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A B S T R A C T   

Intracortical microelectrodes that can record and stimulate brain activity have become a valuable technique for 
basic science research and clinical applications. However, long-term implantation of these microelectrodes can 
lead to progressive neurodegeneration in the surrounding microenvironment, characterized by elevation in 
disease-associated markers. Dysregulation of autophagy-lysosomal degradation, a major intracellular waste 
removal process, is considered a key factor in the onset and progression of neurodegenerative diseases. It is 
plausible that similar dysfunctions in autophagy-lysosomal degradation contribute to tissue degeneration 
following implantation-induced focal brain injury, ultimately impacting recording performance. To understand 
how the focal, persistent brain injury caused by long-term microelectrode implantation impairs autophagy- 
lysosomal pathway, we employed two-photon microscopy and immunohistology. This investigation focused 
on the spatiotemporal characterization of autophagy-lysosomal activity near the chronically implanted micro
electrode. We observed an aberrant accumulation of immature autophagy vesicles near the microelectrode over 
the chronic implantation period. Additionally, we found deficits in autophagy-lysosomal clearance proximal to 
the chronic implant, which was associated with an accumulation of autophagy cargo and a reduction in lyso
somal protease level during the chronic period. Furthermore, our evidence demonstrates reactive astrocytes have 
myelin-containing lysosomes near the microelectrode, suggesting its role of myelin engulfment during acute 
implantation period. Together, this study sheds light on the process of brain tissue degeneration caused by long- 
term microelectrode implantation, with a specific focus on impaired intracellular waste degradation.   

1. Introduction 

Intracortical microelectrodes, offering high-resolution neural moni
toring and modulation, hold promise for research and clinical use [1–5]. 
However, their long-term performance due to potential tissue damage 
cannot currently meet the clinical requirements throughout a patient’s 
lifetime. Studies have shown there is a decline in long-term microelec
trode functional performance in rodents and non-human primates, 
eventually resulting in device failure and loss of neural signal detection 
[6–8]. Recording performance decline coincides with neuronal loss near 
long-term microelectrodes and the accumulation of disease-linked fac
tors like hyperphosphorylated tau [9]. The autophagy-lysosomal 
pathway plays a pivotal role in cellular signaling, waste management, 

survival, and overall functionality. Its critical importance was recog
nized with the Nobel Prize in Physiology or Medicine in 2018. Recent 
studies have indicated that deficits in this intracellular 
autophagy-lysosomal degradation correlate with the accumulation of 
hyperphosphorylated tau in neurodegenerative diseases [10,11]. Yet, it 
is unknown how this autophagy-lysosomal pathway is disrupted by the 
long-term microelectrode implantation as well as its relationship to 
chronic tissue degeneration. 

Studies show that microelectrode implantation results in acute 
neuroinflammation (0–2 weeks post-implantation) followed by chronic 
foreign body responses (4+ week implantation) [12,13]. The acute 
neuroinflammation is initiated by the insertion of a stiff microelectrode, 
rupturing the vascular network [14,15]. The infiltrated blood cells and 
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plasma proteins trigger microglia, astrocytes, and NG2-glia to become 
activated with a polarized morphology, extend toward the implant 
within the first week post-implantation, and form an encapsulating 
sheath of gliosis near the microelectrode by two weeks [16–19]. 
Microglia and astrocytes during this acute neuroinflammatory phase 
take on an important phagocytic capacity to remove damaged cells and 
proteins [20,21]. This phagocytic activity is mediated, at least in part, by 
autophagy-lysosome activity, an intracellular organelle that plays 
important roles in regulating cellular survival, morphologies, and 
functions [22,23]. 

Additionally, autophagosomes-lysosomes play crucial roles in 
neuronal degeneration and progressive demyelination, which primarily 
occur during the later chronic foreign body response phase [12,24–27]. 
Oligodendrocytes and myelin provide axons with electrical insulation 
and metabolic support [28]. Given the autophagy-lysosomal-endosome 
axis’s role in oligodendrocyte differentiation and myelin growth, the 
failure of oligodendrocyte regeneration and myelin density loss near 
long-term microelectrodes imply potential dysregulation of 
autophagy-lysosome activity [29,30]. For neurons, intracellular 
autophagy-lysosome trafficking is involved in maintaining cell survival, 
mitochondria integrity, and synaptic plasticity, and thus is critical for 
neuronal health and action potential generation [31]. However, the 
decreased neuronal density and increased neuronal apoptosis at the 
chronic implantation period suggests neuronal autophagy-lysosomal 
dysfunction [30,32,33]. Together, these cellular changes in brain tis
sue near the microelectrode point to autophagy-lysosomal activity as a 
potential key regulator that impacts both the neuronal activity and glial 
scarring. 

The autophagy-lysosomal pathway is an intracellular process crucial 
for cell health and activity [23,34,35]. In this process, the cargo material 
is engulfed by a membrane sack that then seals and forms a closed, 
double-layer organelle known as autophagosomes [36]. Next, the 
autophagosomes are fused with lysosomes that contain proteases and 
hydrolases to form autolysosomes for cargo degradation [37]. The 
lysosomal proteases and hydrolases that degrade the waste products are 
activated at acidic pH. This acidity, maintained by V-ATPase proton 
pumps, is an ATP-consuming, metabolically costly process [38]. The 
autophagy-lysosome pathway is crucial for timely self-degradation of 
misfolded protein aggregates and damaged cytoplasmic organelles, 
including mitochondria [39–41]. Accumulated misfolded protein ag
gregates are toxic and this accumulation is a hallmark of many neuro
degenerative pathologies [42,43]. Furthermore, the chronic presence of 
dysfunctional mitochondria can lead to excessive generation of reactive 
oxygen species (ROS) [44]. Recent observations show that the 
autophagy-lysosomal pathway is involved in neurogenesis, synapse 
plasticity, and cellular remodeling, underscoring its importance for 
brain tissue integrity [45,46]. 

However, deficits in the autophagy-lysosomal pathway are often 
observed at the onset and progression of neurodegenerative diseases 
[47–49]. In an Alzheimer’s disease (AD) mouse model, excessive accu
mulation of autophagy vacuoles containing amyloid-β was observed in 
dystrophic neurites [50]. Additionally, genetic mutations of proteins 
involved in the autophagy-lysosomal pathway cause neurodegenerative 
syndromes [51–54]. Although brain trauma shares similar pathologies 
and exhibits an accumulation of neurodegenerative disease-associated 
factors [55,56], it is unknown whether and how autophagy-lysosomal 
activity is impaired by focal, long-term brain injury caused by micro
electrode implantation. Filling this knowledge gap helps advance our 
current understanding of chronic tissue degeneration near the implanted 
microelectrode and may identify novel pathways for improving neural 
implant biocompatibility. 

To investigate spatiotemporal changes in autophagy-lysosomal ac
tivity near the chronically implanted microelectrodes, we applied two- 
photon imaging of CAG-LC3b-RFP-EGFP mouse model. This transgenic 
mouse line has a dual-fluorescent, pH-sensitive sensor on LC3B-binding 
autophagy vesicles, allowing monitoring of the real-time autophagy- 

lysosomal dysregulation near the microelectrode over time [57–59]. We 
also used immunohistology to study the pathologies of 
autophagy-lysosome pathway over 84 days of chronic microelectrode 
implantation. The innovative significance of this study lies in its 
exploration of a relatively unexplored subcellular mechanism, the 
autophagy-lysosomal pathway, linked to tissue degeneration following 
prolonged implantation of silicon-based brain-machine interfacing de
vices. This novelty does not rest on the real-time two-photon microscopy 
method that we have previously established [12,15,18,19,25,26,30, 
60–78], nor on the materials such as the LC3b transgenic model 
[57–59], but rather it resides in being the first investigation enhancing 
our understanding of the autophagy-lysosomal activity in response to 
long-term microelectrode implantation. Here, we hypothesized that the 
device implantation injury dysregulates autophagy and lysosomal ac
tivity at the chronic microelectrode interface, resulting in deficits in 
lysosomal degradation capability and, thus, the accumulation of 
cargo-containing vesicles. In vivo imaging demonstrated an abnormal 
accumulation of immature autophagy vesicles at chronic 63–77 days 
post-implantation. Immunohistological results demonstrated reactive 
astrocytes increased the lysosomal population proximal to the micro
electrode at the chronic implantation period. Additionally, there was a 
discrepancy between the elevated lysosome population and the reduced 
level of a lysosomal protease, suggesting an impaired 
autophagy-lysosomal degradation capability. 

2. Methods 

2.1. Microelectrode angled implantation surgery 

The CAG-LC3b-RFP-EGFP transgenic mouse line (C57BL/6-Tg[CAG- 
RFP/GFP/Map1lc3b]1Hill/J, Jackson Laboratories; Bar Harbor, ME) 
was used (n = 5, 8-week male, 25–30 g) to track real-time autophagy 
degradation [57–59]. Mice received bilateral craniotomy windows and a 
4-shank Michigan-style non-functional silicon microelectrode 
(A4x4-3mm-100–703-CM16; NeuroNexus, Ann Arbor, MI), as described 
previously [79]. Briefly, mice were first anesthetized by an intraperi
toneal (IP) injection of 75 mg/kg ketamine and 7 mg/kg xylazine. Ke
tamine update (40 mg/kg) was used to maintain anesthesia during 
surgery. Then mice were head-fixed in a stereotaxic frame on a heating 
pad and administered with continuous supply of oxygen (1 L/min). Two 
stainless-steel bone screws were implanted over motor cortices for 
headcap stability. Next, bilateral craniotomies (3 × 3 mm) were drilled 
over visual cortex in coordinates that 1 mm anterior to lambda and 1.5 
mm lateral from the midline. Saline was periodically applied to maintain 
brain hydration and avoid thermal damage. The non-functional micro
electrode was inserted 600 μm into the cortex at a 30◦ angle (insertion 
velocity of 400 μm/s, oil hydraulic Microdrive; MO-82, Narishige, 
Japan), avoiding large vessels with tip depth of ~300 μm below the 
brain surface [15]. The craniotomy windows were sealed with Kwik-sil 
sealant (World Precision Instruments, Sarasota County, FL) and then 
sealed with glass coverslips and dental cement [76]. All experimental 
procedures were conducted following approval by the University of 
Pittsburgh, Division of Laboratory Animal Resources, and Institutional 
Animal Care and Use Committee in accordance with the standards for 
humane animal care as set by the Animal Welfare Act and the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals. 

2.2. Two-photon chronic imaging 

Data acquisition by two-photon imaging was illustrated in Fig. 1A. 
Mice were situated on a 4-wheel rotating treadmill for awake, head- 
fixed imaging. The imaging setup consisted of a two-photon laser 
scanning microscope with an OPO laser and second fixed 1040 nm laser 
(Insight DS+; Spectra-Physics, Menlo Park, CA), non-descanned photo
multiplier tubes (Hamamatsu Photonics KK, Hamamatsu, Shizuoka, 
Japan), and a 16x, 0.8 numerical aperture water immersion objective 
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lens (Nikon Instruments, Melville, NY). CAG-LC3b-RFP-EGFP mice were 
imaged using dual excitation lasers at 920 nm and 1040 nm for optimal 
excitation of EGFP and RFP. The total laser power was kept below 40 
mW throughout the imaging sessions. Z-stacks were acquired every 2 μm 
along the microelectrode shank to the tip. An equivalent control tissue 
volume was imaged on the no-implant contralateral side. Each image in 
z-stacks had a resolution of 1024 × 1024 pixels (550.5 × 550.5 μm). 
Daily imaging was performed until day 14, followed by weekly imaging 
up to day 84 post-implantation. 

2.3. Immunohistochemistry and confocal imaging 

C57BL/6 wild type mice (Jackson Laboratories; Bar Harbor, ME, n =
4, 8-week male, 25–30 g) were used for the immunohistological evalu
ation. Single shank non-functional Michigan-style microelectrodes 
(A16-3 mm-50-703-CM16; NeuroNexus, Ann Arbor, MI) were perpen
dicularly implanted into the left visual cortex of these wildtype mice 
[33]. The surgical preparations followed the angled implantation pro
cedure described above, except that the microelectrode shank was 
perpendicularly inserted at a speed of 15 mm/s using a DC 
motor-controller (C-863, Physik Instructmente, Karlsruhe, Germany). 
The shank was implanted 1600 μm into the brain. Mice were sacrificed 
at days 7, 14, 28, and 84 post-implantation, with 4 mice for each time 
point. Transcardially perfusion with 1x PBS and then 4% para
formaldehyde (PFA) was performed on the mice. The extracted brains 
were then post-fixed in 4% PFA at 4 ◦C for 18 h. Then the extracted 
brains were rehydrated in 30% sucrose and embedded into optimum 

cutting temperature (OCT) media. These brains were sectioned hori
zontally into 10 μm slices from the surface of the brain to a depth of 
1600 μm. Brain sections between a depth of 400–800 μm (corresponding 
to cortical Layer 4/5) were selected for staining. Tissue sections first 
underwent heat-induced antigen retrieval (0.1 M citric Acid, 0.1 M so
dium citrate) and endogenous peroxidase blocking. Then sections were 
permeabilized and blocked by 0.1% Triton-X with 10% normal goat 
serum in PBS at room temperature for 1 h. Next, tissue sections were 
blocked by the endogenous mouse immunoglobulin G (IgG) with donkey 
anti-mouse IgG fragment (Fab) for 2 h at 1:10 dilution. Primary anti
bodies were applied overnight at 4 ◦C. All primary antibodies used in 
this study are listed in Table 1. In the following day, tissue sections were 
first washed with 1x PBS and then incubated with secondary antibodies 
of donkey anti-rat Alexa Fluor 405 (1:500, Abcam, ab175670), donkey 
anti-rabbit Alexa Fluor 488 (1:500, Abcam, ab150061), donkey anti-rat 
Alexa Fluor 488 (1:500, Abcam, ab150153), donkey anti-mouse 568 
(1:500, Abcam, ab175700), donkey anti-goat 647 (1:500, Abcam, 
ab150135), donkey anti-chicken 647 (1:500, JacksonImmunoResearch, 
730-605-155) in the dark for 2 h. Sections were washed and mounted 
with Fluoromount-G media (SouthernBiotech, #0100-20) and glass 
coverslips. 

