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Neurobiology of Disease

Meningeal Lymphangiogenesis and Enhanced Glymphatic
Activity in Mice with Chronically Implanted EEG Electrodes

Natalie L. Hauglund,' “Peter Kusk,' ©“Birgitte R. Kornum,? and Maiken Nedergaard'>
!Center for Translational Neuromedicine, Faculty of Health and Medical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark, 2Department of
Neuroscience, Faculty of Health and Medical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark, and *Center for Translational
Neuromedicine, University of Rochester Medical Center, Rochester, New York 14642

Chronic electroencephalography (EEG) is a widely used tool for monitoring cortical electrical activity in experimental animals. Although
chronic implants allow for high-quality, long-term recordings in preclinical studies, the electrodes are foreign objects and might there-
fore be expected to induce a local inflammatory response. We here analyzed the effects of chronic cranial electrode implantation on
glymphatic fluid transport and in provoking structural changes in the meninges and cerebral cortex of male and female mice. Immuno-
histochemical analysis of brain tissue and dura revealed reactive gliosis in the cortex underlying the electrodes and extensive meningeal
lymphangiogenesis in the surrounding dura. Meningeal lymphangiogenesis was also evident in mice prepared with the commonly used
chronic cranial window. Glymphatic influx of a CSF tracer was significantly enhanced at 30 d postsurgery in both awake and ketamine-
xylazine anesthetized mice with electrodes, supporting the concept that glymphatic influx and intracranial lymphatic drainage are
interconnected. Altogether, the experimental results provide clear evidence that chronic implantation of EEG electrodes is associated
with significant changes in the brain’s fluid transport system. Future studies involving EEG recordings and chronic cranial windows must
consider the physiological consequences of cranial implants, which include glial scarring, meningeal lymphangiogenesis, and increased
glymphatic activity.
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This study shows that implantation of extradural electrodes provokes meningeal lymphangiogenesis, enhanced glymphatic influx
of CSF, and reactive gliosis. The analysis based on CSF tracer injection in combination with immunohistochemistry showed that
chronically implanted electroencephalography electrodes were surrounded by lymphatic sprouts originating from lymphatic
vasculature along the dural sinuses and the middle meningeal artery. Likewise, chronic cranial windows provoked lymphatic
sprouting. Tracer influx assessed in coronal slices was increased in agreement with previous reports identifying a close association
between glymphatic activity and the meningeal lymphatic vasculature. Lymphangiogenesis in the meninges and altered glym-
phatic fluid transport after electrode implantation have not previously been described and adds new insights to the foreign body
response of the CNS. j

ignificance Statement

electroencephalographic (EEG) recordings involves insertion of
cranial screws or positioning of an electrode array resting on top
of the dura. Earlier studies have shown that cortical astrocytes
and microglia exhibit reactive changes in response to such pro-
cedures (Benveniste and Diemer, 1987; Turner et al., 1999;
Szarowski et al., 2003; Schendel et al., 2014). However, those

Introduction

A broad range of methodologies in contemporary neurosci-
ence research require chronic cranial implantations. For exam-
ple, the implantation of cranial electrodes for long-term
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studies were performed before the discovery of meningeal lym-
phatic vessels (Aspelund et al., 2015; Louveau et al., 2015; Absinta
et al., 2017; Visanji et al., 2018), and it therefore remains to be
established how the lymphatic vasculature and likewise immune
cells resident in the dura may respond to cranial implants.

In the setting of injury or inflammation within the CNS, as-
trocytes become reactive and upregulate GFAP (Landis, 1994).


mailto:Maiken_Nedergaard@URMC.Rochester.edu

2372 - J. Neurosci., March 11, 2020 - 40(11):2371-2380

Microglia cells are also activated, leading to proliferation and
morphological changes (Saijo and Glass, 2011), and furthermore
the perturbed blood-brain barrier will often display transient
leakage (Sawyer and Kyriakides, 2013). In peripheral tissues, in-
jury or foreign objects elicit lymphangiogenesis (Ji, 2007; Tam-
mela and Alitalo, 2010), and a similar response might be expected
to occur in meningeal lymphatic vessels within the CNS. How-
ever, a recent examination of a mouse model of multiple sclerosis
(the EAE model) noted localized sprouting of lymphatic vessels
near the cribriform plate, whereas lymphatic vessels in the me-
ninges of brain or spinal cord did not exhibit any such reactive
responses (Louveau et al., 2018; Hsu et al., 2019).

Unlike other organs, the brain parenchyma is itself devoid of
lymphatic vessels. Instead, metabolic waste products are removed
from the brain extracellular space by flow of CSF and ultimately
egress via the glymphatic pathway along perivascular channels
(Tliff et al., 2012). CSF is produced in the choroid plexus of the
ventricles and disperses along the subarachnoid space surround-
ing the brain. From there it enters the brain parenchyma via the
peri-arterial spaces that are permissive to CSF inflow when the
brain is in a functional state of high slow-wave power, as occurs
during non-REM (nREM) sleep or under select anesthesia regi-
mens (Iliff et al., 2012; Xie et al., 2013; Benveniste et al., 2017;
Fultz et al., 2019; Hablitz et al., 2019). CSF interchanges with
interstitial fluid that contains waste metabolites produced by
brain cells, and then disperses toward the peri-venous exit paths
to leave the CNS via drainage into the lymphatic network. In this
way, the brain can export toxic substances, most notably soluble
amyloid B (Iliff et al., 2012). It would follow that inflammatory
responses resulting from EEG electrode implantation (Turner et
al., 1999; Szarowski et al., 2003; Schendel et al., 2014) might cause
long-term changes in glymphatic function, but this remains to be
determined.

We here systematically assessed the effect of electrode implan-
tation on both the glymphatic and the meningeal lymphatic sys-
tems. The analysis confirmed that electrode implantation results
in a chronic local reactive response from astrocytes and micro-
glial cells, occurring concurrently with a major structural remod-
eling of the dura and its lymphatic vessels and an increase in
glymphatic influx.

