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SUMMARY
Although an imbalance between neuronal excitation and inhibition underlies seizures, clinical approaches
that target these mechanisms are insufficient in containing seizures in patients with epilepsy, raising the
need for alternative approaches. Brain-resident microglia contribute to the development and stability of
neuronal structure and functional networks that are perturbed during seizures. However, the extent of micro-
glial contributions in response to seizures in vivo remain to be elucidated. Using two-photon in vivo imaging to
visualize microglial dynamics, we show that severe seizures induce formation of microglial process pouches
that target but rarely engulf beaded neuronal dendrites. Microglial process pouches are stable for hours,
although they often shrink in size.We further find thatmicroglial process pouches are associatedwith a better
structural resolution of beaded dendrites. These findings provide evidence for the structural resolution of
injured dendrites by microglia as a form of neuroprotection.
INTRODUCTION

One-third of patients with epilepsy remain resistant to existing

drugs, which is a number that has not changed in 30 years (Fisher

et al., 2014; Hauser and Hesdorffer, 1990). Antiepileptic drug

development has been focused on targeting known neuronal

mechanisms. Seizures are themost obviousmanifestation of ep-

ilepsy. In mouse preclinical models of seizures, prolonged sei-

zures can cause dendritic injury (Jiang et al., 1998; Multani

et al., 1994; Swann et al., 2000) and seriously compromise recov-

ery because dendritic structures facilitate synaptic interactions

and neuronal function (Rochefort and Konnerth, 2012; Sala and

Segal, 2014). Therefore, processes facilitating the resolution of

seizure-induced dendritic structural injury would be therapeuti-

cally beneficial.

Microglia are the primary brain-resident immune cells whose

importance in brain development, homeostasis, and synaptic

plasticity have now been well established (Eyo andWu, 2013; Si-

erra et al., 2019). Contrary to traditional views that

associated microglia with detrimental roles in pathology, recent

findings indicate that they can be neuroprotective in chronic

demyelinating diseases such multiple sclerosis (Gao et al.,

2017; Tanabe et al., 2019) and acute injury conditions like

ischemia (Szalay et al., 2016), as well as seizure disorders (Araki
This is an open access article under the CC BY-N
et al., 2019; Eyo et al., 2014, 2017; Waltl et al., 2018; Wu et al.,

2020). Furthermore, microglial dysfunction has been implicated

in Alzheimer’s disease in which microglia lose their homeostatic

functions and facilitate disease progression (Sarlus and Heneka,

2017). Moreover, microglia-specific dysfunction was recently

implicated in spontaneous seizure generation (Zhao et al.,

2018). Therefore, microglia are an attractive target for modu-

lating disease pathology in general and seizure disorders in

specific.

Microglia are highly dynamic brain cells (Davalos et al., 2005;

Eyo et al., 2018; Nimmerjahn et al., 2005) that physically interact

with neurons in hyperactive or hypoactive contexts (Eyo et al.,

2015; Kato et al., 2016; Liu et al., 2019; Umpierre et al., 2020).

Indeed, microglial activity limits neuronal hyperactivity (Liu

et al., 2020; Merlini et al., 2021). However, real-time microglial

dynamics following seizures in vivo have not been determined.

To do so, we performed two-photon imaging of microglia and

neurons in transgenic mice following kainic acid (KA)-induced

seizures. Here, we report a microglial phenotype that is directed

toward beaded dendrites following severe seizures. Real-time

and chronic imaging of these structures suggest against a pri-

mary phagocytic function for them. Hence, we call them ‘‘micro-

glial process pouches’’ (MPPs) Interestingly, these pouches are

maintained for extensive periods of time and strongly correlated
Cell Reports 35, 109080, May 4, 2021 ª 2021 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:ube9q@virginia.edu
mailto:wu.longjun@mayo.edu
https://doi.org/10.1016/j.celrep.2021.109080
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109080&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Severe seizures induce microglial process pouch formation

(A) Representative two-photon in vivo images through a chronically implanted cranial window from a Thy1YFP mouse before and following mild (stage 3) seizures

with unperturbed dendrites.

(B) Representative two-photon in vivo images through a chronically implanted cranial window from a Thy1YFP mouse before and following severe (stage 5)

seizures with beaded dendrites (white arrows). Scale bar: 20 mm.

(C) Quantification of dendritic beads at different times of KA-induced seizures.

(D) Representative two-photon in vivo images from CX3CR1GFP/+ mice following an acute craniotomy showing microglia in the superficial somatosensory cortex

of control, mild, and severe seizures following kainic acid (KA) treatment. Microglial process pouches are identified (white arrows). Scale bar: 10 mm.

(E) Quantification of microglial pouches under different conditions.

(F) Quantification of microglial pouches in male and female mice.

(G) Representative two-photon in vivo images at 6 h of KA treatment at different cortical depths showing microglial process pouches (white arrows). Scale bar:

25 mm.

(legend continued on next page)
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with better structural resolutions of beaded dendrites. Our re-

sults suggest a restorative function for microglia through phys-

ical interactions with neuronal dendrites following severe

seizures.