Each section was imaged individually with a confocal microscope 
(FluoView 1000, Olympus, Inc., Tokyo, Japan) equipped with a 20×, 
oil-immersive objective lens. TIFF images were captured with the elec
trode track centered, in a resolution of 16 bit, 1024 × 1024 pixels (635.9 
× 635.9 μm). 

Fig. 1. Two-photon imaging of intracellular auto
phagy activity in the dual fluorescent CAG-LC3b-RFP- 
EGFP mice. A) Awake transgenic mice with cranial 
windows were head-fixed on a rotating treadmill 
imaged using a two-photon microscope. Dual lasers at 
920 nm and 1040 nm wavelengths were used for 
simultaneous RFP and EGFP excitation in vivo. Laser 
power was kept below 40 mW to avoid thermal 
damage. Imaging frequency was daily in the first two 
weeks post-implantation and then weekly until week 
12 post-implantation. The implanted 4-shank micro
electrode is highlighted in blue. Scale bar = 50 μm. B) 
Schematic representation of the autophagy-lysosome 
pathway with dual fluorescence-tagged LC3b. The 
tagged LC3b consists of pH-resistant RFP and pH- 
sensitive EGFP, enabling tracking of autophagy dy
namics. Autophagy involves the engulfment of cargo 
by a membrane sack, forming autophagosomes. 
Autophagosomes then fuse with lysosomes to form 
autolysosomes for cargo degradation. Immature 
autophagy vesicles express both EGFP and RFP, while 
mature autophagy vesicles that have undergone 
acidification only express RFP. The transition from 

green/yellow to red signals indicates vesicle acidification.   

Table 1  

Primary Antibody Target Supplier Host Dilution 

Anti-LC3B Autophagy vesicles Abcam (ab51520) Rabbit 1:1000 
Anti- NeuN Neurons Sigma (MAB2300) Mouse 1:500 
Anti- IBA1 Microglia/Macrophages Millipore (MABN92) Mouse 1:500 
Anti-GFAP Astrocytes Abcam (ab4674) Chicken 1:500 
Anti-CC1 Oligodendrocyte soma Millipore (OP80) Mouse 1:100 
Anti-MBP Myelin Abcam (ab7349) Rat 1:500 
Anti-LAMP1 Lysosome vesicles Abcam (ab25245) Rat 1:500 
Anti-TFEB Lysosome biogenesis Sigma (SAB4503154) Rabbit 1:500 
Anti-PLP Myelin Sigma (SAB2101830) Rabbit 1:500 
Anti-SQSTM1/p62 Autophagy clearance Abcam (ab91526) Rabbit 1:500 
Anti-Cathepsin D Lysosomal protease Abcam (ab6313) Mouse 1:100 
Anti-TOMM20 Mitochondria Abcam (ab186735) Rabbit 1:100 
Anti-4-Hydroxynonenal Oxidative Stress Abcam (ab48506) Mouse 1:50  
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2.4. Data analysis 

2.4.1. Two photon data processing 
The z-stacks acquired by two-photon imaging of CAG-LC3b-RFP- 

EGFP transgenic mice were used to dynamically track the real-time 
autophagy-lysosome activity near the microelectrode throughout the 
84-days post-implantation period. Due to potential variations in imaging 
parameters and craniotomy window quality across time points, 
intensity-based analysis was deemed unsuitable for quantifying 
autophagy-lysosome activity. Instead, the density and morphologies of 
EGFP and RFP activity were analyzed to investigate the temporal 
changes in autophagy activity. 

To mitigate interference from meningeal tissue, each z-stack was 
rotated using ImageJ’s “Interactive Stack Rotation” until the dura sur
face appeared flat. The total tissue volume below the dura was then 
summed using the z-projection function. Then background noise was 
corrected using the background subtraction method with a rolling ball 
radius of 10 pixels on the original sum z-projected images (Supple
mentary Figs. 1A–B). This correction method effectively reduced uneven 
background noise while preserving the fluorescent signal. Next, Ostu’s 
thresholding was applied to generate a binary mask of fluorescent signal 
(Supplementary Fig. 1C). To validate that the thresholding algorithm 
did not unevenly filter out fluorescent signals, the histogram distribu
tions of mean-normalized intensity of filtered background pixels were 
compared between implant and contralateral windows (Supplementary 
Fig. 1D). Probability density functions of these distributions were 
plotted (Supplementary Fig. 1E). No significant difference was detected 
in the background pixel intensity distributions between implant and 
contralateral sides (Two-sample Kolmogorov–Smirnov test, p = 0.996). 
This noise minimization procedure was performed on each raw two- 
photon stacks prior to density and morphology analysis. 

The density of autophagy vesicles was quantified by calculating the 
pixel area percentage of fluorescent signals (RFP+, EGFP+, RFP+ EGFP- 
) within the region of interest (ROI). ROIs chosen at the 4-shank 
microelectrode interface were rectangular measuring 270 μm × 480 
μm (500 pixels × 900 pixels) and centered between the second and third 
shanks of microelectrode. Corresponding ROIs of the same size were 
chosen in the contralateral hemisphere. The densities of RFP+ signals, 
EGFP+ signals, RFP+ EGFP- signals, and the ratio of EGFP+ density over 
RFP+ density were measured in both the implant and contralateral 
tissue at each time point. 

Fluorescent clusters larger than 4 pixel2 (1 μm2) in the RFP and EGFP 
channels were identified using the “Analyze particle” ImageJ plugin. 
Cluster density was calculated as the total number of clusters divided by 
the ROI area in mm2. The ROIs used for clusters density analysis were 
the same ROIs used for pixel density quantification. Additionally, the 
mean sizes of RFP and EGFP clusters were recorded at each time point. 
Changes in cluster density and mean size of RFP and EGFP clusters on 
the implant and contralateral sides were plotted over time. 

To assess autophagy activity near the electrode-tissue interface, RFP 
and EGFP activity over the implant surface was measured. Each raw z- 
stack was rotated until the probe surface was horizontal to the XY plane. 
The tissue volume within 20 μm above the implant surface was summed 
via z-projection. Background subtraction and Otsu’s thresholding were 
applied to generate a binary mask. The implant surface was outlined as 
the ROI, and the surface coverage was calculated as fraction of fluo
rescent signal (RFP+, EGFP+, RFP+ EGFP-) over the ROI. Furthermore, 
mean sizes of RFP and EGFP clusters within probe surface ROI were 
tracked over time. 

To investigate the spatial distributions of autophagy activity near the 
microelectrode, RFP and EGFP clusters within 300 μm of the outmost 
microelectrode shank were quantified. The distance of each cluster from 
the microelectrode shank was calculated based on its XY coordinates. 
RFP and EGFP clusters were counted and plotted over time and over 
distance as spatiotemporal heatmaps. Additionally, changes in clusters 
counts over time were plotted for each spatial bin as an alternative 

visualization method. 

2.4.2. Histological data processing 
The previously published MATLAB script, I.N.T.E.N.S.I.T.Y. was used 

to process the fluorescent intensity as previously described [80,81]. The 
center of the implant hole was manually identified, and spatial bins were 
automatically generated at 10 μm intervals up to 300 μm from the probe. 
The average grayscale intensity within each spatial bin was calculated 
by taking the mean value of pixels above the thresholding (1.5 standard 
deviations above background noise). Fluorescence intensities were then 
normalized to the average intensity from the four corners of each image 
(greater than 300 μm away from the implant hole). The normalized 
intensity was averaged across all animals at each time point and plotted 
over distances. Bar graphs generated to display the averaged intensity 
within 50 μm spatial bins up to 150 μm from the implant site. 

Colocalization analyses were performed by merging the autophagy 
marker (LC3B) or lysosome marker (LAMP1) with various cellular 
markers (NeuN/IBA1/GFAP/CC1/MBP/PLP) using ImageJ. Binary 
masks of each fluorescent marker were generated using background 
subtraction (rolling ball radius = 10 pixels) followed by Ostu’s thresh
olding algorithm. The colocalization percentage of LC3B or LAMP1 with 
specific cellular markers was determined by calculating the proportion 
of overlapping pixels (nonzero in both binary masks) relative to the total 
number of nonzero pixels in the LC3B or LAMP1 binary mask. For cell 
counting analysis, neurons with Transcription factor EB (TFEB) nuclear 
translocation were identified as DAPI+ TFEB+ NeuN+ cells in spatial 
bins spaced 50 μm apart up to 300 μm from the implant site. The density 
of DAPI+ TFEB+ NeuN+ cells was calculated by dividing the total cell 
counts by the tissue area per spatial bin. Data was averaged across all 
animals at each time point and plotted over distances. 

2.5. Statistics 

Two-way ANOVA with Tukey post-hoc (p < 0.05) was used to 
analyze the two-photon data, assessing significant differences in auto
phagy RFP and EGFP pixel density, cluster size, cluster density, and 
surface coverages between day 0 and other time points. One-way 
ANOVA followed by Dunnett’s test (p < 0.05) was employed to iden
tify significant differences in clusters at each spatial bin and metrics. 
Immunohistological data were analyzed using a two-way ANOVA with 
Tukey post-hoc (p < 0.05) to determine significant differences in 
normalized intensity, colocalization percentage, and cell density be
tween different time points of implantation. Bonferroni correction was 
applied for multiple comparisons as appropriate. 

3. Results 

Given the crucial role of autophagy-lysosomal activity in tissue ho
meostasis and neuroinflammation response [82,83], we aimed to reveal 
spatiotemporal changes in autophagy-lysosomal activity near the 
implanted microelectrode. To monitor real-time autophagy degradation 
in response to microelectrode implantation over time in vivo, we used 
the CAG-LC3b-RFP-EGFP transgenic mice (Fig. 1A). This transgenic 
model allows the tagged LC3B protein to express dual fluorescence, RFP 
and EGFP [57–59]. Previous research utilizing in vivo two-photon im
aging to investigate LC3B activity in the brain has highlighted distinct 
morphologies of LC3B-positive clusters, differing from those observed in 
in vitro studies [84,85]. Intriguingly, these clusters exhibit expressions 
both within the nucleus and in perinuclear areas, a pattern that aligns 
with our own findings. This phenomenon could potentially be attributed 
to limitations in the point spread function of our two-photon microscope 
system, which has a Z-axis resolution of approximately 7 μm. Consid
ering that autophagosomes typically measure between 0.5 and 1.5 μm 
[86], our system’s spatial resolution, particularly in the z-direction, 
might be relatively broad. As a result, the observed presence of LC3B 
signals appearing above or below the nucleus could be due to this 
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expanded spatial perception. 
The tandem fluorescent LC3B binds to autophagosome membrane 

and persists during autophagosome development and even after lyso
somal fusion, until they are fully degraded with the internal cargo under 
lysosomal proteases [87]. The EGFP (pKa = 5.9) is sensitive to acidic 
environment and thus undergo fluorescent quenching after lysosomal 
fusion [88]. Instead, the RFP (pKa = 4–5) is relatively acid-insensitive 
[57]. Thus, the inclusion of both RFP and EGFP in this transgenic 
model allows the observation of dynamic autophagy degradation, which 
depends on the acidity of the environment (Fig. 1B). Our dual laser 
wavelength setting allowed the optimal excitation of both EGFP (920 
nm) and RFP (1040 nm), as the total laser power less than 40 mW to 
avoid thermal damage. 