Materials and Methods

Animals. Studies were approved by the local research ethics committee
and conducted in accordance with the Danish Animal Experiments In-
spectorate. All animals were housed in a 12 h light/dark cycle with ad
libitum access to food and water, and in agreement with existing guide-
lines. For sleep phenotyping, glymphatic analysis, and immunohisto-
chemistry, we used ~12-week-old male C57BL/6JRj mice (Janvier)
weighing 26-31 g at the time of surgery. For lymphatic visualization, 10-
to 40-week-old male and female Prox-1 mice were used (the line was
kindly shared by Dr. Kari Alitalo; University of Helsinki) on a C57BL/
6JRj background, weighing 2431 g at the time of surgery. Prox1 EGFP
mice express enhanced green fluorescent protein (EGFP) under the
Prox-1 promoter, which allowed for direct visualization of lymphatic
vasculature (Choietal., 2011; Antilaetal., 2017). Prox-1 EGFP mice were
used in this study because the fluorescent signal in transgene Prox-1
EGFP mice has been reported by several groups to colocalize with other
known lymphatic markers and reliably display lymphatic vasculature
(Choi et al., 2011; Aspelund et al., 2015; Cai et al., 2019). Care was taken
to minimize the number of mice used.

EEG electrode implantation. All surgical procedures were performed by
practitioners with extensive experience in rodent surgery. Mice were
anesthetized with isoflurane and placed on a heating pad, and surgical
tools were cleaned with ethanol just before use. Carprofen (5 mg/kg) and
buprenorphine (0.05 mg/kg) were injected subcutaneously, and lido-
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caine (1 mg/ml) was injected locally at the surgical site. After confirming
lack of pain reflexes, the neck region was shaved and cleaned with ethanol
and chlorhexidine solution, and the skull was exposed by makinga ~1.5
cm incision in the scalp between the ears. The exposed skull was cleaned
and scratched with a pair of tweezers to improve later binding between
skull and dental cement. Four holes (0.8 mm in diameter) were drilled in
the skull with a handheld electrical drill (Tech2000, RAM Microtorque;
45,000 rpm), taking great care not to damage the underlying dura or
brain tissue. To minimize heat production, drilling was performed in
2-3 sintervals with 1-2 min breaks in between, thus allowing the tissue to
cool down (Silasi et al., 2013; Goldey et al., 2014; Goss-Varley et al.,
2018). The four burr holes were positioned bilaterally above the parietal
and frontal cortex by using bregma, lambda, and the sagittal suture as
visual reference points. One pair of holes was drilled over the right cere-
bral hemisphere (1 mm lateral to the midline, 1 mm anterior to bregma;
1 mm lateral to the midline, 1 mm anterior to lambda), and another pair
was drilled above the left hemisphere (5-6 mm lateral to the midline and
1 mm anterior to bregma or lambda). A pair of 0.8 mm stainless steel
anchor screws was screwed into burr holes on the left hemisphere, and a
pair of 0.8 mm low impedance stainless steel screws was placed in the
remaining burr holes on the right hemisphere (NeuroTek). A silver wire
(W3 Wires International) inserted into the trapezius muscle served as an
electromyogram (EMG) electrode. Dental glue (Panavia SA Cement
Plus, Kuraray) and dental cement (ProBase) were applied to cover the
screw heads. Carprofen (5 mg/kg) was injected subcutaneously following
the surgery, and again at 24 and 48 h post-surgery. Control mice were
non-operated littermates.

EEG recordings and sleep scoring. Fourteen days after surgery, mice
were briefly anesthetized with isoflurane and cables were connected to
the EEG and EMG electrodes. Cables were connected to a commutator
(Plastics One) and the mice were allowed to habituate to the recording
chamber (ViewPoint Behavior Technology) for 3 d. Signals were ampli-
fied (National Instruments), and filtered (EEG signal: high-pass at 1 Hz
and low-pass at 100 Hz; EMG signal: high-pass at 10 Hz and low-pass at
100 Hz). A notch filter of 50 Hz was used to reduce power line noise.
Signals were digitized using a NI Usb 6343 card (National Instruments)
and sampled at a sampling rate of 512 Hz. Video was continuously re-
corded using an infrared video camera (Flir Systems) and used later to aid
in the scoring of vigilance states. Hypnograms were created by visual
inspection from EEG traces for five second epochs. Vigilance states were
defined as wake (muscle tonus and a high-frequency, low-amplitude
EEG), nREM sleep (no muscle tonus and low-frequency, high-amplitude
EEG,), and REM sleep (no muscle tonus and high-frequency, low-
amplitude EEG). Analysis of hypnograms was done using SleepScore
software (ViewPoint Behavior Technology; Libourel et al., 2015; Roman
et al., 2018; Rosier et al., 2018).

Immobility assay. The immobility assay (Pack et al., 2007) was per-
formed in the same cages as the EEG recordings with ad libitum access to
food and water. An infrared video camera (Flir Systems) was used to
monitor the mice over a 24 h period and immobility was thereafter
detected automatically using the mobility parameter in EthoVision XT
(Noldus).

Cranial window. For experiments testing the effect of cranial window
implantation, a separate group of mice was used. These mice were anes-
thetized with isoflurane and received preoperative buprenorphine (0.05
mg/kg, s.c.) and lidocaine (1 mg/ml, s.c., at surgery site). After confirm-
ing lack of pain reflexes, skin was removed from the scalp and a custom
made headplate was positioned to allow head fixation on a Narishige
MAG-1 head plate holder device. A dental drill with a 009 size drill bit
attached was used to make a 3-mm-diameter cranial window over the
right visual cortex under perfusion with HEPES buffered aCSF. A precut
3-mm-diameter round coverslip (ThermoFisher) was placed on top of
the dura and sealed in place with a gel cyanoacrylate glue. Carprofen
(5 mg/kg) was injected subcutaneously following the surgery and
again at 24 and 48 h post-surgery. Macroscopic cortical imaging was
performed with a fluorescence stereomicroscope (Leica M205 FA)
with a Hamamatsu ORCA-Flash4.0 V2 Digital CMOS camera using
LAS X Leica software.
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Cisterna magna injections. Mice were anesthetized with isoflurane
(awake injection groups) or ketamine-xylazine (ketamine-xylazine injec-
tion groups) and injected preoperatively with lidocaine (1 mg/ml, s.c.)
locally at the surgical site. Mice in the awake groups were further injected
preoperatively with carprofen (5 mg/kg) and buprenorphine (0.05 mg/
kg). The atlanto-occipital membrane was exposed and the tip of a 30
gauge needle was placed in the cisterna magna and fixed with glue and
dental cement (ProBase). After placement of the needle, mice in the
awake injection groups were allowed to recover for 2 d before tracer
injection, while mice in the ketamine-xylazine groups had tracer injected
immediately following surgery. Twelve microliters of 2% fluorescein-
conjugated dextran (3 kDa; ThermoFisher, D3305) in artificial CSF was
slowly infused into the cisterna magna over a period of 12 min. Thirty
minutes after the end of the tracer infusion, mice were killed by cervical
dislocation and the brain was immediately dissected out and fixed over-
night in 4% PFA at 4°C. Brains were then cut in 100-um-thick coronal
slices on a vibratome (VT1200S, Leica Biosystems), and seven brain sec-
tions spaced evenly across the anterior—posterior axis were stained with
4',6-diamidin-2-phenylindol (DAPL; ThermoFisher) and mounted with
PROLONG Anti-Fade Gold (Life Technologies). Note that glymphatic
tracer distribution in the awake and the ketamine-xylazine groups can-
not be directly compared since different surgical procedures were used
and the experiments were performed 7 months apart. As a consequence,
the CSF tracer used in the two sets of experiments was from different
batches and the microscope settings were not identical.