RESULTS

Severe seizures induce microglial process pouch
formation
Using in vivo two-photon microscopy, we first confirmed with

previous studies (Guo et al., 2012, 2016; Zeng et al., 2007) that

prolonged stage 5 (but not mild stage 3) seizures induced den-

dritic beads in Thy1YFP mice (Figures 1A and 1B). Interestingly,

swollen bead density decreased with increasing cortical depth

(Figure 1C). In CX3CR1GFP/+ mice, KA treatment that resulted in

severe seizures elicited a phenomenon with microglia processes

that we called microglial process pouches (MPPs) following se-

vere (but not mild) seizures at 6 h and 24 h of treatment (Figures

1D and 1E). No differences were observed betweenmale and fe-

malemice (Figure 1F). Spatially,MPPsweremoreabundant in the

superficial cortex than in the deeper cortex (Figures 1G and 1H;

Video S1). Chronic imaging showed that the majority of pouches

formed by 6 h of KA were gone by 24 h, indicating that pouches

are not permanent (Figures 1I and 1J). As with results at 6 h,

pouches were more abundant in the superficial cortex than in

the deeper cortex at 24 h (Figure 1K; Figure S1A). To rule out

the possibility that MPPs were induced by the craniotomy pro-

cedure, we visualized microglia in both freshly prepared live

and fixed cortical brain slices generated without a craniotomy

and got similar results (Figures S1B and S1C). These results indi-

cate that severe KA-induced seizures trigger the formation of

MPPs predominantly in the superficial cortex.

Real-time dynamics of seizure-induced MPPs
Structures similar to MPPs have be previously described and are

suggested to be phagocytic with rapid engulfment from tens of

minutes to up to 2 h (Abiega et al., 2016; Petersen and Dailey,

2004; Sierra et al., 2010; Zabel et al., 2016; Zhao et al., 2015),

although they have rarely been investigated in vivo. Thus, we

performed time-lapse imaging in vivo. Microglia exhibited

various pouch formation and resolution dynamics. Formation

occurred rapidly following initial ‘‘frisking’’ activity that eventually

resulted in a stable pouch within 10–30 min (Figure S2A). Some-

times, pouches failed to be stable after initial frisking activity and

therefore collapsed rapidly (Figure S2B). Extant pouches some-

times underwent resolution either by a gradual dissociation for

whichprocesses retracted from the contactmaterial (FigureS2C)

or by a ‘‘crunch’’ for which the pouch space collapsed, and the

pouch edges became condensed (Figure S2D). This usually

occurred rapidly, taking less than 20 min.

Interestingly, 4-h in vivo imaging revealed that the majority of

MPPs aremaintained (�70%) rather than showing engulfing activ-

ity. Furthermore, only a few pouches translocated toward the mi-
(H) Quantification of the percent of pouches at different depths at 6 h and 24 h o

(I) Representative two-photon in vivo images through a chronically implanted win

induced seizures. Pouches (arrows) formed at 6 h are mostly resolved by 24 h. S

(J) Quantification of pouches in the same field of view between 6 h and 24 h (n =
croglial somata from which the process bearing the pouch was

located (�20%). The remaining �10% of pouches were newly

formed during the course of imaging (Figures 2A–2D; Video S2).

The paucity of microglial engulfment of pouch contents in vivo

may have been a result of our imaging under isoflurane anes-

thesia or following a craniotomy. Therefore, we performed two

sets of experiments, as follows: (1) intermittent imaging through

an implanted window in vivo and (2) time-lapse imaging in brain

slices ex vivo. When mice were imaged at 6 h, allowed to wake

and resume normal activities without anesthesia, and re-imaged

at 12 h, 63.5% ± 3.2% (n = 6 fields of view from 3 mice) of

pouches were maintained over this 6-h period (Figure S3B).

Similarly, MPPs in excised slices from mice that previously un-

derwent severe seizures were maintained for long periods of

time without engulfment (Figures S3C–S3F). Together, these re-

sults indicate that seizure-induced MPPs exhibit prolonged

maintenance independent of anesthesia or craniotomy surgery.

Seizure-induced MPPs retain motile and chemotactic
abilities
Pouch-bearing microglia may be impaired in their motile abilities

precluding their phagocytic function. Although microglia dis-

played process pouches, their processes remained motile with

filopodia emanating with various degrees of extension and

retraction from the pouches. Next, we studiedmicroglial process

chemotaxis in control and KA-treated mice. At 6 h of KA treat-

ment, chemotaxis to the laser-induced injury was completed in

a shorter time and thus occurred much faster following seizures

than under control conditions (Figures 2E–2G), which is consis-

tent with previous findings in slices (Avignone et al., 2008,

2015). Interestingly, pouches were maintained during chemo-

taxis, and new fine filopodia (Bernier et al., 2019) emanated

from extant pouches. Together, these results show thatMPPs in-

crease their motility/chemotactic potential.

Seizure-induced MPPs occur and are maintained
independent of microglial CX3CR1, Trem2, and P2Y12
receptors
Poor evidence of MPP engulfment may suggest impairment in

the phagocytic machinery, as impaired phagocytosis of

apoptotic cells following KA seizures was recently reported

(Abiega et al., 2016). Furthermore, we tested Trem2 and P2Y6 re-

ceptors (Hsieh et al., 2009; Koizumi et al., 2007; Takahashi et al.,

2005) in MPP formation following severe seizures. Interestingly,

we found that robust MPPs formed in Trem2- and P2Y6-recep-

tor-deficient mice (Figures 3A–3D).

