques in AD patients, we performed immunofluorescence
staining in human tissue from a sporadic as well as a familial AD patient.
DNs are highly enriched with accumulated lysosomes and can be labeled
with lysosomal membrane protein 1 (LAMP1) antibodies [28]. Staining
for Ibal, LAMP1 and A (Fig. S8) confirmed the spatial association be-
tween microglia and DNs in humans. In total, 13 plaques were analyzed
and the total number of DNs per plaque was counted as well as the
fraction of DNs closely associated with microglia (see arrows, Fig. S8).
We found 4.9 + 1 DNs per plaque of which 2.3 + 0.6 DNs appeared
closely associated with microglia (Fig. S8).

2.4. Treatment with PLX3397 reduced microglia numbers and neuron loss
in 5xFAD mice without altering plaque load

Our observations of preferential association between microglia and
highly oxidized DNs suggest that microglia proximity or contact may
generate Ox-stress in DNs. To test this hypothesis, we depleted microglia
from 5xFAD mouse brains by feeding mice with PLX3397 (PLX), a
CSF1R antagonist [36-38] to determine how the degree of Ox-stress in
DNs would change when microglia numbers were dramatically reduced.
Neuronal roGFP1 expression was induced in mice (9 months age) via
intracranially AAV injections as described in the methods. Mice were
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Fig. 3. The preferential association of microglia with highly oxidized DNs was confirmed by immunohistochemistry in PFA perfused roGFP1 expressing 5xFAD
tissue. a: Staining for multiple microglia markers reveal how closely microglia associate with oxidized DNs in roGFP expressing 5xFAD tissue following confocal
imaging using a 63X objective. A microglial soma (labeled with *) is seen in the upper panel with a process extending towards an enwrapped oxidized DNs (marked
by arrow head). b: DNs surrounding plaques were manually separated into microglia associated (examples 1-4) and non-microglia associated (examples A-D) DNs. c:
RoxFgrp values in selected example DNs. On average, microglia associated DNs appear more oxidized. d: Quantification of RoxFgrp in DNs in a larger sample size
confirms more oxidized DNs when closely associated to microglia (1.88 & 0.05 vs. 1.68 & 0.04 RoxFgrp, N = 8 each, ***p<0.001, paired t-test). e: Normalizing each
pair to microglia associated DN reveals a -10.3 & 1.5% in a paired comparison. f: STED supported confocal microscopy using a 100X objective enables high resolution
imaging of microglial engulfed oxidized DNs and microglia associated DNs. A 660 nm STED laser was used while imaging Ibal (stained with Alexa Fluor 568)
whereas roGFP1 was imaged without STED support. The image shows a microglial cell closely wrapping around a large highly oxidized DN (ROI 1). The DN in ROI 1
is almost fully wrapped by a microglial cell but does not appear to be within the microglial cytosol. The orthogonal view shows how the DN is not fully covered by
Ibal positive processes. g: Two example images show microglia closely associating with oxidized DNs without engulfing them. Microglia-DN contact area is indicated
by arrows. Scale bars are 10 pm unless labeled otherwise.

maintained on chow either containing 290 mg/kg PLX to deplete expression as previously reported [13] (Fig. 4d). By using MAP2 and
microglia or matched control feed (Fig. 4a). After 8 weeks, mice were DAPI we avoided counting DNs as false positive neuronal somata.
perfusion fixed as described above. We validated the efficiency of PLX Indeed, we found a substantial loss (49 + 1.9 vs. 33 + 2.3 MAP2"
treatment by immunostaining for Ibal and found a ~60%-~80% neurons per FOV, ****p<(0.0001, 2-way ANOVA following Holm-Sidak

depletion of microglia cells in 5xFAD and non-tg tissue, respectively test) of MAP2 positive neurons in 5xFAD mice which was reduced
(Fig. 4b). Quantification of Methoxy-X04 stained plaques revealed no following PLX treatment (33 + 2.3 vs. 39 + 1.7 MAP2" neurons per
significant impact of PLX on plaque load in 5xFAD mice (Fig. 4c). FOV, *p<0.05, 2-way ANOVA following Holm-Sidak test).

Microglia depletion with PLX was previously reported to be neuro-
protective with improved memory deficits in 5XFAD mice [36]. We
confirmed these observations by examining neuronal death in cortex L5
of non-tg control and 5xFAD mice as well as PLX treated mice by DAPI
and MAP2 immunohistochemical staining. MAP2 was detected in
neuronal dendrites and somata but not in axons and DNs that lack MAP2

2.5. Correlation of BACE1, A, LAMPI and ubiquitin immunoreactivity
with Ox-stress in DNs

Beta-secretase 1 (BACE1), one of the major APP cleaving enzymes, is
highly expressed in DNs and DNs are proposed to be sites of Ap
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a PLX (290 mg/kg) diet for 8 weeks. Mice were perfused with 4% PFA +20 mM
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generation in the brain [13,14,39]. In addition, A itself is posited to
trigger Ox-stress in AD [25,40]. We investigated whether BACE1 — and
APP/ApB immunoreactivities were correlated with Ox-stress in DNs in
5xFAD mice to identify mechanisms of ROS generation. Surprisingly, we
observed a negative correlation between BACE1 immunoreactivity and
oxidation of DNs (Fig. 5a), with BACE1 levels highest in DNs with the
lowest measures of Ox-stress (Fig. 5b, Correlations were tested using a
linear regression fit following the Spearman test, ****p < 0.0001). Next,
we stained for Ap and APP (clone 6E10) around Ap plaques and repeated
the analysis comparing this staining with roGFP1 ratios (Fig. 5¢). While
6E10 immunoreactivity (indicative of both Af and APP) was signifi-
cantly increased in DNs compared to healthy appearing neuronal
somata, we found AB/APP levels were highest in regions surrounding
the DNs. A slight but significant increase in 6E10 expression with
increasing levels of oxidation was found in DNs with a small but sig-
nificant positive correlation with RoxFgpp ratios (Spearman test: **p <
0.01).