Tracer analysis. Brain sections were imaged on a Nikon Eclipse NI-E
epifluorescence microscope using NIS Elements software. Multichannel
whole-slice montages were generated at 4 X magnification with emission
filters for DAPI and fluorescein isothiocyanate (FITC) with constant
exposure levels throughout the study. Mean pixel intensities were calcu-
lated for each of the seven coronal brain sections using Image] software
(NIH). For regional analysis, the second section (1 mm from bregma)
was divided into regions (lateral cortex, ventral cortex, medial septum
region) and mean pixel intensities were calculated for each region.

Histological preparation. Mice were killed by cervical dislocation and
immediately thereafter the brain was removed and immersion-fixed
overnight in 4% paraformaldehyde (PFA) at 4°C. The following day,
brains were cut in 100-um-thick coronal slices on a vibratome
(VT1200S, Leica Biosystems) and mounted with PROLONG Anti-Fade
Gold (Life Technologies). Whole-skull dura preparations were prepared
by dissecting and removing the dorsal part of the skull with the dura still
attached, and leaving these samples for overnight fixation in 4% PFA at
4°C. For histological preparations showing meningeal blood vasculature,
mice were deeply anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) and perfused transcardially with saline followed by Alex-
aFluor 594-labeled wheat germ agglutinin (ThermoFisher Scientific),
and finally 4% PFA. Skull and dura were dissected and fixed by immer-
sion fixation overnight in 4% PFA at 4°C.

Immunohistochemistry and imaging. Brain sections and skull + dura
were washed in PBS and incubated with blocking solution (0.3% Triton
X-100, 5% serum, PBS) for 2 h at room temperature. Samples were then
incubated overnight at 4°C with primary antibodies (see next section).
The following day, samples were washed with PBS and incubated with
secondary antibodies for 2 h at room temperature while protected from
light. After incubation, samples were washed with PBS and incubated for
5 min with DAPI (ThermoFisher Scientific) diluted in PBS (1:1000),
followed by additional washes in PBS. Finally, brain sections and dura
were mounted to glass slides with mounting medium (ProLong Gold
Antifade, ThermoFisher Scientific) and coverslipped, while skull-dura
preparations were kept in in PBS at 4°C until being imaged. Brain slices
and dura were imaged on a Nikon Eclipse NI-E epifluorescence micro-
scope using NIS Elements software. Multichannel whole-slice montages
were generated at 4 X magnification with emission filters appropriate for
DAPI, FITC, and far red. Preparations of dura were imaged on a Nikon
Eclipse Ti confocal laser scanning microscope. Magnification images
(10X) were stitched to whole-slice montages using NIS Elements soft-
ware with emission filters for DAPI, FITC, and far red. Skull-dura prep-
arations were imaged on a fluorescence stereomicroscope (Leica M205
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FA) with a Hamamatsu ORCA-Flash4.0 V2 Digital CMOS camera using
LAS X Leica software.

Antibodies. For brain sections, primary antibodies against GFAP
(chicken-a GFAP, 1:1000; ThermoFisher Scientific, PA110004), CD68
(rat-a mouse CD68, 1:100; Bio-Rad, MCA1957), and AQP4 (rabbit-«
mouse AQP4, 1:200; ThermoFisher Scientific, PA536521) were used.
Corresponding secondary antibodies were goat a-chicken IgY (1:500;
ThermoFisher Scientific), goat a-rat IgG (1:500; ThermoFisher Scien-
tific), and goat a-rabbit IgG (1:500; ThermoFisher Scientific), respectively.

For the dura staining, CD31 (rabbit-oe CD31, 1:200; Abcam, ab28364),
Ibal (rabbit-a Ibal, 1:500; Wako Chemicals, 019-19741), CD68 (rat-«
CD68, 1:100; Bio-Rad, MCA1957), Podoplanin (Hamster-a Podopla-
nin, 1:150; ThermoFisher Scientific, 14538181), and Lyvel (Rabbit-c
Lyvel, 1:100; Abcam, ab14917) was used with the corresponding second-
ary antibodies, Goat a-rabbit IgG (1:500; Abcam), Goat a-rat (1:500;
Abcam), and Goat a-hamster IgG (1:500; ThermoFisher Scientific).