The dual fluorescence of EGFP and RFP serves as an indicator of pH 
levels within LC3B-tagged autophagy vesicles, representing the popu
lation of autophagosomes [11]. As autophagosomes fuse with lysosomes 
and become autolysosomes, the internal environment inside autolyso
somes is gradually acidified. This acidification leads to the quenching of 
EGFP fluorescence causing a shift in color from yellow to orange and 
then to red [11]. The expression of RFP eventually decreases after 
autophagy clearance of tandem fluorescent LC3B. With this LC3B model, 
we were able to track the activity of immature autophagosomes (yel
low/green) and mature, acidified autolysosomes (orange/red) near the 
microelectrode throughout the implantation period. 

3.1. Aberrant accumulation of immature autophagy vesicles around the 
chronically implanted microelectrodes 

The implantation of microelectrode elicits a series of biological re
sponses, including acute neuroinflammation (0–2 weeks post- 
implantation) and chronic foreign body responses (4+ weeks post- 
implantation). Brain cells demonstrate distinct patterns of morphol
ogies, functionality, and survival during these two temporal phases. 
Autophagy activity dynamically responds to stimuli resulting in 
increased autophagosome formation, lysosomal fusion, and autolyso
some population [89]. Therefore, we asked how the autophagy activity 
changes near the implanted microelectrode over time. The representa
tive images showed that the autophagy activity at the electrode-tissue 
interface was low on the implantation surgery day (day 0) but 
increased over the first week during the early chronic period, and then 
persisted at an elevated level in the area adjacent to the chronic implant 
(Fig. 2A). Thus, we first aimed to investigate the time course of popu
lation changes of total autophagy (RFP+) vehicles, autophagosome 
(EGFP+ RFP+), and autolysosomes (EGFP- RFP+) around chronically 
implanted microelectrodes. 

To quantitatively examine the changes in the total population of 
autophagy vesicles near the implanted microelectrode, pixel density of 
pH-resistant RFP was measured at the implant side and contralateral 
(craniotomy window only) side over time (Fig. 2B). RFP pixel density in 
the implant side peaked at day 7 and was significantly higher than 
contralateral tissue during days 2–77 post-implantation (p < 0.05). 
Additionally, RFP pixel density on the implant side was significantly 
higher during days 2–70 post-implantation (except day 56) compared to 
day 0 (p < 0.05). While contralateral tissue exhibited a small peak in RFP 
pixel density within the first week, no significant differences were 
detected between time points. This small peak transient in contralateral 
RFP pixel density indicates that the injury of the craniotomy window 
was minimal. Furthermore, the density of RFP clusters had a similar 
pattern to RFP pixel density over time, showing significant elevation 
during days 2–70 post-implantation on the implant sides versus the 
contralateral sides (p < 0.05, Supplementary Figs. 2A–B). Thus, the 
persistently elevated RFP activity near the microelectrode suggested an 
overall elevated autophagy activity throughout the 12-week implanta
tion period, including a peak during the acute neuroinflammation 
period following a persistent elevation during the chronic foreign body 
response period. 

Next, given the overall increase of autophagy vesicles, we examined 
if there was an increase in the immature autolysosome population. The 
presence of EGFP indicates the population of immature autophagy 
vesicles without acidification (autophagosomes). To examine changes in 
the population of immature autophagy vesicles near the microelectrode 
over time, the pixel density of EGFP was quantified at the implant and 
contralateral sides for each time point (Fig. 2C). Peaking at day 3, the 
EGFP pixel density on the implant side was significantly higher than 
contralateral side between days 2–17 post-implantation (p < 0.05). Of 
note, EGFP pixel density on the implant side became significantly 
elevated compared to the contralateral side from chronic days 63–77 
post-implantation (p < 0.05). EGFP pixel density on the implant side was 
significantly elevated over acute (days 2–21 post-implantation) and 
chronic (days 70–77 post-implantation) implantation periods compared 
to day 0 (p < 0.05). Moreover, the patterns of EGFP cluster density 
further confirmed the chronic accumulation of EGPF+ activity at the 
electrode-tissue interfaces (p < 0.05, Supplementary Figs. 2C–D). The 
contralateral EGFP pixel density showed a similar transient peak within 
the first week, just as the contralateral RFP pixel density, which in
dicates minimal brain injury due to the craniotomy without an implant. 
Together, these results demonstrate a population peak during the acute 
neuroinflammation period and a chronic accumulation of immature 
autophagy population near the implanted microelectrode, suggesting a 
dysfunction of intracellular autophagy maturation near the 
microelectrode-tissue interface. 

Given that there was a chronic accumulation of immature autopha
gosome population near the implant, we next investigated if these 
immature autophagosomes are able to acidify. To investigate the ac
tivity of acidified autolysosomes near the chronically implanted 
microelectrode, we looked at RFP+ EGFP- fluorescent signals. Mature, 
acidified autophagy vesicles (autolysosomes) quench EGFP signals but 
retain RFP fluorescence. Thus, the pixel density of RFP+ EGFP- signals 
were measured to quantify the population of mature autophagy vesicles 
at the implant and contralateral sides over time (Fig. 2D). We found the 
RFP+ EGFP- pixel density was significantly higher on the implant side 
compared to the contralateral side for days 2–77 post-implantation (p <
0.05). Additionally, the RFP+ EGFP- pixel density on the implant side 
was significantly elevated at days 2–77 post-implantation compared to 
day 0 (p < 0.05). Thus, a significant population of mature, acidified 
autophagy vesicles appeared throughout the long-term microelectrode 
implantation period. These findings suggest that implantation injury is 
accompanied by a persistent and robust elevation of acidified autoly
sosomes in local brain tissue near the microelectrode. 

Given that we observed an increase in both immature autophago
somes and acidic autolysosomes, we next investigated the distribution of 
immature and mature autolysosomes. To investigate whether the auto
phagy load near the implanted microelectrode was dominated by the 
population of immature autophagy vesicles (autophagosomes), the ratio 
of EGFP pixel density over RFP pixel density was calculated over time 
(Fig. 2E). A greater ratio indicates that the majority of RFP+ autophagy 
population are EGFP+ immature autophagy vesicles. We found that this 
ratio value was significantly elevated on the implant side compared to 
the contralateral side at days 1–7 post-implantation (p < 0.05), sug
gesting that implantation injury led to a predominant population of 
immature autophagosomes during the acute neuroinflammation period. 
Additionally, the ratio value on the implant side was significantly higher 
on days 1–4 compared to day 0 (p < 0.05), implying that the predomi
nant autophagosome population occurred within the first week of im
plantation. There was no significant difference in the ratio value on the 
contralateral side between time points. Thus, the autophagy activity 
near the acute implanted microelectrode was dominated by immature 
autophagy vesicles. While autophagy activity peaked during the acute 
neuroinflammation period (within 7 days post-implantation), there was 
an abnormal accumulation of immature autophagy vesicles near the 
chronically implanted microelectrodes, suggesting that the autophagy- 
lysosomal pathway was impaired over the chronic implantation period. 
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Given our observation of distinct patterns of autophagy populations 
at acute neuroinflammation and chronic foreign body response period 
near the microelectrode, we next investigated morphological changes in 
the size of autophagy vesicle clusters. The size of autophagic clusters 
likely reflect the extent of autophagosome accumulation inside the cells. 
We observed that many clusters had glial-like appearances, especially 
those proximal to the implanted microelectrode during acute neuro
inflammation period (Fig. 2F), suggesting glial cells experienced 
elevated autophagy activity. The representative yellow/green cluster at 
day 3 post-implantation showed morphologies consisting of a large 
bright body and hazy-like processes (white arrows in insert). However, 
the morphologies of autophagy clusters shifted to a small dot-like 
structures over the chronic foreign body response period (Fig. 2G). 
The changes in cluster size matched the visual observation of autophagy 
cluster morphologies. The RFP clusters on the implant side were 
significantly larger than clusters on the contralateral side at days 4–9, 
13, 17 post-implantation (p < 0.05, Fig. 2H). Additionally, the RFP 
clusters at electrode-tissue interfaces significantly increased in size at 
days 4–7 post-implantation relative to day 0 (p < 0.05). EGFP cluster 
sizes were significantly larger at days 3–7 post-implantation for the 
implant side compared to time-matched contralateral side and to day 
0 of the ipsilateral implant side (p < 0.05, Fig. 2I). Interestingly, the peak 
size of EGFP clusters (138.82 ± 85.02 μm2) at day 4 was much larger 
than the peak size of RFP clusters (67.47 ± 33.55 μm2) at day 7 post- 
implantation, which supports the finding that autophagosome pop
ulations dominate the acute neuroinflammation period. However, the 
sizes of EGFP and RFP clusters during chronic implantation were similar 
(RFP cluster: 36.44 ± 11.44 μm2, EGFP cluster: 34.56 ± 14.15 μm2, at 
84-days post-implantation). In summary, these findings suggest that the 
population and distribution of autophagy vesicles within cells are 
heightened in large size, glial-like appearances during acute neuro
inflammation period and then decreased in small, sphere-like particles 
over the chronic implantation period. 

3.2. Autophagy activity proximal to the implanted microelectrode over 
time 

During the acute neuroinflammation period, activated microglia 
quickly cover the implant surfaces and reactive astrocytes become hy
pertrophic, resulting in gliosis that encapsulates the implanted micro
electrode. Evidence shows that autophagy modulates microglia 
inflammation and astrocyte reactivity [17,18,90,91]. Thus, we first 
evaluated the changes in autophagy activity at the electrode-tissue 
interface over the implantation period. This activity was measured by 
quantifying RFP and EGFP within a tissue volume of 20 μm above the 
implant surface. The autophagy activity at the surface of the implant 
appeared to increase during the acute implantation period (Supple
mentary Fig. 3A) and gradually decrease over time (Supplementary 

Fig. 3B). Both RFP and EGFP density over the implant surface was 
significantly elevated at days 3–6 post-implantation compared to day 
0 (p < 0.05, Supplementary Figs. 3C–D), which suggested that there was 
a transient elevation of immature autophagosomes population proximal 
to the implant within the first week of implantation. Next, we investi
gated the acidified, mature autolysosomal activity proximal to the 
implant by examining the RFP+ EGFP- density. The RFP+ EGFP- density 
over the implant surface showed significant elevations at days 4–6, 
9–10, 12, 21 post-implantation compared to day 0 (p < 0.05, Supple
mentary Fig. 3E). Given there was a peak in autophagy activity on the 
implant surface during the acute inflammatory phase on day 3, we then 
asked whether this peak was dominated by the population of immature 
autophagosomes by looking at the ratio of EGFP density over RFP 
density. This ratio showed significant elevation at 3 days 
post-implantation compared to day 0 (p < 0.05, Supplementary Fig. 3F), 
indicating that autophagosome population are upregulated near the 
implant during the acute neuroinflammation period. Next, we examined 
the morphologies of autophagy cluster over the implant surface. The size 
of RFP and EGFP cluster over the implant surface peaked acutely fol
lowed by a decreasing trend over the chronic period (p > 0.05, Sup
plementary Figs. 3G–H). In summary, the density and morphologies of 
autophagy vesicles proximal to the implanted microelectrode demon
strated a transient peak during acute neuroinflammation period and 
reduced to lower levels during chronic implantation period. 

Given the temporal changes in autophagy activity in response to 
microelectrode implantation, we next examined the spatial distribution 
of autophagy activity near the microelectrode. To investigate the spatial 
distribution of autophagy activity near the implanted microelectrode 
over time, heatmaps of RFP and EGFP cluster were examined as a 
function of distance from the electrode over 84-days post-implantation. 
First, we examined the total autophagy population by examining the 
spatial distribution of RFP clusters. The spatiotemporal heatmap of RFP 
cluster counts demonstrated a transient elevation up to 300 μm away 
from the probe within the first 7-days post-implantation and an accu
mulation within 50 μm at days 21–70 post-implantation (Fig. 3A). Next, 
we examined the EGFP clusters as an indicator of immature autopha
gosomes population. Unlike RFP clusters, EGFP cluster heatmap had a 
transient elevation mainly at 0–50 μm distance from the implant within 
the first 7-days post-implantation (Fig. 3B). Then, the spatial distribu
tion of autophagy clusters was investigated by measuring the changes in 
cluster counts at each spatial bin over implantation time. Within 0–50 
μm distance from the implant, EGFP cluster count was significantly 
increased between days 3–5 post-implantation and RFP cluster count 
was significantly elevated and peaked at day 5 post-implantation 
compared to day 0 (p < 0.05, Fig. 3B). These findings further support 
the idea that total population of autophagy vesicles near the implant 
transiently peaks during the acute neuroinflammation period. Although 
no significant difference in cluster count between time points was 