Furthermore, we compared pouch maintenance in chemo-

tactic (CX3CR1 and P2Y12R) and phagocytic (Trem2) recep-

tor-deficient mice and report similar percentages of maintained,

translocated, and newly formed pouches during 4 h of real-time

imaging (Figure 3E). Therefore, the precise molecular mecha-

nisms governing this process are not known, but our studies us-

ing a genetic approach suggest that they do not require
f KA treatment.

dow showing microglia in a specific field of view before and after severe KA-

cale bar: 10 mm.

3 mice each). Data are presented as mean ± SEM.
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Figure 2. Real-time dynamics of seizure-induced microglial process pouches

(A) Representative two-photon in vivo image from a CX3CR1GFP/+ mouse following an acute craniotomy at 6 h of seizures with pouches in the superficial so-

matosensory cortex. Scale bar: 20 mm.

(B) Representative time-lapse images from a field of view in (A) showing pouches that are present and maintained from the beginning of imaging (white arrows)

and new pouches that formed during the course of imaging and were maintained (yellow arrows).

(C) Representative time-lapse images from a field of view in (A) showing pouches that are present and maintained from the beginning of imaging (white arrows)

and new pouches that formed during the course of imaging and were maintained (yellow arrows). Note: pouches identified with white and yellow arrows also

shrink during the course of imaging.

(D) Representative time-lapse images from a field of view in (A) showing pouches that are engulfed during the course of imaging (red arrows). Scale bar: 10 mm.

(E) Representative two-photon in vivo time-lapse images in brains from a control mouse (top) and a mouse at 6 h of seizures (bottom) following a laser-induced

injury. Scale bar: 10 mm.

(F) Quantification of the completion time to chemotaxis around the laser injury in control and seizure mice (n = 3–5 mice each).

(G) Quantification of chemotaxis velocity in response to a laser injury in control and seizure mice (n = 3–5 mice each). Data are presented as mean ± SEM.
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chemotactic CX3CR1 and P2Y12R or phagocytic Trem2 and

P2Y6R for their formation and/or maintenance.

Seizure-induced MPPs function without phagocytic
activity
To further test the role of phagocytic activity in MPPs, we per-

formed immunohistochemistry for CD68, a lysosomal marker

active during phagocytosis, and LysoTracker, a label for active

lysosomes. As expected, CD68 colocalized with LysoTracker

in microglia (Figures 4A and 4B). Following KA-induced seizures,
4 Cell Reports 35, 109080, May 4, 2021
we injected LysoTracker and monitored MPPs (Figure 4C).

Although microglia harbored pouches of different sizes and

numbers, significant lysosomal activity was not detected in

pouches (Figures 4D–4G; Video S3). Together, these results sug-

gest that MPPs do not show robust phagocytic activity.

Seizure-induced MPPs often target non-nucleic
material
Next, we attempted to determine the target(s) of MPPs. MPPs

were not directed toward the vasculature (Figure S3A), so we



Figure 3. Microglial process pouch formation and maintenance independent of various chemotactic and phagocytic proteins

(A) Representative two-photon in vivo images from a P2Y6+/� and P2Y6�/�mouse showing microglial process pouches at 6 h of KA-induced seizures. Scale bar:

20 mm.

(B) Quantitative data of microglial process pouches per field of view in a P2Y6+/� and a P2Y6�/� mouse (n = 3 mice).

(C) Representative two-photon in vivo images from a Trem2+/+ and a Trem2�/� mouse showing microglial process pouches at 6 h of KA-induced seizures. Scale

bar: 20 mm.

(D) Quantitative data of microglial process pouches per field of view in Trem2+/+ and Trem2�/� mice (n = 3 mice).

(E) Quantification of the percentage of the 3 types of process pouches during the course of 4 h of imaging categorized as either maintained, translocated toward

the microglial somata, or newly formed pouches from different genotypes (left graph) as well as the time to completely engulf the wrapped material (right graph).

n = 2–4 mice each. Data are presented as mean ± SEM.
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set out to determine the MPP target in fixed tissue slices. We

noted an increase in pouch density in cortical and hippocampal

regions at 6 h (Figures S4A–S4F). MPPs often did not contain

DAPI-labeled nuclei (Figures S4A and S4G–S4J). Moreover,

MPPs were more abundant in the superficial cortex (Figures

1D and 1E; Figure S1) that is not as densely populatedwith nuclei

as deeper cortical layers. Cortical pouches varied in size ranging

2–20 mm in diameter (Figure S4K). Similar observations were

made in hippocampal slices at 24 h of KA for which many

pouches lacked DAPI content (Figures S4L–S4U). Although

MPPs sometimes targeted DAPI-labeled nuclei in the hippocam-

pus, MPPs did not target DAPI-labeled nuclei in superficial

cortical layers (Figures S4G–S4J). These findings suggest that

many non-nucleic materials are targeted by these pouches.