Lysosome accumulation and increased expression of LAMP1 has
been observed in DNs surrounding Af plaques in human and mouse
models of AD [7,8,28]. DN lysosomes were reported to be dysfunctional
and deficient of functional proteases [28]. Early stages of lysosomal
dysfunction involve ubiquitination of lysosomes and permeabilization of
the lysosomal membrane [41,42]. Lysosomes are highly oxidized at rest
[43] suggesting they are a plausible ROS source leading to DN oxidation.
We stained for LAMP1 in roGFP1 expressing 5xFAD tissue and found
intense immunoreactivity for LAMP1 in DNs (Fig. 5e) with a highly
significant positive correlation between LAMP1 levels and Ox-stress
(Fig. 5f, Spearman test: ****p < 0.0001). In addition, co-staining for
ubiquitin and LAMP1 (Fig. 5g) revealed that ubiquitin levels were
increased in oxidized DNs (Fig. 5h, Spearman test: **p < 0.01) and that
LAMP1 immunofluorescence was significantly correlated with ubiquitin
in DNs (Fig. 5i, Spearman test: ****p < 0.0001). These data indicate that
accumulation of dysfunctional and leaky lysosomes may be causally
linked to ROS production because these lysosomal indicators were
positively correlated with Ox-stress.

To further investigate potential sources of Ox-stress in DNs, we
stained for two known ROS producing enzymes, myeloperoxidase
(MPO) and NADPH oxidase 2 (NOX2), which were suggested to form
ROS in AD [23,44-46]. Sparse and sporadic MPO staining was present in
both microglia and DNs (Fig. S9a). MPO staining was never observed in
GFAP positive astrocytes (Fig. S9b). Surprisingly, we did not find NOX2
expression in microglia or DNs surrounding amyloid plaques but did
observe colocalization of NOX2 with GFAP positive astrocytes (Fig. S9¢).
Inhibition of NOX with apocynin (100 pM, 60 min) or MPO with MPO-I
(100 pM, 60 min) in acute brain slices of roGFP1 expressing 5xFAD mice
did not reduce Ox-stress in DNs in contrast to the significant reduction in
Ox-stress by the positive control, a brief exposure to DTT (5 mM, 10
min). MPO and NOX2 do not appear to be significant sources for the
profound Ox-stress observed in DNs surrounding Af plaques.

2.6. Insoluble Aj aggregates following intracranial oligomeric Af
injection drive Ox-stress in roGFP1 expressing non-tg mice

In the 5xFAD mouse model of severe amyloidosis and AD, the
overproduction of AB1-42 is the key process triggering the AD pathology
observed in these animals [34] suggesting that Ap itself may also trigger
the cascade that leads to Ox-stress in DNs surrounding plaques.

We tested the impact of directly injecting oligomeric forms of Ap1-42
to determine if this would be sufficient to drive Ox-stress in non-tg an-
imals expressing roGFP1. Instead of intracranial AAV delivery we used
an AAV.php.eb-hSyn-roGFP1 construct that allowed retro-orbital de-
livery to generate extensive neuronal roGFP1 expression. This was fol-
lowed with an intracranial Ap injection a few weeks later and allowed us
to avoid two consecutive intracranial surgeries in these mice (Fig. 6a).
Oligomeric Af1-42 (oA, 350 uM, 2 pL, see WB for 0oAp in Fig. 6a) was
intracranially injected into one hemisphere into the somatosensory
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Fig. 5. Simultaneous roGFP1 and immunofluorescence imaging in PFA fixed 5xFAD brain tissue reveal high correlation of oxidative stress with lysosomal accu-
mulation in dystrophic neurites. a: Staining for BACE1 and simultaneous imaging of roGFP1 reveals increased levels of BACE1 in oxidized DN. However, BACE1
immunoreactivity (ir) drops with most severe oxidative stress in DN (see arrows indicating example DN with varying levels of BACE1 and RoxFgrp). Quantification
shown in b. ¢: Staining for 6E10, an antibody clone detecting APP and Ap, shows increased levels in oxidized DN and most pronounced staining surrounding DN.
Immunoreactivity of 6E10 does not decrease in most severe oxidized DN. Quantification shown in d. e: Staining for LAMP1 and simultaneous roGFP1 imaging (see
arrows indicating example DN with varying levels of LAMP1 and RoxFgrp). f: LAMP1 immunoreactivity is significantly increased in DN. LAMP1 and redox ratios are
highly significantly correlated suggesting that the amount of lysosome accumulation correlates with severity of oxidative stress in DN. g: Co-staining of ubiquitin and
LAMP1 with simultaneous roGFP1 imaging showing high levels of ubiquitin and LAMP1 overlap. h: Ubiquitin expression is high throughout the tissue but increases
significantly with more severe oxidation in DN similar to LAMP1 levels. i: Scatterplot of normalized LAMP1 and ubiquitin ratios reveals highly significant correlation.

Scale bars are 10 pm.

cortex and scrambled AB1-42 (scAp, 350 pM, 2 pL) was intracranially
injected into the same region in the opposite hemisphere. Animals were
PFA + NEM perfused, sliced, and imaged 7 days post-surgery.

Congo red staining (20 pM, 30 min) prior to 2-photon imaging
allowed us to detect aggregated Af in the corpus callosum and layer 6 of
the cortex exclusively in the oAf injected hemisphere. Near these ag-
gregates, we found that roGFP1 expressing neurons exhibited the
swollen morphology of DNs (see arrows, Fig. 6b) with ratio changes
consistent with enhanced Ox-stress. To confirm the congo red staining
we next performed immunostainings using two different Af} antibodies
(clones 6E10 and mOC87) and found Ox-stress in close proximity to
immunoreactive Af in the same brain regions (Fig. 6¢). Inmunostaining

revealed more widespread distributions of Ap than was observed using
congo red (Fig. 6b). This may be due to the selective staining of aggre-
gated AP by congo red versus all forms of Af by the antibodies.