Experimental design and statistical analysis. Statistical analysis was per-
formed using GraphPad Prism v7.0c for Mac OS X. The data are pre-
sented as mean = SD unless otherwise noted. For comparison of two
means, an unpaired Student’s ¢ test was used. For statistical analysis of
more than two means, we performed ordinary two-way ANOVA with
Sidak’s multiple-comparisons test and multiple ¢ tests using the Holm—
Sidak method to determine statistical significance, which was ascribed at
p < 0.05. Graphs were generated using GraphPad Prism v7.0c for Mac
OS X and Adobe Illustrator CC 2019. For sleep analysis, 48 h of contin-
uous EEG from five mice was acquired and scored, and analysis of sleep—
wake time and bouts was performed. All image analysis was done with
Image]J software (NIH). For whole-slice analysis, mean pixel intensity of
the whole slice was measured. For surface expression, linear regions-of
interest (ROIs) extending inward from the brain surface below the elec-
trodes were selected and the mean pixel intensity profiles were plotted
across the regions. The number of lymphatic sprouts, defined as any
Prox1-positive vessel sprouting from the lymphatic vasculature at the
transverse sinus or superior sagittal sinus, was counted by visual inspec-
tion. The length of lymphatic sprouts was measured using the line tool in
Image]. The number of T cells in the dura was counted by visual inspec-
tion of CD3-positive cells in an area of similar size and location between
animals. Aquaporin-4 polarization was established by creating rectangu-
lar ROIs covering the vessel and surrounding brain tissue (Kress et al.,
2014) and then generating plots of the mean pixel intensity perpendicu-
lar to the vessels.

Results

Mice implanted with EEG electrodes exhibited a typical sleep—
wake architecture

We first assessed whether electrode implantation affected the
sleep—wake pattern of mice (Fig. 1A). The mice had electrodes
implanted and were placed in the recording setup where they
were allowed 3 d of habituation before video/EEG recordings
were started. Age-matched control mice that had not undergone
surgery were used as controls. The body weight of mice with EEG
electrodes did not differ from the weight of non-implanted con-
trol mice (Fig. 1B). To non-invasively assess the sleep—wake
pattern, 24 h video recordings were acquired and periods of im-
mobility was used as a proxy for sleep (Pack et al., 2007). Scoring
of immobile periods did not show any significant differences
between implanted and non-implanted mice over the 24 h period
(Fig. 1C). The average time spent immobile during the light and
dark phases also did not differ between the groups (Fig. 1D), nor
did the average distance traveled (Fig. 1E). We next assessed
whether the sleep characteristics of EEG implanted mice were
similar to those in previously reported studies. Visual inspection
of the EEG revealed no sign of seizure activity in any of the mice
included in the study (Fig. 1F). All mice exhibited typical sleep—
wake behavior with more activity during the dark phase than in
the light phase (Fig. 1G,H). During a 24 h period, waking ac-
counted for 57.4%, nREM sleep for 35.9%, and REM sleep for
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Figure 1. Mice implanted with EEG electrodes exhibited normal sleep architecture. 4, Experimental time line: 14 d after electrode implantation, mice were placed in recording chambers and
allowed to habituate for 3 d followed by 3 d of continuous EEG recording. B, The weight of the mice implanted with EEG electrodes did not differ from that of non-implanted control mice (SD,
Student'sttest,n = 7). (, Miceimplanted with electrodes and non-implanted control mice exhibited the same total duration of inactivity over the whole 24 h light/dark period (p = 0.26) and when
every time point was compared (SEM, two-way ANOVA, Sidak’s multiple comparison, n = 6), and (D) had equal mean durations ofimmobility in both the light and dark phases (SD, two-way ANOVA,
Sidak’s multiple comparison, n = 6). E, Mice implanted with electrodes and non-implanted control mice traveled a comparable distance over the 24 h period (SD, Student’s ¢ test, n = 6). F,
Representative images of EEG trace in wakefulness, nREM sleep, and REM sleep. G, Baseline percentage time per hour of waking, nREM, and REM sleep (error bars are SEM). The data shown is derived
from 48 h recordings posed on the same 24 h timeline. H, Mean percentage time spent in waking, nREM and REM sleep. Mice showed a typical light/dark difference with more wakefulness in the
dark period and more nREM sleep and REM sleep in the light period (SD, two-way ANOVA, Sidak’s multiple comparison, n = 5, *p << 0.05, ***p << 0.001, ****p << 0.0001). /, Average number of
wake-, nREM-, and REM bouts per hour during the light and dark phases. Mice had more waking and nREM bouts during the light period (SD, two-way ANOVA, Sidak’s multiple comparison, n = 5,
¥¥¥p < 0.001, ¥***p < 0.0001). J, Mean bout duration during the light and dark periods. Mice had long bouts of wakefulness during the dark phase (SD, two-way ANOVA, Sidak’s multiple

comparison, n = 5, ****p <0,0001). K, EEG power spectra of wake, nREM sleep, and REM sleep

6.7% of the day. The average number of waking, nREM sleep, and
REM sleep bouts (Fig. 11), and the mean bout durations (1)) also
followed the general pattern previously reported in mice (Naylor
etal., 2000; Tang and Sanford, 2002; Bellesi et al., 2015; Ho et al.,
2016). Also in agreement with existing literature, the mice exhib-
ited a high prevalence of delta power during nREM sleep and a
peak in theta power in REM sleep (Huber et al., 2000; Panagiotou
et al., 2017; Fig. 1K). From these observations we conclude that
the implantation of electrodes was not associated with anomalies
in EEG or sleep architecture.

Cranial electrodes induce astrogliosis and microglial
activation in underlying brain tissue

To assess whether the electrodes induce an inflammatory re-
sponse at the electrode site or underlying brain tissue, mice were
implanted with cranial EEG electrodes and the brains collected 3,
20, or 40 d later. Investigation of the dura below the electrodes
showed intact vasculature as visualized with the endothelial
marker CD31, which indicated no mechanical damage to under-
lying tissue, as might have been caused by drilling or screw inser-
tion (Fig. 2A). Next, we investigated the effect of cranial
electrodes on glial scar formation by quantifying the intensity of
GFAP, a marker of astrocyte activation, and CD68, a protein
expressed by macrophages and activated microglia (Karumbaiah
etal, 2013; Lind et al., 2013), in coronal brain sections (Fig. 2B).
Cortical tissue in direct contact with electrodes exhibited marked
reactive changes. At 3 d following electrode implantation, we
detected at the electrode—dura interface a semicircular area of
~500 um radius containing increased levels of CD68 staining
and general absence of defined astrocytic processes. The margins
of these pockets of gliosis were surrounded by an outer rim of
relatively decreased GFAP signal, which was surrounded by reg-
ular tissue displaying distinct astrocytic processes. We next com-

from the first 3 h of the light period (SD; n = 5). ns, non-significant.