Seizure-induced MPPs target neuronal dendrites for
resolution
Because neuronal dendrites undergo dendritic beading in

response to severe seizures (Guo et al., 2016; Zeng et al.,

2007) and tufts of neuronal dendrites densely populate the su-

perficial cortex, we imaged both microglia and neurons in

CX3CR1GFP/+;Thy1YFP mice (Feng et al., 2000; Jung et al.,

2000) after severe seizures. Chronic imaging revealed that these

dendritic beadings were observed by 6 h, of which some per-

sisted through 72 h, although some disappeared and new ones

were formed during this period (Figures 5A and 5B). Indeed,

we could localize several process pouches around beaded den-

drites at 6 h and 24 h after severe seizures (Figures 5C–5E; Video

S4). Interestingly, only a minority of labeled beaded dendrites

(�20%) were actually wrapped by microglia (Figure S5). Howev-

er, this number should be considered with caution because only

a few neurons were labeled in Thy1YFP mice. Real-time imaging

revealed that pouches wrapped around beaded dendrites could

shrink along with the bead (Figure 5F; Video S5).
To assess the function of MPPs, individual dendritic beads

with or without MPPs at 6 h were re-imaged at 24 h. Remarkably,

beaded dendrites with microglial pouches at 6 h were 5 times

more likely be resolved by 24 h (76.7% ± 7.9%; range, 50%–

100% per field of view) than beaded dendrites lacking microglial

pouches (16.0% ± 8.4%; range, 0%–58.8%; Figures 5G–5J).

Therefore, consistent with pouch-dendritic bead shrinkage, we

noted increased structural resolution of beaded dendrites with

prior pouch contact when compared to beaded dendrites

without pouch interactions. Our results, therefore, suggest

caution in assigning phagocytic function to these structures.

DISCUSSION

In the current study,wedocument amicroglial phenotypewehave

termed microglial process pouches or MPPs that (1) are robustly

induced following severe seizures, (2) wrap around beaded den-

drites, (3) are stablymaintained for hours, (4) preserve their chemo-

tactic abilities, (5) form independently of candidate phagocytic

proteins like P2Y6 and Trem2, (6) are dynamic independent of

candidate chemotactic (CX3CR1 and P2Y12) and phagocytic

(P2Y6 and Trem2) mechanisms, and (7) are strongly associated

with the structural resolution of beaded dendrites following severe

seizures. Importantly, MPPs were widespread across brain re-

gions including the amygdala and cerebellum, even though we

mainly focusedour studieson thecortexandhippocampus.These

observations indicate a significant structural resolution function of

microglial processes toward dendrites following severe seizures

that could be harnessed for clinical therapeutics.

An interesting finding in our study is that although these

seizure-induced MPPs look like previously described ‘‘phago-

cytic cups’’ (Abiega et al., 2016; Petersen and Dailey, 2004; Si-

erra et al., 2010; Zabel et al., 2016), they did not exhibit typical

features of phagocytosis. First, they were maintained for
Cell Reports 35, 109080, May 4, 2021 5



Figure 4. Microglial process pouches do not show phagocytic lysosomal activity

(A–C) Representative confocal image of a fixed slice stained with DAPI, CD68, CX3CR1-GFP, and LysoTracker.

(D and E) Representative two-photon in vivo images from CX3CR1GFP/+ mice after KA treatment and treated with LysoTracker. Arrows indicate pouches, and

arrowheads indicate LysoTracker label. Scale bar: 10 mm.

(F) Quantification of the number of pouches of various sizes observed.

(G) Quantification of the number of LysoTracker+ pouches of various sizes observed. Data are presented as mean ± SEM.
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extensive periods of time that were longer than what is typical for

phagocytic processes, which range from 10 to 15 min (Zabel

et al., 2016) to 0.5–2.5 h (Petersen and Dailey, 2004; Sierra

et al., 2010). In our case, the majority of pouches were main-

tained for over 6 h.

Second, unlike other microglial phagocytic activities that target

neuronal cell bodies, these MPPs often predominated in cortical

regions with few cell bodies such as layer I. Rather than pouches

targeting cell bodies, our results indicate that pouches targeted

beaded dendritic material consistent with their localization in

both the superficial cortex (Figures1Gand1H;FigureS1) andstra-

tum radiatum regions of the hippocampus (Figures S4G–S4J)

wheredendritespredominateovercell bodies. Thiscorrelationbe-

tween the greater density of pouches in the superficial cortex and

the abundance of dendritic tufts in the superficial cortex suggests

that pouches are abundant in the cortex because of the corre-

spondingabundanceofdendrites. Therefore,weshow thatmicro-

glial phagocytic-like structures target dendrites in vivo. However,

we failed to observe extensive phagocytosis of these structures,

which is why we call them pouches.
6 Cell Reports 35, 109080, May 4, 2021
Third, to our knowledge, the observation of shrinking micro-

glial pouches during time-lapse imaging represents a phenotype

that is not characteristic of microglia during phagocytosis when

engulfment is used. The precise molecular mechanisms govern-

ing this process are not known, but our studies using a genetic

approach suggest that they do not require chemotactic

CX3CR1 and P2Y12R or phagocytic Trem2 and P2Y6R for their

formation and/or maintenance.