2.7. Impact of microglia depletion on Ox-stress and LAMP1 levels in DNs

We quantified DN Ox-stress by imaging roGFP1 in perfusion-fixed
brains (Fig. 7a) and co-stained for LAMP1 and microglia in PLX
treated mice. roGFP1 measures of Ox-stress in DNs were higher after
microglia depletion in PLX alongside an increase in DN size (Fig. 7b).
Staining for Ibal revealed that some microglia still present at plaques
after PLX treatment were still closely associated with highly oxidized
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DNs as well as with the plaques themselves (Fig. 7c). Microglia have suggesting enhanced AP toxicity around plaques in the absence of
been proposed to form a protective barrier around amyloid plaque cores microglia triggering DNs formation.
to protect surrounding tissue from Ap toxicity [47]. We analyzed raw If microglia play a neuroprotective role in AD by containing Af to
RoxFarp values as a function of distance to amyloid cores both in PLX and plaque cores, then the extent of microglia coverage per plaque should be
Ctrl treated 5xFAD by analyzing roGFP1 within a 40 pm radius of plaque negatively correlated with Ox-stress in neighbouring DNs. The imme-
cores (Fig. 7d). Quantification confirms the increased redox levels in diate peri-plaque area was defined by the presence of LAMP1 positive
PLX treated 5xFAD without normalization and, the comparison to non-tg DNs surrounding a Methoxy-X04 positive plaque core (see methods)
cortex areas revealed that redox levels return to baseline level beyond a (Fig. 7f). The LAMP1 positive area, the sum of DNs surrounding the
~25 pm distance from plaque cores (Fig. 7e). plaque core, was not significantly different between control and PLX
We found that oxidized DNs were more frequently observed outside treated mice whereas the microglial coverage per plaque was signifi-
the plaque environment in PLX treated 5xFAD mice (Fig. 7f, see arrows), cantly lower in PLX treated mice (Fig. 7g). Reductions in microglia
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plaque coverage were significantly correlated with increased severity of
Ox-stress in DNs as indicated by the RoxFgpp values of DNs (Fig. 7h,
Spearman test: ***p < 0.001). This is consistent with a neuroprotective
role for microglia to reduce Ox-stress by shielding the tissue around
plaques from A exposure. Finally, we examined the intensity of LAMP1
immunofluorescence and observed that LAMP1 immunoreactivity was

significantly higher in microglia depleted mice after PLX treatment not shown).
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Fig. 7. Microglia depletion increases oxidative
stress, LAMP1 levels and the size of DNs. a: Redox
ratios of roGFP1 are increased in DNs in brain
slices of PLX treated mice. Co-staining with Ibal
reveals location of microglial cells. Example
RoxFgrp values of representative DN are labeled.
b: Quantification of normalized R cFgpp and
average DN size in control and PLX treated mice.
RoxFgrp is increased from 1.82 + 0.05 (N = 11) to
2.19 £ 0.04 (N = 12) (****p<0.0001, unpaired t-
test) and the size of DN is increased from an
average of 26.8 + 1.6 (N = 10) to 33.2 + 2.1 (N
= 10) (*p<0.05, unpaired t-test). c: The surviving
microglia in PLX treated mice still closely asso-
ciate and engulf highly oxidized DNs. d: Raw
RoxFagrp values as a function of distance to plaque
cores. Circular ROI's were drawn around plaques
with a diameter of 40 p. e: 5xFAD redox levels
from PLX and Ctrl treated animals were compared
to random areas in the cortex of non-tg mice. PLX
redox levels are significantly higher than Ctrl
levels in 5xFAD mice within 8-11 pm distance
from the core (*p<0.05, two-way ANOVA
following Tukey’s test). Note that RoxFgrp values
do not differ from non-tg controls beyond a dis-
tance of ~25 pm to a plaque core. f: Co-staining of
Methoxy-X04, Ibal and LAMP1 in roGFP1
expressing 5xFAD tissue. Note that in PLX treated
mice non-plaque associated oxidized DNs appear
more frequent than in control 5xFAD mice (see
arrows). Microglia coverage per individual plaque
was quantified by masking the LAMP1 positive
area surrounding a plaque (using z-projections of
image stacks) and calculating the fraction of this
area occupied by Ibal positive microglia. g: Size
of LAMP1 positive areas surrounding plaques does
not differ between control and PLX treated 5XxFAD
whereas the microglia coverage is dramatically
reduced in PLX treated mice. h: Microglia
coverage and severity of Ox-stress in DNs
inversely correlate. The fewer microglia are pre-
sent in the immediate plaque-vicinity the higher
the RoxFgrp values in DNs. i: R, Fgpp correlates
with high LAMP1 immunoreactivity both in con-
trol and PLX treated animals. j: LAMP1 levels are
significantly higher in PLX treated mice. k: In
both groups LAMP1 ratios significantly correlate
with increased Ox-stress. Scale bars are 10 pm.

(Fig. 7i—j, *p = 0.035). LAMP1 immunoreactivity was well-correlated
with oxidation severity in both PLX and control mice (Fig. 7Kk,
Spearman tests: ****p<0.0001). These data further confirm our earlier
observation that increased LAMP1 expression correlates with Ox-stress
severity. However, we did not find significant differences in ubiquitin
immunoreactivity between control and PLX treated 5XxFAD mice (data
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3. Discussion

Neuronal Ox-stress and microglial activation are known hallmarks of
AD, yet the involvement of microglia in ROS generation leading to
subsequent neuronal damage and memory loss is poorly understood.
One reason for this is the lack of imaging strategies to study microglia
and neuronal Ox-stress simultaneously. Here, we employed the 5xFAD
mouse model of AD to study redox levels in the vicinity of Af plaques.
Plaques in these mice first form at 6 weeks postnatal and continued
amyloidosis leads to increased plaque loads with memory deficits and
neuronal loss as early as 9 months of age [34,48]. We utilized new
methods to simultaneously image neuronal redox states and microglial
cells in vivo, in acute brain slices, and in PFA fixed tissue using the redox
sensors rogRFP2 and roGFP1. Using these novel imaging strategies, we
identified highly oxidized DNs surrounding Ap plaques in 5xFAD mice.
Our experimental approaches allowed us to examine the critical factors
associated with the high level of Ox-stress in DNs. We found that
microglia were preferentially associated with highly oxidized DNs.
Surprisingly, removal of microglia from the brain exacerbated Ox-stress
suggesting a neuroprotective role. However, depletion of microglia also
rescued neuron loss confirming earlier reports [36]. The severity of
Ox-stress in DNs correlates with the accumulation of lysosomes.

DNs surrounding amyloid plaques in APP/PS1 were reported to be
highly oxidized using the redox sensor roGFP1 [5] and Ox-stress was
hypothesized to subsequently lead to neuronal death. Microglia were
found to closely associate with DNs [17] but the impact of microglia on
Ox-stress in DNs was not previously investigated. A major obstacle for
simultaneous neuronal redox and microglia imaging is that GFP
expression, commonly used in microglia reporter mice, such as
Csf1r-EGFP and CX3CR1-EGFP [49,50], does not allow for simultaneous
imaging with roGFP redox sensors. Recently a variety of red fluorescent
ratiometric redox sensors have been developed [51-53]. As an alterna-
tive approach, we employed rogRFP2, a next generation of a FRET-based
roGFP-RFP fusion sensor [22,54] that allows for ratiometric redox im-
aging in both the green and red emission spectra. Expression of rogRFP2
in neurons of 5xFAD x CX3CR1-EGFP mice allowed us to simultaneously
image microglia morphology as well as neuronal Ox-stress in vivo. Using
repeated in vivo recordings of oxidized DNs and microglial cells, we
found a dynamic turnover of DNs around plaques consistent with pre-
vious reports [15]. We conclude that microglia are attracted to highly
oxidized DNs potentially triggering their removal by microglia.