Fig. 2. Chronic accumulation of immature, partially acidified autophagy vesicles following microelectrode implantation. A) Representative two-photon images 
showing autophagy granules surrounding the implanted 4-shank microelectrode array (highlighted in blue) over 84-days post-implantation in the CAG-LC3b-RFP- 
EGFP mice. Scale bar = 50 μm. B) Quantification of RFP+ pixel density at microelectrode interfaces (colored) and no-implant contralateral side (black) over time. 
RPF+ pixel density, representing the total autophagy vesicle population, was significantly higher near the implant compared to the contralateral control through day 
84 post-implantation. C) EGFP pixel density, indicative of immature autophagy vesicle (autophagosomes), exhibited a transient peak within 21-days post- 
implantation and chronic accumulation during days 63–77 post-implantation. D) The pixel density of RFP+ EGFP-, representing acidified autophagy vesicles 
(autolysosomes), remained persistently higher near the microelectrode interfaces throughout the implantation period. E) The ratio of EGFP pixel density to RFP pixel 
density was significantly higher compared to the contralateral control within 14-days post-implantation, indicating an acute predominance of immature autophagy 
vesicles (autophagosomes) near the implanted microelectrode. F) Representative two-photon images of dual-fluorescent labeled autophagy cluster adjacent to the 
implanted microelectrode (blue) on day 3 post-implantation. White scale bar = 20 μm. Magnified images (on the right) show a large bright body and shaded, glial like 
processes of an autophagy cluster. Black scale bar = 10 μm. G) Representative two-photon images of small, dot-like morphologies of an autophagy cluster near the 
probe on day 70 post-implantation. Change in cluster sizes of RFP (H) and EGFP (I) signals over the 84-day implantation period between the implant and 
contralateral ROI regions in the CAG-LC3b-RFP-EGFP mice. Significant increases in EGFP cluster sizes occurred at days 3–7 post-implantation, while significant 
increases in RFP cluster sizes appeared at days 4–17 post-implantation compared to the contralateral sides. Significance between implant and contralateral sides at 
each time point was marked in pink solid triangles (Two-way ANOVA with Tukey post-hoc, p < 0.05). Significant comparisons between day 0 and other time points at 
implant ROIs were labeled as blue asterisks (two-way ANOVA with Tukey post-hoc, p < 0.05). No significance was found between time points at contralateral 
regions. All data were presented as mean ± standard deviation. 
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detected at further distance, RFP cluster count generally peaked within 
the first 7-days post-implantation up to 300 μm away from the probe (p 
> 0.05, Fig. 3D–H), suggesting that implantation injury leaded to a 
transient increase of the total autophagy population at the interface as 
well as distal cortical tissue during acute neuroinflammation period. In 
contrast, few EGFP clusters were detected in distance beyond 50 μm, 
implying that the immature autophagosomes were mainly localized to 
the interface tissue. Together, these results demonstrated that auto
phagy activity primarily occurred proximal to the implanted 
microelectrode. 

3.3. Distinct patterns of autophagy activity in different brain cells over 
long-term microelectrode implantation 

Since two-photon imaging of CAG-LC3b-RFP-EGFP transgenic mice 
measured real-time autophagy activity independent of cell types, we 
used immunohistology to investigate changes in autophagy activity in 
different brain cells near the implanted microelectrode between 7- and 
84-days post-implantation. The normalized intensities of LC3B auto
phagy markers proximal to the implant exhibited a trend of being higher 
at 7-days relative to 84-days post implantation. This trend aligned with 
the transient peak of fluorescent-tandem LC3B density seen within the 
first week of implantation in CAG-LC3b-RFP-EGFP mice (Fig. 2). 

Fig. 3. Proximal accumulation of autophagy activity near the microelectrode during chronic implantation. A spatiotemporal heatmap illustrates the number of RFP 
cluster (A) and EGFP cluster (B) at varying distances from the probe over the course of implantation. Visual observation revealed an increased number of RFP clusters 
and EGFP clusters in close proximity to the implant during the acute phase (days 0–14 post-implantation). C) The numbers of RFP clusters (red line) and EGFP 
clusters (green line) were plotted at 0–50 μm from the probe over microelectrode implantation period. The number of RFP cluster within 50 μm from the probe at day 
5 post-implantation was significantly higher than the day 0. Similarly, the number of EGFP cluster within 50 μm at days 3–5 post-implantation was significantly 
higher than day 0. Few clusters of RFP and EGFP signals are observed in spatial bins of 50–100 μm (D), 100–150 (E), 150–200 (F), 200–250 (G), 250–300 (H). Solid 
circles indicate significant differences in cluster numbers at the implant side between day 0 and other time points (One-way ANOVA followed by Dunnett’s test, p <
0.05). Red solid circle represents RFP clusters, while green solid circles represent EGFP cluster. All data were presented as mean ± standard deviation. 
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Additionally, the normalized intensities of LC3B autophagy markers 
were visibly elevated up to 300 μm away from the implant at 7-days 
post-implantation relative to 84-days post-implantation (p > 0.05, 
Fig. 4A). This observation was consistent with the increased number of 
fluorescent-tandem LC3B puncta in regions distal to the implanted 
microelectrode at 7-days post-implantation (Fig. 3). Furthermore, the 
normalized intensities proximal to the implant was high at 84-days post- 
implantation relative to the distal tissue >300 μm away from the 
implant, which matched to the two-photon observation of proximal 
accumulation of LC3B activity at chronic implantation period (Fig. 2). 
Overall, the immunohistological data appear to corroborate the results 
from two-photon imaging, suggesting that implantation injury resulted 
in increased autophagy activity at interfaces and distal cortical tissue 
during the acute neuroinflammatory period. 

Given the accumulation of immature autophagy vesicles during the 
chronic foreign body response phase, we then asked which cells 
increased their intracellular autophagy activity near the implanted 
microelectrode over time. The percentage of LC3B autophagy markers 

colocalized with different cellular markers (NeuN/IBA1/GFAP/CC1/ 
MBP) was quantified at the acute 7-day and chronic 84-day post- 
implantation. We first observed that NeuN+ cell density experienced a 
decreasing trend at 50–100 μm away from the implant on day 84 post- 
implantation (Fig. 4B), suggesting a progressive degeneration of 
neuronal soma at chronic foreign body response phase. Neuronal auto
phagy, LC3B+ NeuN+ pixels, accounted for ~5–9% of all LC3B+ pixels 
and did not significantly change over time (p > 0.05, Fig. 4C). This 
observation of limited colocalization of LC3B marker with neuronal 
soma NeuN aligned with previous study that shows LC3 autophagy 
marker primarily detected in dendrites of pyramidal neurons under 
starvation conditions [92]. 

Next, we examined cell types involved in glial scarring. Normalized 
intensity of resident microglia and infiltrated macrophages marker IBA1 
was elevated proximal to the implant on day 7, then showed significant 
decrease at 0–50 μm away from the implant by day 84 post-implantation 
(p < 0.05, Fig. 4D). The intensity of autophagy LC3B markers within 
IBA1+ markers at 0–50 μm distance from the implant significantly 

Fig. 4. LC3b+ autophagy activity decreases in microglia but increases in astrocyte and oligodendrocyte soma over time. A) Representative immunohistological 
staining of LC3b+ autophagy activity around the implant site on day 7 post-implantation. Intensity plot shows a global increase in LC3b+ autophagy activity on day 7 
relative to day 84 post-implantation. B) Density of NeuN+ cells showed a decreasing trend at 50–100 μm away from the electrode on day 84 post-implantation. C) 
The percentage of LC3b fluorescent signal colocalized with NeuN+ neurons were comparably low on day 7 and day 84 post-implantation at each spatial bin. D) 
Normalized intensity of IBA1 significantly decreased within 50 μm of the electrode on day 84 compared to day 7 post-implantation. E) Significant decrease in the 
percent colocalization of LC3b fluorescent signal with IBA1+ marker between day 7 and day 84 post-implantation at 0–100 μm distance bins indicates decreased 
autophagy activity in resident microglia and infiltrated macrophages during chronic implantation. F) Normalized intensity of GFAP significantly increased near the 
implant on day 84 post-implantation. G) Significant increase in LC3b fluorescent signal colocalization with GFAP at 84-days post-implantation suggests enhanced 
autophagy activity in astrocyte near the probe during chronic implantation. H) CC1+ cell density significantly decreased between 0 and 150 μm from the implant on 
day 84 post-implantation. I) The percentage of LC3b fluorescent signal colocalized with the CC1+ oligodendrocyte soma significantly increased on day 84 compared 
to day 7 post-implantation at 0–50 μm. J) Normalized intensity of MBP showed a tendency to decrease near the implant on day 84 relative to day 7 post-implantation. 
K) No significant differences were detected in the high percentage of colocalized LC3b+ and MBP+ myelin between day 7 and day 84 post-implantation. Micro
electrode holes are marked in solid blue. Scale bar = 50 μm. Magnified scale bar = 10 μm. Blue asterisks indicate significant differences in colocalization percentage 
between time points at each distance bin (Two-way ANOVA with Tukey post-hoc, p < 0.05). All data were presented as mean ± standard deviation. 
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decreased from 16% at day 7–9% at day 84 post-implantation (p < 0.05, 
Fig. 4E). In contrast, GFAP normalized intensity significantly increased 
0–50 μm away from the implant on day 84 compared to day 7 post- 
implantation (p < 0.05, Fig. 4F). The percentage of autophagy LC3B 
markers within GFAP+ astrocytes at 0–50 μm distance from the implant 
significantly increased from ~15% on day 7 post-implantation to ~21% 
on day 84 post-implantation (p < 0.05, Fig. 4G). 

Lastly, we investigated autophagy activity in oligodendrocyte line
age structures. Although the population of CC1+ oligodendrocyte soma 
significantly decreased at the implant interface (p < 0.05, Fig. 4H), the 

percentage of autophagy LC3B markers within CC1+ oligodendrocyte 
soma at 0–50 μm distance from the implant significantly increased at 84- 
days post-implantation (~6% at 7-days, ~9% at 84-days, p < 0.05, 
Fig. 4I). The normalized intensity of MBP staining showed a decreasing 
trend of myelin density near the implanted microelectrode at 84-days 
post-implantation (Fig. 4J), suggesting a progressive demyelination at 
chronic foreign body response phase. Despite that no significant differ
ence was detected between time points at each spatial bin, the per
centages of autophagy LC3B markers with MBP+ myelin near the 
implanted electrode were highly visible (~55–63% of all LC3B+ pixels) 

Fig. 5. Abnormal lysosomal activity in neurons near 
the chronically implanted microelectrode. A) Repre
sentative images showing LAMP1+ lysosome staining 
around the implanted microelectrode at days 7, 14, 
28, and 84 post-implantation, as well as at the no- 
implant contralateral side on day 84 post- 
implantation. Scale bar = 50 μm. Magnified scale 
bar = 10 μm. B) Normalized LAMP1 fluorescent in
tensity plotted as a function of distance near the 
implanted microelectrode on days 7, 14, 28, and 84 
post-implantation. C) Averaged LAMP1 fluorescence 
intensities significantly decreased on day 28 and then 
significantly increased on day 84 post-implantation. 
D) Immunohistological representation showing 
colocalization of LAMP1+ lysosome vesicles with 
NeuN+ neuronal soma around the microelectrode 
implant site on day 7 post-implantation. Magnified 
inserts visually demonstrate that neurons at interface 
have fewer lysosome vesicles compare to neurons at 
distal regions. White scale bar = 50 μm. Black scale 
bar = 10 μm. E) Percentage of LAMP1 fluorescent 
signals colocalized with NeuN+ was measured within 
50 μm bins up to 300 μm from the implant site on 
days 7, 14, 28, and 84 post-implantation. F) Repre
sentative image showing immunohistological staining 
of nuclei (DAPI), transcription factor EB (TFEB), 
neuronal soma (NeuN) on day 84 post-implantation. 
Scale bar = 50 μm. G) TFEB nuclear translocation 
in neurons detected by triple fluorescence overlap in 
DAPI (red), TFEB (green), and NeuN (cyan) channels, 
suggesting lysosomal biogenesis in neurons. Scar bar 
= 10 μm. H) Density of TFEB nuclear translocation 
cells colocalized with NeuN markers within 50 μm 
bins up to 300 μm from the implant site. Microelec
trode holes are marked in solid blue. Blue asterisks 
indicate significant differences in quantification 
metrics between different time points at each distance 
bin (Two-way ANOVA with Tukey post-hoc, p <

0.05). All data were presented as mean ± standard 
deviation.   
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(Fig. 4K). Together, we observed different patterns of changes in auto
phagy vesicle population within different cell types over the long-term 
microelectrode implantation. Specifically, microglial autophagy 
decreased but astrocytic and oligodendrocyte soma autophagy increased 
proximal to the chronically implanted microelectrode. 

3.4. Impairment in neuronal lysosome activity near the chronically 
implanted microelectrode 

Lysosome fusion with autophagosomes is a critical process for 
autophagy degradation [93]. Given the observation that autophagy was 
disrupted over the chronic implantation period, we next asked if lyso
somes were impaired around the implanted microelectrode. To inves
tigate lysosome activity, we characterized the changes in 
autophagy-lysosomal degradation by staining for LAMP1, a lysosomal 
marker, at days 7, 14, 28, and 84 post-implantation (Fig. 5A). Normal
ized LAMP1 intensities appeared to be higher proximal to the implant 
side at days 14 and 84 post-implantation (Fig. 5B). The average 
normalized LAMP1 intensity significantly decreased within 50 μm dis
tance from the implant on day 28 and significantly elevated by day 84 
post-implantation (p < 0.05, Fig. 5C). These results suggested that 
lysosome activity following the implantation were acutely elevated 
during the inflammatory phase and then accumulated around the 
implanted microelectrode over the chronic foreign body response 
phases. 