Pouch shrinkage was observed with dendritic bead shrinkage

in real-time. Consistent with pouch-dendritic bead shrinkage, we

noted increased structural resolution of beaded dendrites with

prior pouch contact when compared to beaded dendrites

without pouch interactions. Dendritic beading after seizures

has been previously reported in mice (Zeng et al., 2007) and pa-

tients with epilepsy (Multani et al., 1994). Moreover, they have

been observed following ischemia and spreading depression

(Risher et al., 2010), perhaps as a result of mitochondrial

dysfunction (Greenwood et al., 2007) and cytoskeletal rear-

rangement (Zeng et al., 2007). Here, we show that microglia

exhibit a rapid detection of these dendritic abnormalities and



Figure 5. Seizure-induced microglial process pouches target neuronal dendrites for resolution

(A) Representative two-photon in vivo images through a chronically implanted cranial window from a Thy1YFP mouse from 6 to 48 h after severe (stage 5) seizures

showing beaded dendrites, of which some persist (white arrows) and others are newly formed (yellow arrowhead) or disappear (dashed circles). Scale bar: 25 mm.

(B) Graphical quantification of the percentage of beaded dendrites that persist, are newly formed, or disappear between 6 and 48 h of severe (stage 5) seizures.

Related to Figure 1.

(C–E) Representative two-photon in vivo images from CX3CR1GFP/+:Thy1YFP mice showing microglial pouches localized around swollen dendrites (arrows) at 6 h

and 24 h after KA treatment. Scale bar: 5 mm.

(F) Representative two-photon in vivo images from a time-lapse movie collected from a CX3CR1GFP/+:Thy1YFP mouse showing a microglial pouch shrinking with

the wrapped beaded dendrite that also shrinks (arrows). Scale bar: 5 mm.

(G–I’) Representative two-photon in vivo images through a chronically implanted cranial window from a CX3CR1GFP/+:Thy1YFP mouse showing dendritic beads

with or without microglia at 6 h and 24 h. Data are presented as mean ± SEM. Scale bar: 20 mm in (G’) and 10 mm in (H’).

(J) Quantification of the percentage of dendritic bead resolution between 6 h and 24 h with or without microglial pouch contacts (n = 6 fields of view from 2mice).
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make contact with them by process pouches. Whether or not

they perform similar functions in other pathological contexts re-

mains to be determined.

In conclusion, although previous studies have indicated

that microglia in general (Mirrione et al., 2010; Waltl et al., 2018)

and microglial P2Y12 (Eyo et al., 2014) and CX3CR1 (Eyo et al.,

2017) receptors in specific can be neuroprotective during sei-

zures/epilepsy, this look into microglial-neuronal physical interac-

tions following seizures in vivo has uncovered the formation of

MPPs and that MPPs display features atypical for phagocytosis

and were highly associated with a better resolution of structural

dendritic injury resulting from seizures. This microglial-dependent

neuroprotection is consistent with recent findings that microglial

elimination exacerbates experimental seizures (Liu et al., 2020)

and blocking microglia Gi, which regulates microglial process dy-

namics and increases network activity and spontaneous seizures

(Merlini et al., 2021). Our results document a cellular process by

which microglia may be facilitating such neuroprotection. Specif-

ically, our results suggest that microglia may contribute to the

structural resolution of beaded dendrites to facilitate the restora-

tionofdendritic function.Therefore, resolutionofdendritic function

will need to be tested in future studies. These results highlight a

neuroprotective role for microglia immediately after seizures that

once fully understood could be harnessed to limit the detrimental

effects of seizures in the clinic.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD68, 125212 Abcam GR3326063-11

anti-rabbit Alexa 647 Thermo Fisher Scientific A-21244

Chemicals, peptides, and recombinant proteins

Rhodamine B Millipore Sigma 83689-1G

LysoTracker Red DND-99, L7528 Invitrogen 2170270

Experimental models: organisms/strains

Mouse: B6.129P2(Cg)-Cx3cr1tm1Litt/J The Jackson Laboratory JAX: 005582

Mouse: B6.Cg-Tg(Thy1-YFP)HJrs/J The Jackson Laboratory JAX: 003782

Mouse: Trem2 knockout mouse From Dr. Marco Colonna, Washington

University in St. Louis

N/A

Mouse: P2Y6 knockout mouse From Dr. Bernard Robaye, Institut de

biologie et de médecine moléculaires

N/A

Mouse: P2Y12 knockout mouse From Dr. Michael Dailey, University of Iowa N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Long-Jun

Wu (wu.longjun@mayo.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Institutional Animal Care and Use Committees at Rutgers University, Mayo Clinic and the University of Virginia approved all proced-

ures. Adult mice of both sexeswere used between 6weeks and 6months of age; no differenceswere noted betweenmale and female

mice so the data were combined. Wild-type C57/B6 mice were crossed with CX3CR1GFP/GFP mice from Jackson labs (Stock No:

005582) to generate CX3CR1GFP/+ for all experiments to visualize microglia. These mice were crossed with Thy1YFP mice from Jack-

son labs (Stock No: 003782) to generate CX3CR1GFP/+:Thy1YFP mice. CX3CR1GFP/GFP mice were used as CX3CR1-deficient mice.

Trem2-deficient mice were provided as a gift from Dr. Marco Colonna at Washington University in St. Louis, USA. P2Y6-deficient

mice were provided as a gift from Dr. Bernard Robaye from the Institut de biologie et de médecine moléculaires in Belgium.