To further understand ROS generation in DNs and microglia inter-
action, we investigated roGFP1 redox ratios in PFA fixed brain tissue,
allowing us to perform immunostaining while preserving the redox
states of roGFP1. Previous studies demonstrated preservation of roGFP1
redox signals after fixation in mice [33] and drosophila [32] when tissue
fixation was combined with NEM which binds reactive thiol groups.
Inclusion of NEM prevents future oxidation thereby locking roGFP in its
oxidative state in the PFA fixed tissue. We successfully applied this
technique in 5xFAD mouse brain slices to confirm the close interaction
between microglia and severely oxidized DNs by staining for microglial
marker proteins such as Ibal.

We initially hypothesized that microglia are the major source of ROS
generation leading to Ox-stress in DNs and subsequent neuronal dam-
age. Surprisingly, after depleting brain microglia in 5xFAD mice using
PLX3397 [36,55], we observed an increase in DN oxidation and their
physical size. We also confirmed that PLX3397 treatment reduced
neuron loss in 5xFAD mice as previously described [36]. These data
indicate that microglia are not the primary source of neuronal Ox-stress
in DNs surrounding Ap plaques and further suggest that neuroprotective
as well as neurotoxic phenotypes of microglia act in parallel since
removal of microglia also reduces neuronal loss and improves memory
formation [36,37]. However, PLX induced depletion in younger (4
months) 5xFAD mice drastically reduced plaque formation in multiple
brain regions, including cortex [55]. Recently, it was suggested that
microglia produce ROS in 6 months old 5xFAD mice based on the

11

Redox Biology 56 (2022) 102448

observation that a small molecule reduces inflammatory phenotypes in
microglia in vitro and further reduces synaptic loss, whole tissue redox
stress and astrogliosis while improving memory function in vivo [21].
These apparent contradictions will guide future studies because they
may arise due to the following reasons: 1. Our observations of Ox-stress
using roGFP1 and rogRFP2 are limited to the immediate plaque envi-
ronment and only to neuronal Ox-stress. We cannot exclude substantial
Ox-stress in microglia and astrocytes which we would not detect with
our method but could be detected with whole tissue assays. 2. The age of
the mice was different (6 months [21] vs. 12 months in our study) and it
is possible that microglia phenotypes vary substantially by age. 3.
Multiple potential pathways of ROS generation exist in AD. 4. Our PLX
treatment may have depleted a specific population of microglia with a
distinct function regarding ROS generation different than the surviving
microglia. 5. Microglia depletion might lead to increased infiltration of
peripheral immune cells such as CD3"/CD8" T-cells as shown in
PLX5622 treated APP/PS1 mice [56]. The interaction of T-cells with the
surviving population of microglia in the immediate plaque area could
have impacted microglial ROS production leading to increased Ox-stress
in DNs similar to reports of respiratory bursts of neutrophils after direct
contact with activated T-cells [57] adding another potential layer of
complexity.

Future experiments will test how earlier microglia depletion affects
redox states in 5XFAD mice in different brain regions and what precise
role non-microglial immune cells play in the generation of ROS in AD.

In contrast to a previous study in APP/PS1 mice [5] we normalized
roGFP1 redox ratios of DNs to the redox ratios in surrounding healthy
neurons or the neuropil. Changes in tissue transparency both in vivo and
in fixed tissue preparations could have a significant impact on redox
ratios. The rational for using this particular normalization was based on
the following two observations: 1) The resting redox states of healthy
neurons appeared to be fully reduced because there was no further
changes in their baseline redox states when DTT was applied (Fig. S1c);
2) Ox-stress was predominantly limited to the direct vicinity of Ap pla-
ques and redox ratio values of neuronal cell bodies and the neuropil
were similar to that of non-tg controls in areas distant to plaques
(Fig. 7d-e). Note that the PLX induced increase in DNs Ox-stress was
significant with and without normalization (Fig. 7b,e).

To further understand the underlying mechanisms of Ox-stress in
DNs we imaged roGFP1 in parallel with immunostaining of putative
contributors to ROS generation in 5xFAD tissue. We show that the
initially high BACE1 activity declined as oxidation became more severe.
The continued accumulation of A in and around DNs suggests that Ap
itself is a likely player in generating Ox-stress around Ap plaques of
5xFAD mice. To support this hypothesis, we investigated the impact of
intracranial Ap injection into the cortex of wild-type mice and found that
Ap alone was sufficient to induce Ox-stress in neurons. In addition, in the
transgenic 5xFAD mice, we found a negative correlation between DN
Ox-stress and microglia coverage around Af plaques. This suggests that
microglia shield surrounding tissue from Af exposure as previously
proposed by Condello et al. [47]. The formation of this ‘microglia bar-
rier’ surrounding AP plaques was suggested to be neuroprotective
evident by increased expression of protofibrillar AB-42 in subregions of
plaques which were not covered by microglia which also correlated with
increase in DNs in areas lacking microglia coverage [47]. This supports
our hypothesis that a lack of microglia coverage leads to more Af
exposure to DNs and subsequently is a plausible cause of increased
Ox-stress. The discovery of mutations leading to partial loss of function
of TREM2, a transmembrane receptor exclusively expressed in microglia
in the brain, have highlighted neuroprotective functions of microglia in
AD in recent years [58,59]. Loss of function in TREM2 was found to
result in reduced numbers of microglia surrounding plaques and an
almost complete loss of microglial encapsulation leading to increased
severity of DN formation [60,61]. It was suggested that the neuro-
protective effect of this microglial function stems from accelerated ag-
gregation of Ap rather than increased phagocytic activity [62].
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We investigated the potential links between lysosomal dysfunction
and DNs based on previous studies [12,27,28,63,64]. The accumulation
of LAMP1 positive lysosomes was strongly correlated with Ox-stress
severity in DNs (Fig. 5e-f). In addition, the lysosome enriched DNs
were very immunopositive for ubiquitin (Fig. 5g-i) which could indicate
the presence of dysfunctional lysosomes in these structures [41,42].
Based on previous reports that lysosomes are highly oxidized at rest
[43], we hypothesize that membrane permeabilization in dysfunctional
lysosomes [41] could be central to Ox-stress in DNs surrounding Ap
plaques. Most recently, lysosomal membrane permeabilization sur-
rounding amyloid plaques was linked to neuron loss in 5xFAD mice
[65]. In addition, lysosomal accumulation, and upregulation of lyso-
somal enzymes in oxidized DNs could also be a compensatory mecha-
nism to counterbalance ROS as a key function for lysosomes is the
degradation of dysfunctional organelles and proteins [66,67]. Microglia
depletion with PLX led to higher LAMP1 levels in enlarged DNs. This
increase in lysosomal numbers and lysosomal enzymes could be due to
increased uptake and subsequent degradation of Af inside DNs due to
reduced microglial coverage around plaques.