pared the intensity of the GFAP and CD68 signals in linear
profiles extending inward from the brain surface below the elec-
trodes at 3, 20, and 40 d post-implantation (Fig. 2C). Surface
GFAP expression remained significantly elevated in mice with
electrodes across this observation period (Fig. 2D). At 3 d follow-
ing electrode implantation, CD68 expression at the electrode site
was markedly increased and extended >700 wm below the brain
surface (Fig. 2E). At 20 and 40 d following electrode implanta-
tion, CD68 expression was increased in the tissue directly in con-
tact with the electrode (0—100 uwm below the surface), whereas
CD68 expression in deeper cortex was comparable to that of
control animals. In conclusion, our analysis shows that implan-
tation of cranial EEG electrodes is associated with significant re-
active responses of both astrocytes and microglia, even in the
absence of penetrating tissue injury. These observations are con-
sistent with earlier studies investigating the cortical response to
cranial and depth electrodes, which consistently report glial
scarring and persistent inflammation around the electrode
(Szarowski et al., 2003; Biran et al., 2005; Polikov et al., 2005;
Henle et al., 2011; Karumbaiah et al., 2013; Lind et al., 2013;
Schendel et al., 2014).

Foreign objects on the cortical surface induce meningeal
sprouting from the dural sinuses

Lymphatic sprouting is a stereotypic response to injury in periph-
eral tissues (Tammela and Alitalo, 2010). Within the CNS, lym-
phangiogenesis in response to inflammation has previously been
observed only near the cribriform plate (Louveau etal., 2018; Hsu
etal., 2019). We set out to assess how the EEG electrodes affected
dura mater structures by examining skull-with-dura prepara-
tions of brains collected 30 d after implantation of four electrodes
(Fig. 3A). This approach allowed dissection of the entire dura,
and thereby a precise in situ localization of the site of electrode
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ROIs (dotted line) extending inward from the brain surface. D, Mice implanted for 3, 20, and 40 d showed increased GFAP immunoreactivities under the electrodes at all tissue depths (0—700 m)
compared with control mice. Inset, GFAP staining of cortical surface 3 d after surgery (SD; two-way ANOVA with Dunnett’s multiple comparison; **p << 0.01, ***p < 0.001, ****p < 0.0001). E,
Three days after surgery, (D68 expression was increased at all tissue depths analyzed. At 20 and 40 d after surgery, only the tissue 0—100 wum under the pial surface showed increased (D68
expression. Inset, (D68 staining of cortical surface 3 d after surgery (SD; two-way ANOVA with Dunnett’s multiple comparison; ***p < 0.001, ****p < 0.0001).

implantation. When the whole dorsal part of the skull complete
with dura was immunolabeled for the endothelial marker CD31,
vessels were clearly visible on the entire inner surface of the skull,
and burr holes were evident as dark spots (Fig. 3B). Immunola-
beling of the skull-dura preparations with Ibal, a marker of mac-
rophages and microglia, and podoplanin, a marker of lymphatic
vessels revealed increased Ibal signal at the dura—electrode inter-
face (Fig. 3C). In the regions in direct contact with the EEG
electrodes, immunolabeling revealed podoplanin-positive vessels
associated with an increased number of Ibal-positive cells creat-
ing knob-like structures with relatively abundant podoplanin ex-
pression. This pattern suggested a structural reorganization
resembling lymphangiogenesis in response to local inflammation
at the dura—electrode interface.

To investigate whether meningeal lymphatic vessels reorga-
nize in response to prolonged presence of EEG electrodes, we
examined the dura in Prox-1 EGFP transgenic mice (Choi et al.,
2011). Prox1 labels lymphatic vasculature and colocalized with
the lymphatic marker Lyvel (Fig. 3D). In accordance with previ-
ous reports, non-implanted control mice exhibited a network of
lymphatic vessels running parallel with the transverse sinus and
the superior sagittal sinus (Fig. 3E), and in the bregma region
along the middle meningeal artery (Aspelund et al., 2015; Lou-
veau et al., 2015). Furthermore, both in electrode-implanted

mice and in control mice, we saw meningeal sprouts arising from
lymphatic vessels at the transverse sinus and the superior sagittal
sinus while lymphatic vessels surrounding the middle meningeal
arteries showed additional organized branching that followed the
arterial branches (Fig. 3 F, G). In mice implanted with electrodes,
the lymphatic vasculature showed signs of reorganization with
lymphatic sprouts stretching toward electrode sites (Fig. 3H). In
high resolution images of whole-mount meninges we quantified
the number and length of lymphatic sprouts in the implanted
mice. Because the branching of lymphatic vasculature around the
middle meningeal artery is difficult to separate from actual
sprouts, this analysis was limited to lymphatic sprouting at the
superior sagittal sinus and transverse sinus. A quantification of
the number of sprouts showed no significant difference between
mice implanted with electrodes and non-implanted mice (Fig.
3I), although there was a trend toward more sprouts in mice with
electrodes (p = 0.054). However, mice with electrodes exhibited
significantly longer sprouts compared with non-implanted
control mice (p = 0.00098; Fig. 3]), suggesting that the
sprouts extending toward electrodes develop by recruitment
from pre-existing, quiescent sprouts.