P2Y12R-deficient mice were provided as a gift from Dr. Michael Dailey at the University of Iowa. Receptor deficient mice were

crossed with CX3CR1GFP/GFP mice to facilitate visualization of microglia.

METHOD DETAILS

Experimental seizure model
Six- to 16-week-old GFP reporter mice were intraperitoneally injected with kainic acid (KA) at 18 –25mg/kg (at Rutgers University and

Mayo Clinic) or 24-28mg/kg (at the University of Virginia). At the University of Virginia, for unknown reasons, mice require a higher

concentration of KA to elicit seizures. Seizure behavior wasmonitored under amodified Racine scale as follows: (1) freezing behavior;

(2) rigid posture with raised tail; (3) continuous head bobbing and forepaws shaking; (4) rearing, falling, and jumping; (5) continuous

level 4; and (6) loss of posture and generalized convulsion activity (Eyo et al., 2014; Racine, 1972). Mice that progressed to at least to

stage 3 (‘‘mild seizures’’) were used for the study while mice that did not progress this far were discarded from the study. Mice that
e1 Cell Reports 35, 109080, May 4, 2021
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entered and remained in stage 5 seizures for more than 30 minutes (‘‘severe seizures’’) were used to detect the occurrence of micro-

glial process pouches.

Cranial window surgeries
Mice were anesthetized with isoflurane (5% for induction; 1.5% for maintenance and surgery) combined with oxygen. The hair above

the mouse head was shaved with a clipper (Wahl BravMini), after which the mouse was placed in a stereotactic frame (Kopf) cleaned

with three alternating swabs of betadine and 75%alcohol. Miceweremaintained on a heating pad during surgery and then received a

local subcutaneous injection of 15–20 mL 0.25% bupivicane and lubricant eye ointment. The skin above the head was then cut to

expose the skull. The skull was cleaned using a cotton swab of 3%–5% hydrogen peroxide, and a dental drill (Osada Model EXL-

M40) and drill bit (Fine Science Tools, 19008-07) were used to drill open a circular > 3-mm-diameter window. During drilling, bone

debris were cleared away, and the skull was frequently irrigated with sterile saline. When sufficiently thinned, the circular skull flap

was carefully removed using sharp forceps. Windows were paced above the somatosensory cortex such that the skull was removed

with the center at about �2.5 posterior and ± 2mm lateral to bregma. Once opened, the exposed brain surface was kept moist with

sterile saline. A 3-mm glass coverslip previously sterilized in 75% ethanol was put inside the window, glued in place with cyanoac-

rylate glue (Krazy glue). The rest of the skull, excluding the region with the window, was then covered with IBond Total Etch glue (Her-

aeus) and cured with a Kerr Demi Ultra LEDCuring Light (Dental Health Products). A dental cement (Tetric EvoFlow) was then applied

around the glass coverslip and again cured with the curing light. Finally, a custom-made head plate was glued to the contralateral

hemisphere to the window with another application of the dental cement and cured with a curing light to permanently attach the

head plate to the skull.

Following this surgery, mice were either immediately transferred to the two-photon microscope for acute imaging on a heading

plate or allowed to recover from anesthesia on a heating pad (�10 min) before they were returned to their home cage for chronic

imaging. For chronic imaging, mice were allowed to recover from the surgery for at least 2 weeks and restingmicroglial morphologies

were confirmed before repeated imaging commenced. Mice that showed a loss in imaging window clarity during the period of obser-

vation were discarded from the study.

Generation of brain slices
Freshly isolated hippocampal slices were prepared mice at 6 hours of KA treatment in mice that showed ‘‘severe seizures.’’ Briefly,

mice were anesthetized and swiftly decapitated. Brains from decapitated mice were carefully removed and placed in ice-cold,

oxygenated (95%O2 and5%CO2) artificial cerebrospinal fluid (ACSF) with the following composition (in mM): 124 NaCl, 25 NaHCO3,

2.5 KCl, 1 KH2PO4, 2 CaCl2, 2 MgSO4, 10 glucose, and sucrose added to make 300–320 mOsmol. Coronal slices (300mm) were pre-

pared and transferred to a recovery chamber for 30 minutes with oxygenated ACSF with the same composition as above at room

temperature before imaging.

Two-photon imaging
Experiments were conducted at room temperature with slices maintained in oxygenated ACSF with the same composition as above

in a perfusion chamber at a flow rate of 2 ml/min. Microglia were typically imaged using a two-photon microscope tuned to 880-

900 nm (for GFP microglia and YFP neurons or GFP microglia and Rhodamine B) with a water-immersion lens. Fluorescence was

detected using two photomultiplier tubes in whole-field detection mode and a 565nmdichroic mirror with 525/50nm (green channel)

and 620/60 nm (red channel) emission filters. To separate GFP and YFP in some experiments, a 509 nm dichroic mirror with 500/15

and 537/26 nm emission filters was used. The laser power was maintained at 25mW or below.