We propose that deciphering the causal relationship of lysosomal
accumulation in either generating or responding to Ox-stress in DNs
should be a key avenue for future research. Recent reports that Ox-stress
only occurs in symptomatic AD patients but not in non-symptomatic
patients with AD neuropathology [4] strongly underline the need to
further understand the detailed underlying mechanisms of how
Ox-stress is generated in AD.

Our observation that depleting microglia from the brain increased
the degree of Ox-stress of DNs, suggests microglia may promote redox
homeostasis of DNs. However, paradoxically neuronal death was also
reduced illustrating the difficulties in attributing neuroprotective versus
neurotoxic functions of microglial cells in AD [18,68,69]. When
Ox-stress in DNs surrounding Af plaques was first reported the authors
suggested that Ox-stress precedes a Caspase-3 dependent cell death
pathway in neurons [5]. Since Ox-stress in DNs can persist for several
weeks or even months it appears likely that a cell death pathway is not
triggered immediately after Ox-stress occurs. We propose that Ap is a key
initial trigger for Ox-stress generation in DNs. The generation of DNs,
and their subsequent lysosome accumulation, was suggested to occur
due to AP induced dysfunction in the cytoskeleton of axons [14].
Furthermore, stabilizing microtubules was shown to reduce the number
of DNs and to improve memory functions in AD mice [70,71]. Depletion
of microglia might therefore increase Ap exposure to neurons and sub-
sequently exacerbate Ox-stress in DNs due to more cytoskeleton dys-
ruptions and lysosome accumulation in our aged 5xFAD mice.
Alternatively, microglia may acquire neurotoxic phenotypes in later
stages of amyloidosis in AD and AD models [68,72] that could explain
why the depletion of microglia reduces the loss of neurons in 5xFAD.
This age dependent neurotoxic phenotype may ultimately overshadow
the neuroprotective effects. Understanding the exact pathways of these
underlying phenotypes will be a crucial aim for future studies to phar-
macologically target microglial functions to both ameliorate Ox-stress
and to reduce neuron death in AD.

4. Methods
4.1. Animals

All animal care protocols were approved by the University of British
Columbia’s Animal Care Committee in compliance with the Canadian
Council on Animal Care guidelines. 5xFAD mice [34] were either
crossbred with C57BL/6 mice (experiments using roGFP1) or crossbred
with CX3CR1-EGFP mice (experiments using rogRFP2). Mice were kept
under a 12h dark/light cycle with food and water supply ad libitum.
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4.2. Intracranial AAV injections

To induce neuronal expression of either roGFP1 or rogRFP2 we
performed intracranial AAV deliveries into the cortex of adult mice.
Mice used for live in vivo recordings were 32-34 weeks old whereas all
other mice were 40-44 weeks old. Animals were anesthetised with 1-3%
isoflurane before and throughout the surgery and transferred to a ste-
reotactic frame. Briefly, a small hole was drilled above the somatosen-
sory cortex and 1-2 pL of AAV solution (either AAV2/9-CBA-roGFP1 or
AAV2/9-hSyn-rogRFP2) was injected 1 mm deep into the cortex using a
glass micropipette and a Hamilton syringe. All mice were allowed to
recover for 4 weeks prior to experiments.

4.3. Retro-orbital AAV injection

To induce brain-wide roGFP1 expression without the need of a sur-
gery for intracranial delivery we performed retro-orbital injections [73]
of a AAV.php.eb.-hSyn-roGFP1 construct into non-transgenic C57BL/6
mice. In brief, mice were briefly anesthetized with 2% isoflurane and up
to 150 pL of AAV solution (diluted with saline to a titer of 3E11 gc) were
slowly injected behind the right eye. Afterwards animals were allowed
to recover for 5-6 weeks.

4.4. Oligomeric Ap preparation

Synthetic Af1-42 was purchased from ERI Amyloid Laboratory
(Oxford, USA). Lyophilized powder was used to prepare oligomeric Ap.
In brief, 40 pL. DMSO was added to 500 pg Ap and thoroughly mixed.
After 20 min, 2 mL of Ham’s F12 media was added and the solution was
left at room temperature over night. The solution was centrifuged using
a 3K cutoff filter (UFC5003, Millipore) at 14,000g for 15 min. After-
wards the solution was washed and centrifuged twice again with PBS
(14,000g for 15 min). Finally, the filter was flipped and spun down at
1,000g for 2 min to collect the oligomeric Af (0Ap).

4.5. Acute brain slice preparations and recordings

Mice were anesthetized with 5% isoflurane prior to decapitation.
Brains were rapidly removed and placed into ice-cold slicing solution
containing (in mM): NMDG, 120; KCl, 2.5; NaHCOs, 25; CaCl,, 1; MgCl,,
7 NaH,POy, 124; glucose 20; sodium pyruvate. 2.4; sodium ascorbate,
1.3. The solution was saturated with carbogen (95% O5/5% CO3) with a
pH of 7.4. Coronal brain slices (250 pm) were prepared using a vibra-
tome (VT1200, Leica, Nussloch, Germany) and stored at room temper-
ature in artificial cerebrospinal fluid (ACSF) containing (in mM) for a
maximum of 4 h: NaCl, 126; KCl, 2.5; NaHCO3, 26; CaCly, 2; MgCl; 2, 7;
NaH,POy,, 1.25; glucose, 20. Solution was saturated with carbogen and
set to a pH of 7.4. Brain slices were transferred to a 2-photon laser
scanning microscope and continuously perfused with the same ACSF at
room temperature. For assessing acute cell death, 20 pm propidium io-
dide (PI) was washed in via the perfusion pump and cells filling up with
bright red fluorescent PI were considered dead. The Myeloperoxidase
Inhibitor-1 (MPO-1, Sigma Aldrich) and apocynin (Sigma Aldrich) were
both used at a concentration of 100 pm and acute brain slices were
incubated for 60 min in a static chamber saturated with carbogen.