Our analysis showed that the new sprouts in mice with elec-
trodes mainly originated from the transverse sinus (p = 0.0318),
whereas the superior sagittal sinus had an amount of sprouts
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Figure3. Electrode implantation induces meningeal lymphatic sprouting. A, Overview of dura preparations. Thirty days after implantation of electrodes, mice were killed and the top of the skull
with the dura in situ was removed. For higher resolution imaging of the dura alone, the dura was dissected carefully from the skull with a pair of tweezers. B, Representative image of skull and dura
immunostained for the endothelial marker CD31. Inset, A burr hole and surrounding blood vessels. C, Representative image of skull and dura immunostained for the lymphatic marker podoplanin
and the microglial marker Iba1. Insets, Higher magnification of increased IbaT immunoreactivity and reorganization of podoplanin-positive vessels (arrowheads). D, Representative image of the
middle meningeal artery (MMA) and the superior sagittal sinus (SSS) co-stained for prox1 GFP (green) and Lyve1 (red). Scale bar, 300 um. Inset, Higher magnification of SSS lymphatic vessel. Scale
bar, 100 wm. E, Representative image of meningeal preparation. Lymphatic vessels were mainly observed in the transverse sinus (TS) and the SSS. Scale bar, 200 um. Inset, Higher magnification
of lymphatic vessels in the TS. F, Representative images of skull and dura of control mouse with lymphatic vessels positive for the lymphatic marker Prox1 (left) and schematic image showing
Prox-1-positive vessels (right). Arrowheads point to lymphatic sprouts. Lymphatic vessels were restricted to the SSS, TS, and the MMAs. G, Representative image of meningeal preparation.
Lymphatic vessels underlying the bregma region paralleled and branched with the MMA. Scale bars: left, 200 um; right, 400 m. H, Representative images of skull and dura preparation of EEG
implanted mouse with Prox1-positive lymphatic vessels showing lymphatic sprouts (arrowheads) reaching toward the electrodes. /, Quantification of the number of lymphatic sprouts showed no
difference between mice with implants and non-implanted control mice (SD; Student's ¢ test with Holm—Sidak correction; n = 5-6).J, Quantification of the lengths of lymphatic sprouts showed
significantly longer sprouts in mice with EEGimplants than non-implanted control mice (SD; Student’s t test with Holm—Sidak correction; ***p << 0.001; n = 5—6). K, Quantification of numberand
length of lymphatic sprouts originating from the TS or the SSS, respectively. Significantly more sprouts initiated from the TS than the SSS in mice with implanted electrodes. Sprouts from mice with
electrodes were overall longer than from control mice, but no significant difference in sprout length was found between the SSS and the TS; SD, two-way ANOVA with Sidak’s multiple comparison;
*p < 0.05; n = 5-6). L, Schematic representation of cranial window preparation with inset showing a representative image of the cranial window 25 d post-surgery (scalebar, 1 mm) and
representative image of skull-dura preparation 25 d post-surgery. Li, Lymphatic vessels from bregma reaching the cranial window (arrowheads) and (Lii) contralateral hemisphere. M, Represen-
tative image of skull-dura preparation 35 d post-surgery. Mi and Mii, Lymphatic vessels from bregma extending to the cranial window (arrowhead) and bone regrowth.

comparable to control mice (Fig. 3K). However, both the trans-
verse sinus and the superior sagittal sinus had longer sprouts in
mice with electrodes compared with non-implanted mice (p =
0.016; Fig. 3K). Thus, these observations show that lymphangio-
genesis occurs in mice with cranial electrodes. Moreover, the
development of new sprouts occurs predominantly at the lym-
phatic vasculature in the transverse sinus, while existing sprouts

from both the transverse sinus and superior sagittal sinus are
significantly elongated in implanted mice compared with control
mice.

Last, we sought to investigate the lymphatic response to an-
other commonly used cranially-invasive procedure, i.e., cranial
windows, which require chronic implantation of a coverslip on
top of the dura. Here, we investigated lymphatic sprouting under
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cranial windows implanted in in Prox-1 mice. In vivo macro-
scopic imaging from Days 1 to 25 following surgery did not show
signs of lymphatic vasculature underneath the cranial window,
while postmortem immunohistochemical analysis revealed en-
hanced Prox-1 signal underneath the cranial window, and new
lymphatic vessels arising from the middle meningeal artery and
extending toward the cranial window (Fig. 3L). Immunohisto-
chemical analysis of mice 35 d after surgery revealed some bone
regrowth, and presence of lymphatic vessels extending toward the
cranial window and, in some cases, surrounding it (Fig. 3M).

Glymphatic influx is increased in mice implanted with

cranial electrodes

The glymphatic system is defined by its directional flow of CSF
from arteries to veins and dependence on aquaporin-4 (AQP4)
water channels (Iliff et al., 2012). Previous studies have linked
glymphatic clearance to lymphatic drainage by showing that ab-
lation of meningeal lymphatic vessels decreases CSF efflux (Aspe-
lund etal., 2015; Da Mesquita et al., 2018), whereas stimulation of
lymphangiogenesis increases the rate of CSF influx (Da Mesquita
et al.,, 2018; Wen et al., 2018). Therefore, we asked whether
chronic electrode implantation affects glymphatic fluid trans-
port. To evaluate CSF influx, a tracer (3 KDa fluorescein dextran)
was slowly infused into the cisterna magna of awake or ketamine-
xylazine anesthetized mice 30 d after electrode implantation (Fig.
4A). After allowing the CSF tracer to circulate for 30 min, the
brains were harvested and immersion fixed in 4% PFA overnight
at 4°C, before cutting 100-um-thick sections spaced evenly
across the rostral-caudal axis (Iliff et al., 2012; Kress et al., 2014;
von Holstein-Rathlou et al., 2018). Surprisingly, when all brain
sections were analyzed for tracer penetration, the ketamine-
xylazine anesthetized mice implanted with electrodes showed a
significantly higher tracer penetration into the brain parenchyma
(p=0.001; Fig. 4 B, C). Nonetheless, post hoc testing of individual
brain slice pairs and average tracer influx for each mouse did not
reveal significant differences between the groups (p = 0.11).
When the experiment was repeated with awake animals, mice
implanted with electrodes exhibited a significantly higher tracer
penetration into the brain parenchyma than control mice (p =
0.0001) across all examined brain sections and significantly
higher tracer penetration in the most posterior section (Fig. 4E).
Average tracer penetration across all sections was likewise signif-
icantly higher for electrode implanted mice ( p = 0.0072; Fig. 4F).

As tracer influx by visual inspection was most pronounced in
the lateral and ventral areas of the brain, we next tested whether
the increase in tracer influx was localized to certain brain areas.
We compared tracer accumulation in the ventral cerebral cortex,
lateral cortex and the medial septum region in mice with and
without previously implanted EEG electrodes (Fig. 4H). All
groups exhibited the highest tracer influx into the medial septum
region. Awake mice with EEG electrodes had significantly higher
tracer penetration into the medial septum region compared with
non-implanted controls (p = 0.0009) but no difference for the
other regions analyzed (Fig. 4I). Mice anesthetized with
ketamine-xylazine did not exhibit significant differences in tracer
penetration between electrode-implanted mice and controls in
either of the regions analyzed.