For in vivo imaging, microglia were typically imaged between the brain surface and 200mm below which corresponds to layers I-III

of the cortex. For ex vivo imaging in brain slices, microglia were typically imaged between 50-150mm of the cortical surface to avoid

imaging in regions where there is abundant cell death at the slice surface from the slicing procedure. For imaging, data images were

collected at 1-2mm spatial and 1-5minute temporal intervals for 1-4 hours. To perform a laser injury, we focused and parked the laser

48-66x at �250mW at 880-900nm for 0.5-3 s. All two photon images are 3D data presented in 2D as projection images.

Lysotracker Imaging
Lysosomes were visualized using LysoTracker Red DND-99 (L7528; Invitrogen). Mice that entered and remained in stage 4 or 5 sei-

zures for more than 30 minutes (‘‘severe seizures’’) were used to observe microglial lysosomes. Mice were injected with KA and after

2 hours cranial window surgeries were performed. After opening skull, mice were injected with LysoTracker (1:200, 600 nl) into the

brain parenchyma using a glass pipette and an injector (NANOJECT III; Drummond Scientific Company). Microglia and lysosomes

were imaged using a two-photon microscope tuned to 920 nm with a water-immersion lens. Fluorescence was separated by a

560 nmdichroicmirror with 525/50 nm (for GFP fluorescence detection) and 630/75 nm (for LysoTracker Red fluorescence detection)

emission filters. The number of pouch and their diameter were quantified using ImageJ (NIH).

Immunohistochemistry
To confirm the LysoTracker signal co-localizes with CD68 staining, we performed immunostaining. Mice were deeply anesthetized

with isoflurane, and transcardially perfused with 4% paraformaldehyde (PFA). Fixed brains were post-fixed overnight in PFA and
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immersed in 30% sucrose for 2 days. The brains were sectioned into 30 mm slices. After a phosphate-buffered saline (PBS) wash, the

slices were incubated for 1 hour in 5% bovine serum albumin (BSA) and 0.5% Triton X-100 in PBS, and then incubated at 4�C over-

night with primary antibodies (anti-CD68, 1:500, Abcam, 125212) diluted in PBS. The slices were subsequently incubated with sec-

ondary antibodies (anti-rabbit Alexa 647, 1:500, Thermo Fisher Scientific) at room temperature for 3 h. Slices were then mounted on

glass slides in DAPI Fluoromount-G (0100-20; Southern Biotech). Fixed tissue was imaged using a Zeiss LSM780 confocal micro-

scope (Carl Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bead density analysis
Beads or ‘‘swellings’’ were identified following severe stage 5 seizures and defined as dendritic shaft swellings that were at least 3

times the size of the adjacent dendritic shaft diameter. In most cases, beads wereR 4-5 times the size of adjacent dendritic shafts.

Percent Pouch Depth Analysis
Formicroglial process pouch percent analysis at different depths (Figure 1E), the total number of pouches per 330mmx 330mmfield of

viewwas counted between 0-120mmof the brain. Then, the number of pouches were counted in bins of 20mm thickness. The percent

of the total number of pouches per 20mm depth was determined by dividing the number per 20mm depth over the total number of

pouches per field of view.

Pouch Density Analysis
For in vivo microglial pouch density analysis through a chronic cranial window at 6hr and 24hr (Figure 1G), specific fields of views

(165mm x 165mm x 40mm thick) were followed at 6hr and then at 24hr. Pouch numbers were counted in adjacent images at the

two time points. For fixed slice quantification of microglial pouch density in control and at 6hr of KA treatment (Figure S4), microglial

process pouches were counted in images from 20mm thick cortical or hippocampal slices mounted in DAPI.

Comparing Pouch Density in Different Genotypes
To compare pouch density in different genotypes (Figures 3B, 3D, and 3E), the total number of pouches in a 220mmx 220mmx 120mm

thick field of view was quantified and compared between genotypes.

Pouch Dynamics Analysis
To quantify pouch dynamics from time-lapse movies obtained from mice with different genotypes (Figure 3E), individual pouches

were followed through 4hr movies and binned into pouches that persisted through the movie (‘‘maintained’’), showed signs of the

beginnings of phagocytic activity by retracting pouches toward the cell body (‘‘translocated’’) or were formed newly during the im-

aging period (‘‘newly formed’’).

Engulfment Time Analysis
For engulfment analysis from time-lapse movies (Figure 3E), all phagocytic events were noted from each movie and the timing from

the initiation of pouch retraction for engulfment to the time point of full engulfment in the cell body was determined.

Chemotaxis Analysis
For chemotaxis analysis from time-lapse movies, the time for microglial processes to completely encircle the laser-injury was quan-

tified (Figure 2F) as well as the velocity of individual migrating processes was quantified (Figure 2G).

Pouch-Bead Resolution Analysis
To quantify beaded dendrite resolution (Figure 4J), dendritic beads in identical fields of viewweremonitored at 6hr and then 24hr and

binned into possessing or lacking microglial process pouch contact. Beads present at 6hr were noted as resolved when they were

absent at 24hr and the dendritic shaft was restored to lack beads.