4.6. Acute neuronal redox imaging using rogRFP2

We developed an in vivo strategy for simultaneously imaging
neuronal redox states and microglia in order to study the spatial-
temporal dynamics of microglia interactions with oxidized DNs
around plaques in the 5xFAD mouse model of AD. This involved
expressing in 5XxFAD x CX3CR1-EGFP transgenic mice, the recently
developed rogRFP2, a second-generation FRET based fusion ratiometric
redox sensor. The rogRFP2 FRET sensor is a fusion of roGFP2 with the
red fluorescent protein mApple [22,54]. The reduction-oxidation
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sensitive protein roGFP2 is the redox sensing part of the construct,
linked to mApple via a fixed length amino acid sequence, and serves as
an excitation ratiometric sensor [74,75]. roGFP (both roGFP1 and
roGFP2) contains specific insertions of cysteines in close proximity to
the fluorophore which allow for the formation of disulfide bonds upon
protein oxidation. Disulfide bond formation shifts the excitation
maximum to a lower wavelength (excited with ~800 nm for 2-photon
imaging) while the excitation properties of reduced roGFP is closer to
native GFP (excited with ~900 nm for 2-photon imaging). However, the
roGFP emission spectrum is not altered by its oxidation state. Thus,
rogRFP2 is alternately excited by 800 and 900 nm to allow for time
series or z-stack recordings (for 2-photon imaging, channel I and II
respectively) and the green fluorescence (Em. 500-550 nm) is acquired
for both channels. The advantage of rogRFP2 is that the green fluores-
cence emission of roGFP2 generates red fluorescence (Em. 575-640 nm)
emission from mApple via FRET transfer of ~50% of the redox sensitive
green emission of roGFP2 [22]. The emission is acquired for both exci-
tation wavelengths (channel III and IV). Since the two proteins are
linked via a fixed spatial distance the redox sensitive green emission is
transferred into a ratiometric red emission. This has the advantage of
expanding the redox sensing properties to the red emission spectrum
(Fig. Sla) and allows analysis of the EGFP-microglia that only exhibit
green fluorescence but do not show the overlapping red fluorescence
that occurs with rogRFP2.

First, functional neuronal expression of rogRFP2 was validated by
injecting AAV2/9-hSyn-rogRFP2 (2 pL each hemisphere, somatosensory
cortex, 1 mm deep) into C57BL/6 mice following 2-photon imaging in
acute brain slices 4 weeks post-injection. After stable redox ratios were
observed in rogRFP2 expressing neurons, the intracellular oxidizing
agent diamide (2 mM) was bath applied following by washout and
superfusion with the reducing agent dithiothreitol (DTT, 5 mM). This
progressive bath application of diamide followed by DTT demonstrated
that rogRFP2 ratios in expressing neurons and dendrites were modified
by reducing and oxidizing agents thereby validating functional expres-
sion (Fig. S1c). For every time frame of the recording a redox ratio was
quantified for both the green (RoxFgrp, dividing channel I by II) and red
emission (RoxFrpp, dividing channel III by IV) of rogRFP2. As reported
earlier, rogRFP2 dynamic range is lower in the red emission channel due
to incomplete FRET and contamination of intrinsic redox-insensitive
mApple fluorescence [22] (Fig. Slc). We confirmed that only green
and red emission of rogRFP2 in DNs and neurons (but not EGFP in
microglia, see also Fig. S4) were sensitive to DTT or diamide by ana-
lysing redox changes in DNs associated with microglia. Shifts in rogRFP2
were only detected in DNs with no measurable changes in
EGFP-expressing microglia (Fig. Sle). These data confirm that EGFP
emission from microglia can separated from rogRFP2 in CX3CR1-EGFP
mice and be used for morphological analysis (Fig. S1d).

4.7. Simultaneous microglia and neuronal redox imaging in live tissue

Our goal was to take advantage of the ratiometric red fluorescent
properties of rogRFP2 by using the sensor in 5xFAD x CX3CR1-EGFP
mice. Microglia in these mice exhibit only green fluorescence whereas
rogRFP2 expressing neurons exhibit both green and red fluorescence
with this dual excitation at 800 and 900 nm. Therefore, post-hoc anal-
ysis entailing the digital subtraction of the red emission from the green
emission channel removed signals from neurons and allowed us to
observe the microglial-specific green fluorescence to reveal their loca-
tion and morphology in the tissue with respect to neurons expressing the
redox sensor (Fig. S1d). The fluorescence intensity values of both red
emission channels (IIl and IV) were combined and added together by
raw channel addition using FIJI (in order to cover both oxidized and
reduced neuronal rogRFP2) and subsequently subtracted from green
emission channel II. Channel II was chosen for this because microglial
EGFP emission is much brighter using 900 nm instead of 800 nm exci-
tation wavelengths and therefore offers much better channel subtraction
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results. To avoid any potential contamination of neuronal Ox-stress by
microglial EGFP fluorescence, we chose to restrict our rogRFP2 analysis
to the red fluorescence spectrum and RoxFgrpp. Note that for the channel
subtraction to effectively reveal microglial morphology the rogRFP2
expression and brightness can not exceed microglial EGFP expression.
Therefore, we carefully selected regions in the cortex in which rogRFP2
fluorescence intensities were similar to EGFP. In future studies the use of
a red fluorescent microglia reporter mouse in conjunction with roGFP1
would be useful for separating microglial morphology from neuronal
Ox-stress.

4.8. Long-term in vivo imaging

After the AAV-rogRFP2 vector was injected into 5xFAD x CX3CR1-
EGFP mice chronic cranial windows (4 mm diameter) were inserted
during the same surgery.

Mice were allowed to recover for 4 weeks before 7 consecutive bi-
weekly 2-photon imaging sessions were conducted. The first imaging
time point was defined as week 0 whereas the last one as week 12.
Plaques in cortex L1-2 were identified by the presence of oxidized
dystrophic neurites around a dark plaque core and the coordinates were
saved and used to relocate the same region in following imaging
sessions.