Having observed the changes of lysosomal population in cortical 
tissue near the implant, we next investigated the cell-specific changes in 
lysosome activity. Neurons loss has been observed near the chronically 
implanted microelectrode on day 84 post-implantation, indicating an 
increased neuronal degeneration within 100 μm away from the elec
trode (Supplementary Fig. 4A). To determine changes in neuronal 
lysosome load around the microelectrode over time, the percentages of 
LAMP1 marker colocalized with NeuN+ neurons were measured in 50 
μm bins up to 300 μm distance from the implant at days 7, 14, 28, and 84 
post-implantation. We observed that LAMP1 colocalization with 
NeuN+ cells decreased at the electrode-tissue interface (Fig. 5D). 
However, LAMP1 colocalization with NeuN+ neurons significantly 
increased at 100–300 μm distance from the implant site on day 14 post- 
implantation (p < 0.05, Fig. 5E). The reduced lysosome load in neurons 
proximal to the implant (Fig. 5E, Supplementary Fig. 4B) inspired us to 
investigate whether the microelectrode implantation injury disrupts 
lysosomal biogenesis. We co-stained DAPI, Transcription factor EB 
(TFEB), NeuN and measured the density of neurons with TFEB nuclear 
translocation (Fig. 5F). TFEB is a master regulator of autophagy- 
lysosomal pathway, and TFEB dephosphorylation and nuclear trans
location promote the expressions of lysosomal genes [94,95]. Neurons 
with TFEB nuclear translocation were identified by the triple fluorescent 
colocalization of DAPI, TFEB, and NeuN (Fig. 5G; for neurons without 
TFEB translocation see Supplementary Fig. 4C). We observed the den
sities of neurons with TFEB nuclear translocation were significantly 
elevated in tissue 150–300 μm away from the implant site on day 14 
post-implantation. Interestingly, we also found densities of neurons with 
TFEB nuclear translocation were significantly elevated up to 300 μm 
distance from the implant at chronic day 84 compared to day 28 
post-implantation (p < 0.05, Fig. 5H), suggesting increased lysosomal 
biogenesis at distal tissue over the chronic implantation period. How
ever, the percentage of LAMP1 markers within NeuN+ neurons was 
comparable between days 28 and 84 post-implantation (Fig. 5E), indi
cating that the lysosomal population did not increase during the chronic 
implantation period. Together, these findings revealed that chronic 
implantation resulted in a mismatch between the lysosome population 
and lysosomal biogenesis in neurons near the microelectrodes. 

3.5. Chronic elevated lysosome load in reactive astrocytes proximal to the 
implanted microelectrode 

While microelectrode implantation injury disrupts neuron viability, 
glial morphologies changes are also observed near the implanted 
microelectrode [17,18,30]. Lysosomes plays a critical role in regulating 
glial activity and morphological changes under pathological conditions 
[96,97]. To examine the relationship between lysosome activity and 
glial cells near the microelectrode, we measured the percentage of 
LAMP1 markers colocalized with glial markers (IBA1/GFAP/CC1/MBP) 
in 50 μm bins up to 300 μm distance from the implant site on days 7, 14, 
28, and 84 post-implantation. 

Microglia and astrocytes are involved in glial scarring during acute 
neuroinflammation and become relatively morphologically stable dur
ing chronic foreign body response [14]. IBA1+ intensities demonstrated 
significant elevations within 0–100 μm away from the microelectrode at 
acute 0–14 days post implantation (Fig. 6A; p < 0.05, Fig. 6B). The 
percentages of LAMP1 vesicles colocalized with the IBA1+ resident 
microglia and infiltrated macrophages significantly dropped in the tis
sue 0–200 μm tissue away from the implant site starting on 28-days 
post-implantation (p < 0.05, Fig. 6C), which suggested the microglia 
has an elevated lysosome load proximal to the implant during acute 
neuroinflammatory period compared to chronic foreign body response 
phase. 

GFAP+ astrocyte activity significantly peaked on day 14 post im
plantation (Fig. 6D; p < 0.05, Fig. 6E). Additionally, the percentages of 
LAMP1 markers colocalized with the GFAP+ astrocytes showed a sig
nificant, but transient peak (56.49 ± 4.53%) at 0–50 μm distance from 
the implant on day 14 post-implantation. Interestingly, the percentages 
of astrocyte LAMP1 markers colocalized with GFAP+ significantly 
elevated again (38.83 ± 6.21%) at 0–50 μm away from the implant on 
day 84 post-implantation. Yet, the percentages of LAMP1+GFAP+ pixels 
at 100–300 μm tissue away from the implant site gradually decreased 
over time (p < 0.05, Fig. 6F). These findings suggested that 1) lysosomal 
loads in microglia and astrocytes experienced a transient increase within 
the first two weeks of implantation corresponding to the acute neuro
inflammation phase (p < 0.05, Supplementary Figs. 5A–B); 2) the pop
ulation of astrocytic lysosomes was chronically accumulated proximal to 
the implanted microelectrode possibly contributing to the chronic 
accumulation of the lysosome populations over the chronic implantation 
period. 

Having observed increased lysosomes load in microglia and astro
cytes for glia scars, we next asked whether lysosomal activity in oligo
dendrocytes and myelin were influenced by long-term implantation. 
Lysosomes regulate myelin integrity, sheath growth, and oligodendro
cyte differentiation [98–100]. However, implantation injury leads to 
progressive oligodendrocyte loss and demyelination within 50 μm away 
from the implant (Fig. 6G; p < 0.05, Fig. 6H) [27]. Therefore, we asked if 
lysosomes also increased in the oligodendrocyte and myelin injury near 
the chronically implanted microelectrodes. The percentages of LAMP1 
markers colocalized with the CC1+ oligodendrocytes showed a small 
significant peak at 0–50 μm away from the implant on day 28 
post-implantation yet decreased between 50 and 300 μm away from the 
probe over time (p < 0.05, Fig. 6I). Additionally, the percentages of CC1 
markers colocalized with the LAMP1 significantly decreased from 0 to 
100 μm and 150–300 μm on day 84 post-implantation (p < 0.05, Sup
plementary Fig. 5C). These findings suggest lysosomal populations 
decreased in oligodendrocyte soma during the chronic implantation 
period. 

The staining result for myelin marker PLP demonstrated a decreasing 
trend in PLP+ intensity on day 84 post-implantation (Fig. 6J–K). Of 
note, the percentages of LAMP1 markers colocalized with the PLP+

myelin were prominent within 0–50 μm away from the implant on day 7 
(31.67 ± 11.31%) and day 14 (36.27 ± 5.13%) post-implantation. The 
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LAMP1+PLP+ percentage significantly dropped within 0–50 μm from 
the implant beginning day 28 post-implantation and within 50–100 μm 
beginning day 14 post-implantation (p < 0.05, Fig. 6L; p < 0.05, Sup
plementary Fig. 5D). We found colocalization between PLP+ myelin 
cluster and GFAP+ LAMP1+ astrocytic lysosomes by examining the day 
7 post-implanted brain tissue co-stained for LAMP1, PLP+, GFAP+, 
(Fig. 7, white arrows). These triple fluorescent colocalization suggest 
that the lysosomes containing myelin proteins were located in reactive 

astrocytes near the microelectrode. Given that demyelination was 
observed starting at 3-days post-implantation [30], it is likely that 
reactive astrocytes contribute to the myelin engulfment via 
autophagy-lysosomal pathway proximal to the electrode-tissue in
terfaces during the acute implantation period. Alternatively, this triple 
colocalization might result from the overlap of astrocyte fluorescence 
with myelin and autophagy markers due to the z-direction projection in 
imaging analysis or due to the confocal microscope’s point spread 

Fig. 6. Increased lysosomal activity in astrocytes near the microelectrode during chronic implantation. A) Colocalization of LAMP1 and IBA1 staining. B) Significant 
elevations of IBA1 intensity occurred within 100 μm from the microelectrode on days 7 and 14 post-implantation. C) A significant decrease in the percentage of 
LAMP1 fluorescent signal colocalized with IBA1+ marker was observed on day 28 post-implantation within 0–100 μm from the implant, indicating increased 
lysosome activity in resident microglia and infiltrated macrophages near the implant during acute implantation period. D) Colocalization of LAMP1 and GFAP 
markers. E) GFAP+ intensity peaked on day 14 and increased on day 84 post-implantation within 50 μm of the implant. F) The percentage of LAMP1 signal 
colocalized with GFAP + reactive astrocytes within 50 μm significantly increased on day 14, then decreased by day 28, and eventually increased again on day 84 
post-implantation. G) Colocalization of LAMP1 and CC1 markers near the implanted microelectrode. H) CC1+ cell density significantly decreased on day 28 within 
100 μm of the implant and on day 84 between 100 and 150 μm from the implant. I) The percentage of LAMP1 fluorescent signals colocalized with CC1+ oligo
dendrocyte soma between 50 and 300 μm from the implant showed significantly low level of lysosome activity on day 84 compared to day 7 post-implantation. J) 
Colocalization of LAMP1 and PLP marker near the implant. K) PLP intensity tended to decrease on day 84 post-implantation. L) The percentage of LAMP1 signals 
colocalized with PLP+ myelin showed a significantly higher percentage within 50 μm of the probe on day 7 and day 14 post-implantation compared to day 28 and 
day 84 post-implantation. Microelectrode holes are marked in solid blue. Scale bar = 50 μm. Magnified scale bar = 10 μm. Blue asterisks indicate significant dif
ferences in colocalization percentage between 7- and 84-days post implantation at each distance bin (Two-way ANOVA with Tukey post-hoc, p < 0.05). Data are 
presented as mean ± standard deviation. 
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function limit in the z-direction. Overall, these results support that 
astrocyte lysosome activity was predominant near the microelectrode at 
chronic implantation period. 

3.6. Abnormal accumulation of autophagy cargo, decrease in lysosomal 
protease, and accumulation of oxidative stress near the chronically 
implanted microelectrode 

Given the abnormal autophagy-lysosomal activity near the chroni
cally implanted microelectrode, we next investigated the associated 
pathologies. We first stained for an autophagy cargo marker SQSTM1/ 
p62 and a lysosomal protease marker cathepsin D on brain tissue 
explanted on day 7, 14, 28, and 84 post-implantation. SQSTM1/p62 is a 
cargo receptor to recognize specific targets for autophagosome seques
tration and eventual degradation by lysosomes. Thus, the accumulation 
of SQSTM1/p62 markers reflects autophagy blockade, which was visu
ally elevated near the implant site on day 14 and day 84 post- 
implantation (Fig. 8A). The average normalized SQSTM1/p62 in
tensity significantly increased near the implant site (0–50 μm) on 
chronic day 84 post-implantation (p < 0.05, Fig. 8B), suggesting that 
autophagy-lysosomal clearance was impaired near the chronically 
implanted microelectrode. Similarly, normalized cathepsin D intensities 
were elevated proximal to the implant site over the long-term implan
tation period (Fig. 8C). However, the average normalized cathepsin D 
intensities significantly decreased in tissue regions up to 150 μm away 
from the implant site from day 28 post-implantation (p < 0.05, Fig. 8D), 
suggesting deficits in lysosomal capability for autophagy cargo degra
dation near the chronically implanted microelectrode. 

Having observed deficits in lysosomal protease for autophagy near 
the chronically implanted microelectrode, we next investigated the 
mitochondria integrity and oxidative stress by staining for mitochondria 
marker (TOMM20) and 4-Hydroxynonenal (4-HNE), respectively. The 
profile of normalized TOMM20 intensities demonstrated visible de
creases proximal to the electrode-tissue interfaces on day 84 post- 
implantation (Fig. 8E–F), suggesting the impairment of mitochondria 
activity around the chronically implanted microelectrode. Inefficient 
removal of damaged mitochondria leads to the accumulation of reactive 
oxygen species (ROS), which can activate autophagy-lysosome activity 
to prevent damage of cellular structures, proteins, lipids, and DNA by 
ROS [101–103]. Additionally, persistent oxidative stress can impair 
autophagy-lysosomal function as high levels of ROS can disrupt mem
branes of autophagy-lysosome vesicles and decrease the degradation 
efficiency [104–106]. Accordingly, the intensity of stain for oxidative 
stress marker 4-hydroxyninenal (4HNE) was elevated in the tissue 
proximal to the chronic implant (Fig. 8G). The average normalized 
4HNE intensity showed a significant increase 0–50 μm from the implant 

site on day 84 post-implantation (p < 0.05, Fig. 8H), suggesting a 
chronic accumulation of oxidative stress. Together, these results sug
gested that impaired clearance of autophagy cargo, insufficient lyso
somal protease, and accumulation of oxidative stress contribute to the 
pathological autophagy-lysosomal degradation near the implanted 
microelectrode. 