To examine whether chronic inflammation was present in
meninges from mice with electrodes, meningeal preparations
from the same mice were immunostained for CD3 (T cells; Fig.
4]). As previously reported, T cells were present in both the dura
and the superior sagittal sinus (Louveau et al., 2015), but we
observed no significant difference in the numbers of T-cells when
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comparing implanted and non-implanted mice (Fig. 4K). Fi-
nally, we assessed the effect of electrode implantation on expres-
sion and polarization of AQP4 (Fig. 4L). No significant difference
in AQP4 expression between mice with electrodes and non-
implanted control mice was noted (Fig. 4M), nor did the AQP4
polarization index differ between the two groups (4N ). Thus, our
analysis suggests that the increased glymphatic influx occurred in
the absence of clear signs of inflammatory changes in the dura or
loss of APQ4 polarization.

Discussion

We here analyzed the effect of chronically implanted EEG elec-
trodes on glymphatic function and structural remodeling of the
dura. Our key observation is that meningeal lymphatic vessels of
mice 30 d after the implantation of electrodes exhibit lymphan-
giogenesis in the vicinity of the EEG electrodes (Fig. 3H ), along
with widespread reactive gliosis (Fig. 2), and furthermore that
CSF influx was significantly increased in these mice (Fig. 4). The
pathological responses to the EEG electrode implantation were
nota consequence of poor technique resulting in brain injury; the
mice implanted with EEG electrodes exhibited a normal sleep—
wake pattern and no abnormal brain activity such as seizures (Fig.
1). Also, immunohistochemical staining of meninges with the
endothelial marker CD31 showed presence of intact blood vessels
below the electrodes, further demonstrating that the dura was not
penetrated by the electrodes (Fig. 2A).

We observed a chronic increase in GFAP and CD68 immuno-
reactivities at the brain—electrode interface; a classical sign of glial
scarring. This finding of astroglia and microglia reactivity is in
general agreement with previous studies noting thickened and
fibrotic tissue below the electrode site (Henle et al., 2011; Karum-
baiah et al., 2013). Similar findings have previously been re-
ported. One such study found increased GFAP immunoreactivity
in a large cortical area surrounding an array of EEG electrodes 1
week after implantation, although elevated GFAP staining 6
weeks after implantation was mainly confined to a region 50100
um around the electrodes (Szarowski et al., 2003). Another study
reported increased GFAP immunoreactivity in response to a
chronically implanted electrode 1 and 3 weeks post-surgery, but
lower and more circumscribed GFAP signal at 6 weeks post-
surgery (Xie et al., 2014).

In whole-mount preparations of skull and dura from mice, we
observed extensive lymphangiogenesis in the meningeal lym-
phatic vasculature lying close to the electrodes (Fig. 3). In partic-
ular, new lymphatic vessels had sprouted from the dural sinuses
and from lymphatic vessels at the bregma region, with most
sprouts originating from the transverse sinus. It has previously
been reported in a mouse model of multiple sclerosis that lymp-
hangiogenesis occurred near the cribriform plate, but was not
evident in the meninges (Louveau et al., 2018). Nevertheless,
present observations show that meningeal lymphangiogenesis
can occur in response to implantation of chronic EEG electrodes.
We further sought to investigate the lymphatic response to an-
other representative and commonly used cranially-invasive re-
search procedures. To this end, we installed cranial windows in
mice and again noted formation of lymphatic sprouts extending
toward the cranial window (Fig. 3L). Thus, the effects of lym-
phatic reorganization must also be considered in imaging exper-
iments based on preparations of chronic cranial windows. We
conclude that meningeal lymphangiogenesis occurs in response
to both procedures, and that this phenomenon likely is part of the
reactive changes noted in the meninges and the underlying cor-
tical tissue.
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Figure4.  Glymphatic CSF tracer influx is enhanced in mice with chronic EGG electrodes. 4, Experimental timeline: mice were examined 30 d after implantation of cranial electrodes. A CSF tracer
(fluorescein dextran 3 KDa) was infused via a cannula inserted into the cisterna magna of awake mice or mice under ketamine-xylazine anesthesia. Following 30 min of tracer circulation, the brain
was dissected out, cut on a vibratome, and six brain sections spaced evenly across the anterior—posterior axis were analyzed for tracer influx. B, Representative images showing increased tracer
penetration in mice implanted with electrodes compared with non-implanted control mice (both groups under ketamine-xylazine anesthesia). €, Quantification of tracer influx in mice under
ketamine-xylazine anesthesia measured by the mean pixel intensity for each brain section showed an overall significant difference (p = 0.001) between implanted and non-implanted mice. Post
hoc testing did not show significant differences between individual brain sections (error bars are SD; two-way ANOVA with Sidak’s multiple comparison; n = 7). D, Average tracer influx of all brain
sections was not significantly different between implanted mice and control mice (p = 0.111; Student’s ¢ test). E, Quantification of tracer influx for each brain section in awake mice showed an
overall significant difference (p = 0.0001) between implanted and non-implanted mice and post hoc test showed a significant difference between the groups for most posterior brain section (error
bars are SD; two-way ANOVA with Sidak's correction for multiple comparison; n = 4 —6; ****p < 0.0001). F, Average tracer influx of all brain sections showed a significant difference (p = 0.0072)
between implanted mice and control mice (Student’s t test; n = 4 —6; ****p << 0.0001). G, Representative image of tracer penetration in electrode-implanted mouse and non-implanted control
mouse (both injected while awake) showing enhanced tracer penetration in the medial septum region and central cortex. H, Regional analysis of tracer penetration was performed in the lateral
cortex (LC), ventral cortex (VC), and medial septum (MS). /, The greatest tracer penetration occurred in the medial septum region for all groups. Regional analysis of the medial septum region showed
a significant difference between mice with electrodes and non-implanted control mice in the awake group, but no significant difference for the other regions analyzed or for mice under
ketamine-xylazine anesthesia (SD, two-way ANOVA with Sidak’s correction for multiple comparison; n = 4—7; ****p <C0.0001). J, Representative confocal images of (D3-expressing cells in
whole-mount meninges. Scale bar, 100 wm. K, Quantification of the number of T cells in the superior sagittal sinus and in dura showed no significant difference between implanted and
non-implanted animals (SD, two-way ANOVA with Sidak’s multiple comparison; n = 5-6). L, Representative image of brain slice stained for AQP4. Scale bar, 200 .wm. M, Quantification of AQP4
expression in the brain area depicted in L measured as mean pixel intensity did not show a difference between mice with EEG electrodes and non-implanted control mice (SD, Student’s ¢ test with
Holm-Sidak correction; n = 7). N, AQP4 immunofluorescence was measured in linear regions of interest (dashed lines) across blood vessels in the same brain area and did not show significant
differences between the groups (SD; multiple ¢ tests with Holm—Sidak correction; n = 7). Scale bar, 200 ..m. AU, Arbitrary units; KX, ketamine-xylazine.