4.9. Electrophysiology

Electrophysiology experiments on DNs were performed on acute
cortical slices from 5xFAD mice transfected with the AAV roGFP1
construct. After stabilization, slices were transferred to a recording
chamber perfused with ACSF (33°C, stage heater from Luigs and Neu-
mann). DNs were visually identified using transmitted IR illumination,
and roGFP1 images were captured prior to whole-cell patch clamping to
confirm the redox ratio. Whole-cell patch clamp recordings were ob-
tained using thin-walled borosilicate glass electrodes (Warner) pulled to
a fine tip resistance of 6-8 MQ (P-97 Flaming/Brown Micropipette
Puller, Sutter Instrument) for patching small neurites. Electrodes were
filled with intracellular recording solution, consisting of (in mM): 108 K-
Gluconate, 3 KCl, 2 MgCl,, 8 Na-Gluconate, 1 K3-EGTA, 0.23 CaCly, 4 Ko-
ATP and 0.3 Na3-GTP at pH 7.25 with 10 HEPES. The inert dye Alexa
Fluor 594 (100 pM, ThermoFisher) was included in the intracellular
solutions to fill and visualize patched DNs. Recordings were made using
a MultiClamp 700B amplifier and a Digidata 1440A digitizer controlled
using Clampex 10.7 software (all from Axon Instruments, Molecular
Devices). Current-voltage relationship experiments were conducted at a
holding potential V;, = -60 mV, with +5 mV steps (200 ms) starting at
-80 mV. For current clamp recordings, 2-5 pA episodic current in-
jections were performed to probe for action potential firing. All data
were analyzed in Clampfit 10.7 (Axon Instruments, Molecular Devices).

4.10. Cardiac perfusions

To perform redox imaging and immunofluorescence staining in mice
expressing roGFP1 we transcardially perfused 12 months old non-tg and
5xFAD mice with 4% paraformaldehyde (PFA) supplemented with 20
mM NEM to preserve the redox state of roGFP1. In short, mice were
intraperitoneally injected with an overdose of urethane following a
thoracotomy. A needle was inserted into the heart angled via the left
ventricle towards the aorta. The right atrium was cut and 15 ml of PBS
+20 mM NEM was perfused through the needle. Afterwards 35 mL of
PFA + NEM solution was perfused and the brains were dissected and
stored in the same solution over night before 120 pm thick brain slices
were prepared and subsequently stored in a cryoprotective solution
(CPS) containing (for 1 L): Sucrose, 300g; PVP-40, 10g; 0.1 M phosphate
buffer, 500 mL; ethylene glycol, 300 mL; NEM, 20 mM.
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4.11. Western blot

Oligomeric Af was heated at 95°C for 5 min in Laemmli Sample
buffer under reducing conditions (5% p-mercaptoethanol) before
loading onto gels. Gels were transferred to 0.2 pm pore-size poly-
vinyldene fluoride (PVDF) membrane using a Trans-Blot Turbo semi-dry
transfer system (Bio-Rad). Blocking and antibody incubations took place
in blocking buffer (5% skim milk in TBS with 0.1% Tween 20). Primary
antibody used was: 1: 1000 (6E10, Biolegend, San Diego, US). Secondary
antibody used was: 1: 2000 horseradish peroxidase (HRP)-conjugated
donkey anti-mouse (Jackson Immunoresearch). Blots were imaged using
a C-DiGit Western blot scanner (LI-COR)

4.12. Intracranial Ap injections

The protocol for stereotactic AP injections was adapted from
Ref. [76]. Non-transgenic ~12 months old C57BL/6 mice which had
received a retro-orbital AAV injection (see above) were used for intra-
cranial Af injections. The surgical procedure was identical to the
intracranial AAV injection procedure but using exact coordinates for the
somatosensory cortex (AP: -1.3 mm; ML: +2.7 mm; -1.0 mm) and Af
instead of AAV solution. The left hemisphere was injected with 2 pL of
350 pM oAp while the right hemisphere was injected with 2 pL of 350
pM scrambled Ap1-42 (in PBS, Sigma Aldrich). Mice were transcardially
perfused with 4% PFA +20 mM NEM 7 days after surgery and subse-
quently sliced and prepared for imaging.

4.13. Immunofluorescence staining

Mouse brain slices (120 pm thick) obtained following transcardial
PFA perfusion were used for immunofluorescence staining. Slices were
washed in PBS for 5-10 min after removing CPS. Slices were incubated
overnight at 4°C in blocking solution containing 0.1 M PBS, 20% DMSO,
2% Triton-X and 10% Normal Goat Serum (NGS) or Normal Donkey
Serum (NDS). After a washing step with PBS, slices were incubated in
primary antibody solution containing 0.1 M PBS, 20% DMSO, 2%
Triton-X and 2.5% NGS or NDS for 3-5 days at 4°C. The following pri-
mary antibodies were used: Ibal, 1:500 (Wako Pure Chemicals, Osaka,
Japan); LAMP1, 1:300 (abcam, Cambridge, UK); BACE1 1:300 (abcam);
cd11b, 1:500 (BioRad, Hercules, US); ubiquitin 1:50 (Sigma Aldrich, St.
Louis, US); P2YR12 1:500 (Anaspec, Fremont, US); AB/APP 6E10, 1:250
(Biolegend); Ap mOC87, 1:500 (abcam); MAP2, 1:1000 (abcam); GFAP,
1:2000 (Thermo Fisher, Waltham, US); Olig2 1:300 (abcam); NOX2
1:500 (Immunological Science, Rome, Italy); myeloperoxidase, 1:50
(abcam); PDGFRS, 1:100 (Thermo Fisher). Slices were then washed 3-5
times over the course of 4 h in PBS before incubating them in secondary
antibody solution for 1-2 days at 4°C containing: 0.1 M PBS, 20%DMSO,
2% Triton-X and 2.5% NGS or NDS. The following conjugated secondary
antibodies were used targeted to the respected host species of primary
antibodies: Alexa Fluor 546, 568 and 647. Brain slices were then washed
3-5 times in PBS and mounted using FluorSafe™ (Millipore, Massa-
chusetts, US) onto glass slides. For additional staining of amyloid plaque
cores slices were stained with 100 pM Methoxy-X04 for 30 min before
the last washing steps in 0.1 M PBS, 20%DMSO and 2% Triton-X.