4. Discussion 

The current challenge with brain microelectrodes in clinical appli
cations includes the chronic decline in functional performances [6,8]. 
Tissue degeneration around the chronically implanted microelectrode is 
associated with this functional decline in stability and sensitivity of the 
recorded neural signals [107]. This neuronal loss, glial activation, 
vascular injury, and demyelination are also present in neurodegenera
tive diseases [14]. Growing number of studies reveal similar pathologies 
between the focal brain trauma by microelectrode implantation and 
neurodegenerative diseases [9,27,108,109]. Intracellular 
autophagy-lysosomal pathway plays a vital role in the homeostasis and 
function of brain tissue, and deficits of this pathway have been observed 
in the onset and progression of neurodegenerative diseases such as AD 
[47,49]. Therefore, we aim to answer whether this autophagy-lysosomal 
pathway is impaired near microelectrodes that are implanted over time. 
Here, two-photon imaging showed an aberrant accumulation of imma
ture autophagy vesicles near the chronically implanted microelectrode. 
Additionally, immunohistology revealed a discrepancy between 
elevated lysosomal population and the low protease capacity near the 
implant further indicating an aberrant accumulation of autophagy 
cargo. Our results help build a more comprehensive understanding of 
intracellular autophagy-lysosome processes over the chronic micro
electrode implantation period. These results highlight the understudied 
role of metabolic waste removal on tissue degeneration at neural in
terfaces, which may uncover new understanding and innovations for 
improving chronic tissue-electrode interfaces. 

4.1. Autophagy-lysosomal activity has distinct patterns during acute and 
chronic implantation phases 

Microelectrode implantation induces a series of biological responses 
that can be characterized into two phases: an acute neuroinflammation 
phase (0–2 weeks post-implantation) and a subsequent chronic foreign 
body response phase (4+ weeks post-implantation) [12,13]. During the 
acute neuroinflammation phase, tissue near the implanted microelec
trode experiences rapid recruitment of activated microglia and reactive 
astrocytes, intense release of pro-inflammatory cytokines, and high 
gradient of cytotoxic glutamate [14]. Our data demonstrates an acute 

Fig. 7. Astrocytic lysosomes co-labeled with myelin 
proteins at acute microelectrode implantation period. 
Immunohistological representation of lysosomal ves
icles (LAMP1, green) containing myelin protein (PLP, 
magenta) within reactive astrocytes (GFAP, red) near 
the implant site on day 7 post implantation, indi
cating the involvement of reactive astrocyte in 
degradation of myelin debris during acute implanta
tion period. While scale bar = 50 μm. Black scale bar 
= 20 μm for image inserts.   
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peak of immature autophagosomes with large-cluster morphologies 
(Fig. 2) coupled with increased lysosomal load and biogenesis (Fig. 5) 
during this acute phase. This elevated autophagy-lysosomal activity is 
possibly a cellular machinery’s attempt to maintain homeostasis, deal 
with potential cellular damage, and facilitate the removal of any debris 
resulting from the inflammatory response. The efficacy of 
autophagy-lysosomal degradation near the microelectrode is reflected 
by the coincidence of high level of autophagy cargo marker p62 and 
lysosomal protease Cathepsin D (Fig. 8). 

By 28-days post-implantation, the initial acute neuroinflammation 
phase starts to diminish, leading to the development of a glial scar and a 
shift towards a more persistent foreign body response [14]. This phe
nomenon could elucidate the concurrent decrease in the levels of 

autophagy-lysosomal related proteins (Figs. 2, Fig. 5, Fig. 8). This 
reduction may be attributed to the fact that the brain tissue in proximity 
to the microelectrode site at day 28 post-implantation has not yet dis
played indications of tissue degeneration. However, progressive 
neuronal loss and demyelination occur during chronic foreign body 
response phase [33,108], which coincides with the decline in functional 
recording quality [110]. Our data shows the mismatch between 
increased p62 and decreased Cathepsin D intensity at day 84 
post-implantation (Fig. 8), suggesting deficits in autophagy-lysosomal 
degradation. It is likely the persistent accumulation of immature auto
phagosomes containing designated degradation cargo may adversely 
affect the health of surrounding tissue (Fig. 2C). Therefore, this temporal 
analysis of autophagy-lysosomal activity in response to long-term 

Fig. 8. Accumulated autophagy cargo, reduced lysosomal protease, and increased oxidative stress at chronic implantation period. A) Staining images of autophagy 
cargo marker SQSTM1/p62 at 7-, 14-, 28-, and 84-days post-implantation. B) Normalized fluorescence intensity or SQSRM1/p62 plotted against distance from the 
implant site on days 7, 14, 28, and 84 post-implantation. C) A significant increase in averaged SQSTM1/p62 intensity was observed 0–50 μm from the electrode on 
day 84 post-implantation, suggesting the accumulation of autophagy cargo near the implant during the chronic implantation period. D) Staining images of lysosomal 
protease cathepsin D at 7-, 14-, 28-, and 84-days post-implantation. E) Normalized fluorescence intensity for cathepsin D plotted against distance from the implant 
site on days 7, 14, 28, and 84 post-implantation. F) Average cathepsin D fluorescence intensity was significantly lower within 150 μm of the probe on day 28 and 84 
post-implantation compared to day 7, suggesting impaired lysosomal activity for intracellular degradation at the chronic implant interfaces. G) Staining images of 
mitochondria TOMM20 at 7-, 14-, 28-, and 84-days post-implantation. H) Normalized fluorescence intensity for TOMM20 plotted against distance from the implant 
site on days 7, 14, 28, and 84 post-implantation. I) Average TOMM20 fluorescence intensity within 50 μm bins up to 150 μm from the implant site on days 7, 14, 28, 
and 84 post-implantation. J) Staining images of oxidative stress marker 4-Hydroxynonenal (4-HNE) at 7-, 14-, 28-, and 84-days post-implantation. K) Normalized 
fluorescence intensity for 4-HNE was measured as a function of distance from the implant site on days 7, 14, 28, and 84 post-implantation. L) Average 4-HNE 
fluorescence intensity within 50 μm of the implant was significantly higher on day 84 post-implantation compared to day 28, indicating the accumulation of 
oxidative stress during the chronic implantation period. Scale bar = 50 μm. Blue asterisks indicate significant differences in colocalization percentage between 7- and 
84-days post-implantation at each distance bin (Two-way ANOVA with Tukey post-hoc, p < 0.05). All data are presented as mean ± standard deviation. 
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microelectrode implantation indicates that potential therapeutic stra
tegies such as drug interventions could be introduced before 63-days 
post implantation to mitigate the autophagy-lysosomal malfunctions. 

4.2. Impaired autophagy-lysosomal pathway is associated with the 
disease-associated factors following chronic microelectrode implantation 

The autophagy-lysosomal pathway is a critical process for degrading 
harmful protein aggregates that appear to be cytotoxic [39,111]. The 
abnormal accumulation of these protein aggregates, such as misfolded 
tau proteins and amyloid-β peptide, are characteristics of neurodegen
erative diseases [60,112]. In this study, we show that chronically 
implanting microelectrodes results in an accumulation of immature 
autophagy vesicles (Fig. 2C), a local increase in SQSTM1/p62 labeled 
autophagy cargo (Fig, 8A-B), and a reduced level of lysosomal protease 
(Fig. 8C–D). These observations suggest that protein aggregates in 
autophagy vesicles are unable to achieve timely degradation near 
chronically implanted microelectrodes. In other words, the 
autophagy-lysosomal pathway is likely impaired throughout the chronic 
implantation period. Dysregulation and inefficient acidification of ly
sosomes may convert autophagy cargo into lipofuscin and result in 
increased lipofuscin deposition. Moreover, the impaired clearance in 
pathological protein aggregates has been speculated as a critical factor 
of neurodegenerative diseases [60]. For example, abnormal accumula
tion of SQSTM1/p62 markers and LC3B autophagy markers were colo
calized with hyperphosphorylated tau in the brain tissue of Alzheimer’s 
disease patients [10], suggesting that the autophagy-lysosomal pathway 
plays a role in the clearance of pathological tau. Interestingly, a recent 
study has shown evidence of hyperphosphorylated tau near chronically 
implanted microelectrodes [9]. Therefore, it is possible that hyper
phosphorylated tau is associated with the accumulation of impaired 
autophagy vesicles near chronically implanted microelectrodes. How
ever, it remains to be seen whether the hyperphosphorylated tau is 
colocalized with SQSTM1/p62+ autophagy vesicles near the chronically 
implanted microelectrodes or whether the impaired 
autophagy-lysosomal pathway is a cause of hyperphosphorylated tau 
accumulation. Future works of understanding the role of 
autophagy-lysosomal degradation on tau pathologies would help to 
identify potential targets to mitigate the neurodegeneration due to the 
long-term implantation. 

Besides protein aggregates, damaged mitochondria producing ROS 
are also degraded by the autophagy-lysosomal pathway in healthy tissue 
[113,114]. ROS including free radicals, oxygen anions, and hydrogen 
peroxide, are by-products of oxygen metabolism [114]. Increases in ROS 
serve as crucial signals to induce autophagy-lysosomal degradation to 
avoid oxidative injury [101–103]. In this study, we found a transient 
elevation of ROS near the implant within the first two weeks 
post-implantation (Fig. 8G–H), which corresponds to a peak autophagy 
activity at the electrode-tissue interfaces during the inflammatory 
period (Fig. 2). The normalized TOMM20 intensities did not experience 
a significant drop on days 14 and 28 post-implantation (Fig. 8E–F), 
suggesting that mitochondria integrity is not severely damaged near the 
implanted microelectrode. These findings indicate that the peak auto
phagy activity may be a protective mechanism near the implant during 
acute implantation period. However, prolonged, excessive ROS accu
mulation results in oxidative stress, which can lead to irreversible 
damage to proteins, lipids, and even DNA during the pathogenesis of 
brain trauma and neurodegenerative diseases [44,115–117]. Here, we 
demonstrate that 84-days microelectrode implantation can induce the 
oxidative stress near the implant (Fig. 8G–H). In turn, this oxidative 
stress is likely associated with the damaged population of mitochondria 
(Fig. 8E–F), which may not be efficiently removed via impaired 
autophagy-lysosomal pathway. On the other hand, 
autophagy-lysosomal degradation is also vulnerable to oxidative stress 
[104–106], based on evidence that oxidative stress induces the per
meabilization of the lysosomal membrane and thereby leads to neuronal 

death [118,119]. Therefore, it is still unclear whether the oxidative 
stress is the consequence or cause of the impaired autophagy-lysosomal 
pathway around chronically implanted microelectrodes. Further evi
dence is needed to reveal the relationship between the oxidative stress 
and autophagy-lysosomal degradation to better understand the failure 
mechanisms of brain tissue at the neural interface. 

4.3. Impaired microglial and astroglial autophagy-lysosomal pathway 
influences the phagocytosis following chronic microelectrode implantation 

Microglia are key regulators of inflammatory responses around long- 
term implanted microelectrode as well as in the neurodegenerative 
diseases [18,120]. During the neuroinflammatory phase, microglia 
become activated and contribute to debris clearances of damaged cells 
via phagocytosis [121]. Phagocytosis is a mechanism for recognizing, 
engulfing, and degrading cells and extracellular materials in lysosomes, 
which is mediated by the intracellular autophagy-lysosomal pathway 
[122]. An example of this mediation is LC3-associated phagocytosis 
(LAP), in which autophagy machinery is partially translocated to the 
phagocytosis vesicles and results in intracellular processing of the 
engulfed extracellular cargo via lysosomal fusion [122–124]. Here, our 
findings demonstrate that microglia proximal to the implant increased 
in autophagy and lysosomal activity (Figs. 4E and 6C), indicating 
LAP-mediated clearance of implantation damaged cells. However, the 
autophagy-lysosomal activity in microglia gradually decreases over time 
(Figs. 4E and 6C). Similar decline of microglial autophagy-lysosomal 
activity occurs in aging and neurodegenerative diseases such as AD, 
Parkinson’s Disease, which is associated with the impaired clearances of 
lipid droplets, amyloid β, and tau aggregates [20,125–127]. With 
increased density of apoptotic neurons at chronic 16-weeks 
post-implantation [9,33], the observation of reduced 
autophagy-lysosomal activity in microglia indicates an impaired 
phagocytic clearance. Yet, direct evidence is still lacking to confirm 
whether microglial phagocytic activity is impaired near the chronic 
microelectrode or the role autophagy plays in microglial phagocytosis. 
Future studies should investigate the relationship between impaired 
autophagy-lysosome activity within microglia and their phagocytic ac
tivity in both disease and brain trauma. 