In groups of mice implanted with electrodes and non-

(Aspelund et al., 2015; Louveau et al., 2015, 2018; Ma et al.,
implanted control mice, we injected a 3 KDa fluorescent tracer

2019). At the same time, this finding was surprising because

into the cisterna magna and followed its distribution in brain
as a marker of glymphatic influx in anesthetized and awake
mice 30 d after implantation (Fig. 4). Glymphatic CSF influx
was increased in both awake and anesthetized mice. These
observations support previous observations suggesting that
glymphatic clearance is regulated by lymphatic drainage

astrogliosis and microgliosis in aging or following traumatic
brain injury and stroke were previously reported to impair
glymphatic function (Gaberel et al., 2014; Tliff et al., 2014;
Kress et al., 2014; Plog and Nedergaard, 2018; Rasmussen et
al., 2018). Our observations suggest that reactive gliosis is not
necessarily linked to reduced glymphatic activity.
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Electrode-implanted mice both in the awake and the anesthe-
tized groups showed higher tracer penetration than did non-
implanted control mice, when data from all brain sections were
included in the analysis. However, electrode-implanted mice in
the anesthesia group did not exhibit significantly higher tracer
influx when brain sections from each mouse were averaged and
compared between the groups. This discrepancy might be be-
cause of the increased variability of tracer signal within the
anesthesia-group dataset (coefficient of variation = 26-37% for
the anesthetized group and 10—-18% for the awake group). This
difference in variability could be due to variable depth of anes-
thesia at the time of tracer infusion, despite efforts to administer
dosing of anesthesia based on the weight of the individual mice.
Alpha,-adrenergic agonists such as xylazine increase glymphatic
influx by increasing slow-wave activity and reducing cardiac pul-
satility (Hablitz et al., 2019), implying that small differences in
the depth of anesthesia might therefore result in the present vari-
ability in glymphatic activity. Of note, mice in the anesthesia
group had tracer infused immediately following surgery, whereas
mice in the awake group were allowed to recover for 2 d. This
design difference may also account for the higher variance in the
anesthesia group.

We speculate that the increase in glymphatic function in mice
with electrode implantation results from increased meningeal
lymphangiogenesis. Two prior studies have shown that brain
glymphatic clearance is boosted in response to meningeal lymp-
hangiogenesis. In one study, adeno-associated virus-delivered
vascular endothelial growth factor (VEGF) was used to treat two
different transgenic mouse models of Alzheimer’s disease, i.e., the
J20 transgenic mice and 5xFAD transgenic mouse, as well as aged
wild-type mice, aiming to increase lymphangiogenesis as a ther-
apeutic intervention. Following VEGF treatment, mice showed
significantly larger meningeal lymphatic vessels, and interest-
ingly, also significantly higher rate of glymphatic tracer influx
into the brain parenchyma, as well as enhanced tracer drainage to
deep cervical lymph nodes (Da Mesquita et al., 2018). In another
study, meningeal lymphangiogenesis was induced in APP/PS1
transgenic mice by treatment with recombinant human VEGF.
Upon this treatment, the authors observed decreased amyloid-3
levels in CSF and brain, and increased amyloid-f3 clearance to the
cervical lymph nodes compared with that in untreated mice
(Wen et al., 2018).

On the other hand, a recent study by Ahn et al. (2019) showed
that meningeal lymphatic vessels in the basal parts of the skull,
but not in dorsal meninges, are mainly responsible for CSF efflux.
In other words, the dorsal lymphangiogenesis monitored in this
study might not be a direct cause for the increased glymphatic
influx. We did not investigate whether electrode implantation
also resulted in distal lymphangiogenesis at other locations, such
as the basal lymphatic vasculature, where lymphangiogenesis was
previously shown to occur in a mouse model of multiple sclerosis
(Louveau et al., 2018; Hsu et al., 2019). In this study, we observed
the largest influx of tracer in the more ventral regions of the brain,
and lesser influx in the dorsal part lying closest to the electrodes,
which could imply that lymphatic/vascular changes also occur in
the ventral brain regions. Future studies should investigate
whether cortical implants also induce distal lymphangiogenesis
in the basal lymphatic vasculature and in draining lymph nodes.

Our method for EEG electrode implantation follows standard
laboratory procedures for EEG electrode placement (Mang and
Franken, 2012; Fernandez et al., 2017). However, in any study
using chronically implanted electrodes, it is imperative to con-
sider possible side-effects the surgery and/or the electrodes them-
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selves might have on experimental endpoints. EEG is the gold
standard for investigating sleep, but factors like inflammation
caused by EEG electrodes could provoke changes in the sleep
pattern (Ranjbaran et al., 2007). One study reported that EEG
electrode implantation increased seizure susceptibility in mice.
Furthermore, EEG implanted mice exhibited significantly more
microglial activation after experiencing seizures than did their
sham-operated controls (Balzekas et al., 2016). We suggest that
immunohistochemical analysis of the brain should always be
conducted after such experiments to exclude animals exhibiting
significant inflammation or tissue damage of the brain or dura.

Overall, this study provides the, to our knowledge, first dem-
onstration that common surgical procedures such as implanta-
tion of EEG electrodes and chronic cranial window implantation
induce meningeal lymphangiogenesis and increased glymphatic
CSF circulation. Furthermore, we present direct evidence that
dispersion of a CSF tracer in the brain parenchyma, i.e., glym-
phatic flow, is enhanced following chronic cranial electrode im-
plantation. These findings shed new light on how the brain reacts
to focal neuroinflammation and emphasizes how standard inva-
sive procedures can have both local and global long-term effects
on brain homeostasis.
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