For all experiments, data are presented as mean ± SEM. For all analyses, the analyzer was often blind to the genotype or condition

except when comparing control conditions that lacked pouches and seizure conditions with an abundance of pouches or when

comparing beaded dendrites with microglial pouches and beaded dendrites without microglial pouches. Student’s t test was

used to establish significance.
e3 Cell Reports 35, 109080, May 4, 2021
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Figure S1. Microglial process pouches occur independent of craniotomy surgeries. Related to 
Figure 1. 
(A) Quantification of microglial process pouch numbers in specific fields of view at varying 
depths with sham control as well as 6h and 24hr of KA-induced seizures at 6h. 
(B) Representative two-photon image of a live cortical brain slice freshly generated from a 
CX3CR1GFP/+ mouse at 6h of KA treatment showing microglial process pouch in superficial 
cortical regions (white arrows).  
(C) Representative two-photon image of a fixed cortical brain slice from a CX3CR1GFP/+ mouse at 
6h of KA treatment showing microglial process pouch in superficial cortical regions (white 
arrows). Scale bar: 20µm 
 
 
 
 



 
Figure S2. Formation and resolution of microglial process pouches. Related to Figure 2. 
(A) Representative two-photon in vivo images from a time-lapse movie generated from a 
CX3CR1GFP/+ mouse showing the temporal formation of a microglial process pouch after frisking 
activity (white arrow). Scale bar: 20µm. 
(B) Representative two-photon in vivo images from a time-lapse movie generated from a 
CX3CR1GFP/+ mouse showing the failure to form a microglial process pouch during frisking 
activity (white arrow). Scale bar: 20µm. 
(C) Representative two-photon in vivo images from a time-lapse movie generated from a 
CX3CR1GFP/+ mouse showing dissociation of a microglial process pouch by gradual withdrawal 
(white arrow). Scale bar: 20µm. 
(D) Representative two-photon in vivo images from a time-lapse movie generated from a 
CX3CR1GFP/+ mouse showing rapid collapse of a microglial process pouch by a rapid “crunch” 
(white arrow). Scale bar: 5µm. 
 
 
 
 
 



 
Figure S3. Microglial process pouches remain stable independent of anesthesia or craniotomy 
surgery. Related to Figure 2. 
(A) Representative two-photon in vivo image from a CX3CR1GFP/+ mouse showing microglial 
pouches and the vasculature (2mg/mL i.p. Rhodamine B) at 6h of KA treatment. Scale bar: 
20µm. 
(B) Representative two-photon in vivo images from a CX3CR1GFP/+:Thy1YFP mouse showing 
microglial pouches identified with numbers at 6h and then re-imaged at 24h after KA. Scale bar: 
20µm. 
(C) Representative two-photon in vivo image from a CX3CR1GFP/+ mouse brain slice freshly 
prepared at 6h of KA. Scale bar: 10µm. 
(D-F) Representative time-lapse images from various fields of view in (C) showing pouches that 
are maintained from throughout the imaging period (white arrows). Scale bar: 5µm. 
 



 
Figure S4. Seizure-induced microglial process pouches often target non-nucleic material. 
Related to Figure 4. 
(A) Representative images from fixed CX3CR1GFP/+ control and seizure mouse brain slices at 6h 
showing pouch numbers in the cortex.  
(B) Quantification of the cortical pouches from fixed control and seizure mouse brain slices at 
6h (n = 3 mice each).  
(C) Representative images from fixed CX3CR1GFP/+ control and seizure mouse brain slices at 6h 
showing pouch numbers in the CA3 region of the hippocampus.  
(D) Quantification of the CA3 pouches from control and seizure slices at 6h (n = 3 mice each).  
(E) Representative images from fixed CX3CR1GFP/+ control and seizure mouse brain slices at 6h 
showing pouch numbers in the CA1 region of the hippocampus. Scale bar: 25µm and 10µm for 
the insert. 
(F) Quantification of the CA1 pouches from control and seizure slices at 6h (n = 3 mice each).  
(G-J) Representative images from a fixed CX3CR1GFP/+ mouse brain slice at 6h showing several 
pouches (inserts) lacking DAPI. Scale bar: 25µm and 5µm for inseerts 
(K) Representative two-photon in vivo images of pouches of different sizes. Scale bar: 5µm. 
(L) Representative image from fixed CX3CR1GFP/+ mouse brain slices showing pouches in the CA3 
region of the hippocampus. Scale bar: 25µm. 
(M-Q) Representative enlarged images of boxed regions in (L) showing microglial pouches with 
around DAPI-labelled nuclei (yellow arrows) and pouches without DAPI (white arrows). Scale 
bar: 5µm. 



(R) Representative image from fixed CX3CR1GFP/+ mouse brain slices showing pouches in the 
CA1 region of the hippocampus. Scale bar: 25µm.  
(S-U) Representative enlarged images of boxed regions in (K) showing microglial pouches with 
around DAPI-labelled nuclei (yellow arrows) and pouches without DAPI (white arrows).  Data is 
presented as mean ± SEM. Scale bar: 5µm. 
 
 
 
 
 
 

 
Figure S5. Microglial pouch-bead interactions at 6hr. Related to Figure 4. 
(A) Representative images from in vivo imaging in double transgenic CX3CR1GFP/+: Thy1YFP mice 
following seizures. z-projection images of varying depth showing pouch wrapping of dendritic 
beads (arrows). Scale bar: 5µm. 
(B) Quantification of the microglial pouch-bead wrapping at various depths at 6h of seizures (n 
= 10 mice). Data is presented as mean ± SEM. 
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