Similar to microglia, astrocytes become reactive and demonstrate a 
hypertrophic morphology following the microelectrode insertion [17, 
128]. These reactive astrocytes together with microglia form an 
encapsulating glial scar around the implanted microelectrode over time 
[17]. Astrocytes, like microglia, also have phagocytic capability to 
engulf of cellular debris in models of brain injury and neurodegenerative 
diseases [129–131]. Reduced autophagy in astrocytes is associated with 
a compromised astrocytic clearance of amyloid in AD mice, suggesting 
the role of autophagy-lysosomal pathways on astrocytic phagocytosis 
[132,133]. In this study, we observed that the autophagy-lysosomal 
activity for microglia and astrocytes near the implant site are compa
rable on day 7 post-implantation (Fig. 4E, G, Fig. 6C, F), indicating an 
orchestration of phagocytosis by microglia and astrocytes during acute 
implantation period. However, astrocytes exhibited a significant in
crease in their autophagy and lysosomal load at day 84 
post-implantation, contrasting with a decreased autophagy-lysosomal 
activity in microglia. This may make sense as astrocytes can increase 
their phagocytic activity to compensate for when microglial phagocy
tosis is genetically suppressed [129]. Thus, the increased load of astro
cytic autophagy and lysosomes (Figs. 4G and 6F) suggests that astrocytes 
play a predominant role in phagocytosis near the chronically implanted 
microelectrode. However, the efficiency of the autophagy-lysosomal 
pathway in astrocytes might be challenged by decreased protease level 
and accumulated waste cargo (Fig. 8A–F), indicating that the astrocytic 
phagocytosis might be compromised near the chronically implanted 
microelectrode. Astrocytes can uptake and degrade extracellular tau via 
autophagy-lysosomal pathway to prevent improper accumulation of tau 
aggregates [134,135]. Given recent studies highlighting phosphorylated 
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tau accumulation near chronically implanted microelectrodes [9], 
future research should determine the role of astrocyte clearance on tau 
pathologies and whether astrocytes’ phagocytic and/or autophagic ac
tivity is impaired near chronically implanted microelectrode. 

4.4. Impaired autophagy-lysosomal activity leads to oligodendrocyte loss 
and myelination turnover following chronic microelectrode implantation 

Distinct from microglia and astrocytes, oligodendrocyte soma and 
myelin processes are vulnerable to inflammatory injury. Instead of 
increasing reactivity, injury leads to loss of oligodendrocyte structural 
integrity and upregulation myelin-derived toxic debris such as Nogo-A 
and myelin-associated glycoprotein [136,137]. These myelin debris 
inhibit neurite growth, axonal regeneration, oligodendrocyte precursor 
cell differentiation, which recruit activated microglia and reactive as
trocytes to clear this debris [138,139]. Previous study demonstrates the 
loss of myelin and oligodendrocyte soma starts at day 3 
post-implantation [30], which coincides with the peak in immature 
autophagy activity (Fig. 2C) with large, glial-like appearances 
(Fig. 2F–I). These findings suggest an acute clearance of myelin debris 
near the implanted microelectrode as the phagocytic activity in micro
glia and astrocytes can be associated with their elevated 
autophagy-lysosomal activity (Fig. 6C and F). This study also shows 
myelin-containing lysosomes in reactive astrocytes close to the implant 
site on day 7 post-implantation (Fig. 7), suggesting astrocytic engulf
ment of myelin protein via lysosomal pathway during acute neuro
inflammation induced by microelectrode implantation. Thus, the 
elevated autophagy-lysosomal activity seems to serve as a protective 
mechanism against the detrimental effects of injured myelin near the 
implanted microelectrode. However, it is possible that clearance by 
phagocytic cells is overwhelming and may lead to unnecessary myelin 
degradation, explaining the continuous demyelination injury over 
chronic implantation period. Therefore, the elevated 
autophagy-lysosomal activity may act as a double-edged sword for 
oligodendrocyte and myelin integrity. Future investigation into the 
activation of autophagy-lysosomal degradation in phagocytic cells pre
cedes myelin loss and oligodendrocyte injury near the implanted 
microelectrode may inspire strategies to promote myelination for 
neuronal functionality. 

In addition, the autophagy-lysosomal-endosome axis in oligoden
drocyte structures are essential for their regeneration activity [29]. 
Remyelination requires the expansion of the myelin membrane, which is 
achieved by the transport and fusion of lysosomes and endosomes 
containing myelin proteins [98]. Impairment of lysosomal fusion leads 
to abnormal myelination characterized by reduced level of specific 
myelin proteins [98], highlighting the role of intracellular lysosomal 
activity for depositing myelin proteins for regeneration. Here, we 
demonstrate a transient elevation of lysosome population in oligoden
drocyte soma on day 28 post-implantation near the implanted micro
electrode (Fig. 6I), suggesting a remyelinating attempt. Interestingly, 
oligodendrocyte soma exhibits a significantly increased autophagy ac
tivity, yet a low level in lysosomal activity near the implant site on day 
84 post-implantation (Fig. 4I). Oligodendrocytes use autophagy to 
degrade the preexisting myelin sheathes to avoid the improper myelin 
structures and functions [140]. Thus, the progressive sheath degrada
tion near the chronically implanted microelectrode [30] are likely 
resulted from the chronic elevation in oligodendrocyte autophagy for 
removing improper myelin structure by the implantation injury. More
over, oligodendrocyte autophagy activity in myelin sheaths appears 
lower relative to activity in their soma [29]. Thus, the high colocaliza
tion of LC3B autophagy markers with MBP+ myelin at the 
electrode-tissue interfaces (Fig. 4K) likely arise from the myelinated 
axons. More direct evidence is required to understand whether im
plantation injury elevates autophagy activity in myelin and its rela
tionship to myelin sheath loss. 

4.5. Impaired autophagy-lysosomal activity leads to neuronal 
malfunctions following chronic microelectrode implantation 

The chronic decline of microelectrode performance is related to the 
pathological features of nearby neurons, including neuronal apoptosis, 
axonal degeneration, and functional silencing [33,75,109]. Neurons, 
which have high metabolic demand from action potential generation, 
are vulnerable to inflammatory environments with high gradient of 
proinflammatory cytokines, oxidative stress, and cytotoxic glutamate 
[14,141]. Thus, lysosome-involved degradations (e.g. autophagy, 
phagocytosis, endocytosis) are critical for neurons to defend against the 
inflammatory stressors [97]. However, we observe reduced lysosome 
activity in neurons adjacent to the implant over the chronic implanta
tion period (Fig. 5D–E), suggesting that these neurons suffer from an 
impaired lysosomal clearance near the implanted microelectrode. 
Additionally, the increase in neurons with TFEB nuclear translocation is 
not accompanied by a significant increase in neuronal lysosomes 
microelectrode on day 84 post-implantation (Fig, 5D-H), suggesting a 
failure of lysosome biogenesis in neurons due to the chronic micro
electrode implantation. Taken together, the impaired lysosomal activity 
may lead to the progressive neuron death and neurite degeneration re
ported in chronic tissue near the implanted microelectrodes. 

Neurons need large amounts of energy to support action potentials 
and synaptic activity, and mitochondria are the major ATP-production 
organelles [142]. Thus, neuronal function and survival are sensitive to 
mitochondrial dysfunction. Mitophagy, a special autophagy, selectively 
removes damaged mitochondria [41,143]. Previous study showed that 
damaged mitochondria in cultured hippocampus neurons can be quickly 
sequestrated in autophagosomes within an hour after initial damage 
[144]. However, the acidification of these immature autophagosomes 
takes more than 6 h to degrade the engulfed mitochondria [144]. This 
slow mitochondrial turnover may be exacerbated following injury, 
leading to a greater buildup of damaged organelles and increasing the 
risk of neuronal dysfunction [144]. Here, we observe prolonged accu
mulation of immature autophagy vacuoles without acidification (Fig. 2) 
together with accumulated oxidative stress (Fig. 8G–H), and reduced 
mitochondria activity (Fig. 8E–F) near the chronically implanted 
microelectrode. Taken together, chronic implantation of microelec
trodes may result in inefficient removal of damaged mitochondria and 
thereby lead to deficits in neuron survival and action potential genera
tion. Previous study with long-term recording of microelectrode 
implanted into wildtype mice indeed demonstrates a sudden drop of 
neuronal detectability and SNR at week 11 post-implantation [145]. 
This coincidence of reduced neuronal firing and the accumulation of 
immature autophagy vesicles suggest that mitophagy dysregulation in 
neurons may be associated with the chronic decline in device perfor
mances. Future interventions could focus on accelerating mitophagy 
process in chronic microelectrode implantation to prevent the loss of 
functional signals. 

Beyond mitophagy, autophagy is vital for axonal integrity and 
functionality with deficits leading to axons swelling, retraction, and 
eventually degeneration [31,146,147]. While various studies have 
demonstrated the colocalization of autophagy marker with neuronal 
soma under disease conditions [89,148], a quantification in different 
neuronal compartments reveals that the autophagy vesicle marker LC3 
is most prominently detected in neuronal dendrites rather than in the 
soma under starvation conditions [92]. This aligns with our observa
tions of low LC3B colocalization with NeuN marker (Fig. 4C). Addi
tionally, we noted a significant colocalization of LC3B autophagy with 
MBP+ myelin (~55–63%, Fig. 4K), suggesting that this may predomi
nantly arise from the autophagy processes within myelinated axons. 
Further evidence supports that autophagy vesicles are predominantly 
found in axons relative to the soma [146]. Autophagosomes are formed 
at distal axons and retrogradely move toward the soma, fusing with 
lysosomes to become autolysosomes during their axonal transport, ul
timately acidifying in the proximal part of the axons [31,146]. 
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Accumulated autophagy vesicles with tau aggregates in injured axons is 
linked to tau pathologies in neurodegenerative diseases [50]. Micro
electrode insertion disrupts the axons integrity, leading to bleb-like 
protrusions [75] possibly due to the disruption of microtubule struc
ture necessary for autophagy transport and resulting in aggregation of 
immature autophagosomes and mature, acidified autolysosomes. Small 
size, dot-like morphologies of autophagy cluster near the chronically 
implanted microelectrode may indicate abnormal autophagy activity in 
injured axons. The colocalization of pathological tau proteins with 
demyelinated axons near the microelectrode suggests a need for inves
tigating the role of axonal autophagy transport and abnormal hyper
phosphorylated tau accumulation following microelectrode 
implantation. 

Autophagy is also relevant to synaptic plasticity by degrading AMPA 
receptors and other synapse-associated proteins [149]. Similar to lyso
somes, autophagosomes can fuse with late endosomes at axonal termi
nals, forming an intermediate organelle called amphisome [150]. 
Amphisomes are involved in TrkB signaling and local activation of 
ERK1/2 signaling at boutons for neurotransmitter release [151]. The 
autophagy marker LC3B can be recruited to low pH amphisome, which 
may express RFP only signals [87]. Thus, the sustained RFP+ EGFP- 
activity throughout the long-term microelectrode implantation (Fig. 2D) 
may indicate the amphisome activity in synapse remodeling at 
tissue-electrode interfaces. However, distinguishing RFP signals be
tween the lysosome-fused autolysosomes and endosome-fused amphi
somes is challenging without additional techniques to examine the 
organelle ultrastructure. Furthermore, it is not known how the amphi
somes pathway is simultaneously recruited with the autophagy pathway 
in the axons and their contribution to synaptic activity following the 
microelectrode implantation. The specific cargo identities of these 
pathways also remain unexplored. Further studies are needed to un
derstand the mechanisms of protein and organelle turnover at synapses 
and develop interventions for promoting synaptic remodeling in 
neurological disorders. 

4.6. Limitation 

This study has limitations to consider. Firstly, lipofuscin auto
fluorescence could confound the interpretation of two-photon imaging 
in CAG-LC3b-RFP-EGFP in aged mice (Fig. 1). Lipofuscin is the complex 
mixture of oxidized protein and lipid residues as waste products of 
lysosomal digestion, which is more abundant in aged individuals [152], 
especially near implants in aged individuals [60]. Lipofuscin are 
yellow-brown, bleb-like particles and are detectable across a broad 
spectrum by microscopy, which challenges the identification of yel
low/green autophagosomes in the CAG-LC3b-RFP-EGFP transgenic 
model [57]. Therefore, to minimize the interference of age-dependent 
lipofuscin, 8-week young mice were used in this study. 
Lipofuscin-induced noise was considered negligible in 2- to 6-months 
old mice [57]. However, animals were tracked the LC3B fluorescent 
activity over 84-days post-implantation and were 7-month-old at the 
end of the study. Thus, there is some possibility of lipofuscin auto
fluorescence especially during the last 4-week of the study [60]. This 
was one of the reasons that immunohistochemistry was used to confirm 
LC3B findings. Characterizations of autophagosomes and lipofuscin 
autofluorescence cluster such as size and distribution density would help 
appropriately understand the two-photon imaging results. 