Immunostaining in human brain slices was done as follows: 4 pm
thick paraffin-embedded sporadic and familial (PSEN1) AD patient
autopsy-derived formalin-fixed prefrontal cortex (PFC) sections were
generated by the Vancouver General Hospital pathology core and
mounted onto glass slides. PFC sections were deparaffinized with xylene
and serially rehydrated in decreasing concentrations of ethanol. Slides
were washed 3 times with dH20 and incubated for 10 min in TBS. An-
tigen retrieval in 10 mM citrate buffer was conducted by incubating
slides at ~95 °C in a steamer for 20 min. Slides were allowed to cool for
45 min at room temperature, rinsed 3 times with dH20, and incubated
for 5 min in TBS +0.2% Tween 20 (TBST). An ImmEdge™ PAP pen
(Vector Laboratories) was used to draw a hydrophobic barrier on the
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glass side surrounding the tissue section. Tissue sections were then
blocked and permeabilized in 10% fetal bovine serum (Gibco) + 10%
normal donkey serum (Sigma-Aldrich) in TBST (blocking buffer) for 2 h
at room temperature. Blocking buffer was poured off the slides, and
tissue sections were immediately stained with LAMP1 1:500 (BD Bio-
sciences) and Ibal 1:200 (Wako) primary antibodies (diluted in blocking
buffer) overnight at room temperature in a hydrated tissue staining rack.
Sections were washed 3 times with TBS, and dipped in TBST prior to
staining with Alexa Fluor 594 and 647 tagged secondary antibodies
(diluted in blocking buffer) for 2 h at room temperature. Tissues were
then washed 3 times in TBS, and counterstained for 20 min in a 1:10,000
dilution of 0.2% w/v Thiolflavin S (Sigma Aldrich) in PBS at room
temperature. Sections were washed 3 times with TBS and then mounted
in VECTASHIELD™ (Vector Laboratories) mounting medium with
rectangular cover glass (60 x 24 mm, VWR). Slides were sealed with
transparent nail polish and stored at 4 °C until imaging.

4.14. roGFP1 imaging in fixed tissue

To further investigate microglia interactions with oxidized dystro-
phic neurites and to combine redox imaging with immunohistochem-
istry we developed a second redox imaging strategy. Although roGFP1 is
most typically used for live cell imaging [5,74,771, it was used to image
redox levels in Drosophila after fixation with PFA and NEM that acts
very rapidly to prevent thiol oxidation thereby preserving roGFP1 redox
states [32]. Imaging fixed tissue has two major advantages over live cell
imaging: 1.) It would allow immunostainings for proteins of interest and
2.) it avoids the problem of cell degeneration in acute imaging prepa-
rations. The latter is of particular importance since any cell damage
caused by tissue preparations would likely impact the redox balance of
cells.

We tested whether PFA fixation with NEM protocols preserves the
roGFP1 redox ratios initially observed during live cell imaging. Mice
(non-transgenic (non-tg) or 5xFAD) were intracranially injected with an
AAV2/9-CBA-roGFP1 construct at 9-11 months age to induce wide-
spread neuronal cytosolic roGFP1 expression. After 4 weeks mice were
either sacrificed for acute brain slice preparations or intracardially
perfused with PFA (Fig. S1f).

We first confirmed functional roGFP1 expression in acute brain slices
of non-tg animals by live 2-photon imaging. A stepwise bath perfusion of
the oxidizing agent diamide (0.1, 0.5 and 2 mM, 10 min each) gradually
oxidized cortical neurons while a subsequent application of the reducing
agent DTT (5 mM) fully reversed the effect (Fig. S1g). Then we incu-
bated acute brain slices for 10 min in 0.1, 0.5 or 2 mM diamide as well as
5 mM DTT following a 2 min fixation with 4% PFA supplemented with
20 mM N-ethylmaleimide (NEM) at 80°C. NEM binds to thiol groups and
prevents the formation of disulfide bonds permanently locking roGFP1
in its oxidation state during the fixation procedure (32). Slices were kept
for at least 24h in a PBS solution containing 20% DMSO +2% Triton-X +
20 mM NEM to clear the tissue prior to imaging. We hypothesized that
the addition of NEM in the fixation procedure will preserve the oxidation
state of roGFP1 and that clearing the tissue from lipids might increase
the dynamic range of the sensor due to reduced tissue scattering. The
PFA fixed acute slices were mounted and imaged under a 2-photon
microscope. Indeed, the effect of diamide lead to a very similar
change in RyxFgpp while DTT had no significant effect compared to un-
treated slices (Fig. S1h). However, the dynamic range of roGFP1 in the
PFA fixed tissue was superior over the acute preparations (diamide/DTT
response; 3.63 + 0.14 fold (N = 8) vs. 2.78 + 0.22 fold (N = 5); **p
<0.01).

We conclude that our fixation protocol not only allows for functional
roGFP1 imaging in PFA fixed brain tissue but also improves the dynamic
range of roGFP1 under these conditions.
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4.15. Calculation of microglia plaque coverage

Microglia are well known to accumulate and cover the area around
amyloid plaques [47] and form a barrier around the highly aggregated
plaque core. To test whether the amount of microglia coverage in in-
dividual plaques affects local neuronal Ox-stress we used the following
approach: roGFP1 expressing 5xFAD brain slices were stained with
Methoxy-X04 and immunolabeled for Ibal and LAMP1. A confocal laser
scanning microscope was used to acquire 10 pm z-stacks and maximum
z-projections were generated. LAMP1 immunoreactivity appears as a
diffuse cloud of DNs around Methoxy-X04 positive plaque cores which
was defined as the local plaque area and a mask was generated of the
LAMP1 signal (see Fig. 6d). Within this area the Ibal positive immu-
noreactivity was also masked and the area calculated. Microglia
coverage per plaque was defined as the Ibal positive area divided by the
local LAMP1 positive area in percent.

4.16. Microglia depletion

Microglia depend on CSF1 receptor signaling and blocking this re-
ceptor leads to the elimination of microglia of the brain in non-tg as well
as 5xFAD mice (36, 37). Both non-tg and 5xFAD mice were intracrani-
ally injected with AAV at an age of 9 months and were put on a special
diet containing 290 mg/kg PLX3397 in the chow. After 8 weeks mice
were transcardially perfused and the brains were harvested and sliced
for subsequent redox imaging and immunofluorescence staining.
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