The second limitation of our study is the absence of a detailed his
tological evaluation at multiple depths within the visual cortex, which 
would have enabled a more comprehensive understanding of the 
regional dependence of autophagy-lysosomal activity in response to 
chronic microelectrode implantation injury. Although we performed 
quantitative histological analysis at multiple time points to reveal a 
temporal pattern of changes in autophagy-lysosomal activity following 
microelectrode implantation, examining a single depth (approximately 
cortical layers 4/5) only provides limited insight into the depth- 

dependent alterations. Given the emerging evidence of tissue hetero
geneity across cortical depth [153–156], it is helpful for future studies to 
focus on the depth-specific effect of chronic implantation injury on 
changes in cellular and molecular markers associated to 
autophagy-lysosomal pathway in different cortical areas. 

The third limitation is the unknown origin of chronic accumulation 
of immature autophagy vesicles near the chronically implanted micro
electrode (Fig. 2C). This accumulation may be caused by increased 
formation of immature autophagosomes, impaired lysosomal fusion into 
RFP+ EGFP- mature autolysosomes, and/or inefficient degradation of 
autolysosomal cargo. Lysosomal fusion with autophagosomes occurs 
during the retrograde transport in axons [146], which means that 
impaired ATP consuming motor proteins during autophagy retrograde 
transport may result in a decreased motility of lysosomes and auto
phagosomes and reduce the possibility of fusion. Additionally, the def
icits in lysosomal protease and hydrolases and dysregulation of 
lysosomal acidification might contribute to the accumulation of imma
ture autophagosomes. Although we conducted an immunohistological 
analysis of Cathepsin D in this study, future research should delve into 
cell-specific investigations on markers for lysosomal functions, 
including Cathepsin D, Cathepsin B, and v-ATPase to understand the 
mechanisms of autophagy-lysosomal impairment by chronic implanta
tion injury. For instance, the disruption of blood-brain barrier following 
microelectrode insertion reduces metabolic supply and increases meta
bolic stress [157], leading to less ATP available for lysosome v-ATPase 
pump to maintain acidic environment inside the lysosomes. In turn, this 
loss of ATP results in inefficient cargo degradation and chronic build-up 
of the immature autophagy vesicles or lipofuscin [158]. Furthermore, 
impairment in fusion machinery such as interaction between Rab7A and 
PLEKHM1 leads to inefficient docking of lysosomes to autophagosomes 
[159,160] further contributes to accumulation of harmful autophagy 
cargo and in turn, exacerbate chronic implantation injury. However, the 
role of autophagy-lysosomal activity and the underlying mechanisms 
require further investigation. Understanding the chronic accumulation 
of autophagy vesicles may guide the development of therapeutic in
terventions targeting autophagosome formation and lysosomal fusion. 

5. Conclusion 

This study for the first time revealed impaired autophagy-lysosomal 
activity during long-term microelectrode implantation. Two photon- 
microscopy of CAG-RFP-EGFP-LC3 transgenic mice showed that imma
ture autophagy vacuoles accumulate near implanted microelectrode. In 
addition, immunohistological results confirmed impaired autophagy- 
lysosomal degradation and increased oxidative stress. It is likely that 
reactive astrocytes contribute to myelin engulfment via autophagy- 
lysosomal activity near the microelectrode. Overall, this study pro
vides a novel perspective on the possible mechanisms of tissue degen
eration near the chronically implanted microelectrodes. These findings 
demonstrate that an impaired autophagy-lysosomal activity contributes 
to biocompatibility mechanisms of the chronic microelectrode implan
tation and provide insights for developing therapeutic strategies to 
enhance device performance. 
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[105] F. Wang, R. Gómez-Sintes, P. Boya, Lysosomal membrane permeabilization and 
cell death, Traffic 19 (12) (2018) 918–931. 

[106] A.-C. Johansson, H. Appelqvist, C. Nilsson, K. Kågedal, K. Roberg, K. Ollinger, 
Regulation of apoptosis-associated lysosomal membrane permeabilization, 
Apoptosis : an international journal on programmed cell death 15 (5) (2010) 
527–540. 

[107] N.F. Nolta, M.B. Christensen, P.D. Crane, J.L. Skousen, P.A. Tresco, BBB leakage, 
astrogliosis, and tissue loss correlate with silicon microelectrode array recording 
performance, Biomaterials 53 (2015) 753–762. 

[108] L.L. Steven M. Wellman, Yalikun Yaxiaer, Ingrid N. McNamara, Takashi D. Kozai, 
Revealing spatial and temporal patterns of cell death, glial proliferation, and 
blood-brain barrier dysfunction around implanted intracortical neural interfaces, 
Front. Neurosci. 13 (2019) 493. 

[109] C.H. Thompson, A. Saxena, N. Heelan, J. Salatino, E.K. Purcell, Spatiotemporal 
patterns of gene expression around implanted silicon electrode arrays, J. Neural. 
Eng. 18 (4) (2021), 045005. 

[110] K. Chen, F. Cambi, T.D.Y. Kozai, Pro-myelinating Clemastine Administration 
Improves Recording Performance of Chronically Implanted Microelectrodes and 
Nearby Neuronal Health, Biomaterials, 2023, 122210. 

[111] S. Pankiv, T.H. Clausen, T. Lamark, A. Brech, J.-A. Bruun, H. Outzen, A. Øvervatn, 
G. Bjørkøy, T. Johansen, p62/SQSTM1 binds directly to atg8/LC3 to facilitate 
degradation of ubiquitinated protein aggregates by autophagy * </sup&gt, 
J. Biol. Chem. 282 (33) (2007) 24131–24145. 

[112] C. Haass, D.J. Selkoe, Soluble protein oligomers in neurodegeneration: lessons 
from the Alzheimer’s amyloid β-peptide, Nat. Rev. Mol. Cell Biol. 8 (2) (2007) 
101–112. 

[113] Y. Wang, E. Xu, P.R. Musich, F. Lin, Mitochondrial dysfunction in 
neurodegenerative diseases and the potential countermeasure, CNS Neurosci. 
Ther. 25 (7) (2019) 816–824. 

[114] R.J. Mailloux, M.-E. Harper, Uncoupling proteins and the control of 
mitochondrial reactive oxygen species production, Free Radic. Biol. Med. 51 (6) 
(2011) 1106–1115. 

[115] M.M. Anwar, Oxidative stress-A direct bridge to central nervous system 
homeostatic dysfunction and Alzheimer’s disease, Cell Biochem. Funct. 40 (1) 
(2022) 17–27. 

[116] J.A. Smith, S. Park, J.S. Krause, N.L. Banik, Oxidative stress, DNA damage, and 
the telomeric complex as therapeutic targets in acute neurodegeneration, 
Neurochem. Int. 62 (5) (2013) 764–775. 

[117] C. Carvalho, P.I. Moreira, Oxidative stress: a major player in cerebrovascular 
alterations associated to neurodegenerative events, Front. Physiol. 9 (2018), 806- 
806. 

[118] X.-D. Zhang, Y. Wang, J.-C. Wu, F. Lin, R. Han, F. Han, K. Fukunaga, Z.-H. Qin, 
Down-regulation of Bcl-2 enhances autophagy activation and cell death induced 
by mitochondrial dysfunction in rat striatum, J. Neurosci. Res. 87 (16) (2009) 
3600–3610. 

[119] M. Talebi, S.A. Mohammadi Vadoud, A. Haratian, M. Talebi, T. Farkhondeh, A. 
M. Pourbagher-Shahri, S. Samarghandian, The interplay between oxidative stress 

and autophagy: focus on the development of neurological diseases, Behav. Brain 
Funct. 18 (1) (2022) 3. 

[120] V.H. Perry, J.A.R. Nicoll, C. Holmes, Microglia in neurodegenerative disease, Nat. 
Rev. Neurol. 6 (4) (2010) 193–201. 

[121] R. Fu, Q. Shen, P. Xu, J.J. Luo, Y. Tang, Phagocytosis of microglia in the central 
nervous system diseases, Mol. Neurobiol. 49 (3) (2014) 1422–1434. 

[122] J. Martinez, J. Almendinger, A. Oberst, R. Ness, C.P. Dillon, P. Fitzgerald, M. 
O. Hengartner, D.R. Green, Microtubule-associated protein 1 light chain 3 alpha 
(LC3)-associated phagocytosis is required for the efficient clearance of dead cells, 
Proc. Natl. Acad. Sci. USA 108 (42) (2011) 17396–17401. 

[123] B.L. Heckmann, E. Boada-Romero, L.D. Cunha, J. Magne, D.R. Green, LC3- 
Associated phagocytosis and inflammation, J. Mol. Biol. 429 (23) (2017) 
3561–3576. 

[124] M. Herb, A. Gluschko, M. Schramm, LC3-associated phagocytosis - the highway to 
hell for phagocytosed microbes, Semin. Cell Dev. Biol. 101 (2020) 68–76. 

[125] Y. Qin, J. Qiu, P. Wang, J. Liu, Y. Zhao, F. Jiang, H. Lou, Impaired autophagy in 
microglia aggravates dopaminergic neurodegeneration by regulating NLRP3 
inflammasome activation in experimental models of Parkinson’s disease, Brain 
Behav. Immun. 91 (2021) 324–338. 

[126] C. Pomilio, R.M. Gorojod, M. Riudavets, A. Vinuesa, J. Presa, A. Gregosa, 
M. Bentivegna, A. Alaimo, S.P. Alcon, G. Sevlever, M.L. Kotler, J. Beauquis, 
F. Saravia, Microglial autophagy is impaired by prolonged exposure to β-amyloid 
peptides: evidence from experimental models and Alzheimer’s disease patients, 
GeroScience 42 (2) (2020) 613–632. 

[127] H. Nakanishi, Z. Wu, Microglia-aging: roles of microglial lysosome- and 
mitochondria-derived reactive oxygen species in brain aging, Behav. Brain Res. 
201 (1) (2009) 1–7. 

[128] J.W. Salatino, B.M. Winter, M.H. Drazin, E.K. Purcell, Functional remodeling of 
subtype-specific markers surrounding implanted neuroprostheses, 
J. Neurophysiol. 118 (1) (2017) 194–202. 

[129] H. Konishi, T. Okamoto, Y. Hara, O. Komine, H. Tamada, M. Maeda, F. Osako, 
M. Kobayashi, A. Nishiyama, Y. Kataoka, T. Takai, N. Udagawa, S. Jung, K. Ozato, 
T. Tamura, M. Tsuda, K. Yamanaka, T. Ogi, K. Sato, H. Kiyama, Astrocytic 
phagocytosis is a compensatory mechanism for microglial dysfunction, EMBO J. 
39 (22) (2020), e104464. 

[130] S.Y. Lee, W.-S. Chung, The roles of astrocytic phagocytosis in maintaining 
homeostasis of brains, J. Pharmacol. Sci. 145 (3) (2021) 223–227. 

[131] T. Wan, W. Zhu, Y. Zhao, X. Zhang, R. Ye, M. Zuo, P. Xu, Z. Huang, C. Zhang, 
Y. Xie, X. Liu, Astrocytic phagocytosis contributes to demyelination after focal 
cortical ischemia in mice, Nat. Commun. 13 (1) (2022) 1134. 

[132] S. Simonovitch, E. Schmukler, A. Bespalko, T. Iram, D. Frenkel, D.M. Holtzman, 
E. Masliah, D.M. Michaelson, R. Pinkas-Kramarski, Impaired autophagy in APOE4 
astrocytes, J. Alzheim. Dis. 51 (2016) 915–927. 

[133] M. Koistinaho, S. Lin, X. Wu, M. Esterman, D. Koger, J. Hanson, R. Higgs, F. Liu, 
S. Malkani, K.R. Bales, S.M. Paul, Apolipoprotein E promotes astrocyte 
colocalization and degradation of deposited amyloid-β peptides, Nat. Med. 10 (7) 
(2004) 719–726. 

[134] Z. Jiwaji, S.S. Tiwari, R.X. Avilés-Reyes, M. Hooley, D. Hampton, M. Torvell, D. 
A. Johnson, J. McQueen, P. Baxter, K. Sabari-Sankar, J. Qiu, X. He, J. Fowler, 
J. Febery, J. Gregory, J. Rose, J. Tulloch, J. Loan, D. Story, K. McDade, A. 
M. Smith, P. Greer, M. Ball, P.C. Kind, P.M. Matthews, C. Smith, O. Dando, T. 
L. Spires-Jones, J.A. Johnson, S. Chandran, G.E. Hardingham, Reactive astrocytes 
acquire neuroprotective as well as deleterious signatures in response to Tau and 
Aß pathology, Nat. Commun. 13 (1) (2022) 135. 

[135] H. Martini-Stoica, A.L. Cole, D.B. Swartzlander, F. Chen, Y.-W. Wan, L. Bajaj, D. 
A. Bader, V.M.Y. Lee, J.Q. Trojanowski, Z. Liu, M. Sardiello, H. Zheng, TFEB 
enhances astroglial uptake of extracellular tau species and reduces tau spreading, 
J. Exp. Med. 215 (9) (2018) 2355–2377. 

[136] E. Romanelli, D. Merkler, A. Mezydlo, M.-T. Weil, M.S. Weber, I. Nikić, S. Potz, 
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