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Two-photon imaging of uorescently labeled microglian vivoprovides a direct approach
to measure motility of microglial processes as a readout of mroglial function that is
crucial in the context of neurodegenerative diseases, as Wkeas to understand the
neuroin ammatory response to implanted substrates and brin-computer interfaces. In
this longitudinal study, we quanti ed surveilling and phatdamage-directed microglial
processes motility in both acute and chronic cranial windowpreparations and compared
the motility under iso urane and ketamine anesthesia to an wake condition in the
same animal. The iso urane anesthesia increased the lengtlof surveilling microglial
processes in both acute and chronic preparations, while ketmine increased the number
of microglial branches in acute preparation only. In chroai(but not acute) preparation,
the extension of microglial processes toward the laser-abted microglial cell was faster
under iso urane (but not ketamine) anesthesia than in awakenice, indicating distinct
effects of anesthetics and of preparation type. These dataewveal potentiating effects of
iso urane on microglial response to damage, and provide a &imework for comparison
and optimal selection of experimental conditions for quaitative analysis of microglial
function using two-photon microscopyin vivo

Keywords: microglia, motility, two-photon imaging, anesthes ia, iso urane, ketamine

INTRODUCTION

Microglia are highly dynamic immune cells of the central narseystem which have a wide range
of functions and play important roles in brain physiology and Ipalbgies. Previous studies have
shown microglia make contacts with the vasculature, nesramd astrocytes\(mmerjahn et al.,
2005 and may promote dendritic spine formatioPérkhurst et al., 2013; Miyamoto et al., 2016
The homeostatic activity of microglia involves protectitg tbrain from a barrage of frequently
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occurring small lesions, ranging from ruptured micro-cagiles such as urethane did not have such an e ebtla(ry et al.,
to dying cells releasing toxic content into tightly contesd  201§. It remains unknown, however, whether another injectable
extracellular space{(aft and Harry, 2011; Nayak et al., 2014 anesthetic ketamine, which is widely used in mouse imaging
This protective function relies on at least two distinct typ#s experiments, also a ects non-directional and/or damagesdied
motility of microglial processes: (i) surveilling motilitgnd (i)  motility of microglial processes. Furthermore, since thetifitg-
damage-directed motility. suppressing e ect of iso urane was obseredvivoby imaging
The surveilling, a.k.a. resting, motility refers to sutlagice in brain slices, the question of whether this e ect also occurs
of the microglial cell's immediate environment, which efe® in vivo remains unanswered and must be addressed using
timely detection of brain damage and pathogen in ltration microscopic analysis of the living brain. Besides anesthettiar
(Hanisch and Kettenmann, 2007 This surveilling motility factors can a ect the outcome @i vivo experiments, such as the
crucially depends on the membrane potential and requireinterval between implantation of a cranial window and imagin
the constitutive hyperpolarizing activity of a specic type (hours for acute preparation vs. weeks for chronic preparation)
of inwardly-rectifying potassium channel called TWIK-redd Here, we set out to address these issues by usingvo
Halothane-Inhibited K channel, THIK-1 {/iadry et al., 2018  two-photon microscopy and directly compared the kinetics
Resting motility also underlies microglia-synapse intdoad, of both resting and damage-directed motility of microglial
during which microglial processes monitor synaptic functionprocesses between awake and anesthetized states in acute and
and modify the “wiring” of neuronal circuits by strengtherg  chronic preparations.
or eliminating individual synapse$\(ake et al., 2009; Tremblay
et al., 2010; Schafer et al., 2p1Noteworthy, microglial MATERIALS AND METHODS
surveillance can be selective/directional in the sensd tha
microglial cells monitor and interact with neurons during Animals
conditions of cerebral calcium reduction in the normal andSeven 3-4 month-old male CX3CR1-GFP heterozygous
diseased brainHyo et al., 201)5 C57BL/6JCRL  mice  (B6.129P-Cx3crltmlLitt/J) Jur(g
The damage-directed motility manifests as an extension, ozt al., 200p (Jackson Laboratory; Stock No0.005582) bred
protrusion, of microglial processes toward a micro-lesiore sitat the DZNE (Magdeburg) animal facility were used in
(Davalos et al., 2005; Nimmerjahn et al., 2005; Haynes et ahjs study. Since we were comparing dierent conditions
2006; Gyoneva et al., 2014 contrast to surveillance, damage- in the same animal, no randomization was performed.
directed motility of microglial processes does notrequitlR-1 ~ The mice were housed individually under a xed 12-h
activity and hyperpolarized membrane potential but depends otight/dark cycle with food and water availablad libitum.
activation of the metabotropic purinergic receptor P2Y12 byPAT All animals were treated in strict accordance with ethical
released from the damaged cell(8)af/nes et al., 20060ther  animal research standards dened by the German law
types of purinergic receptors, including P2Y6, are involvethen and approved by the Ethical Committee on Animal
phagocytic activity of microglia at the site of damaggdetoshi  Health and Care of Saxony-Anhalt state, Germany (license
etal., 201 Microglial response to brain damage is also regulatedumber: 42502-2-1346).
by TAM (Tyro3, Axl, and Mer) receptors{ourgeaud et al., 20).6
These receptors play multiple functional roles as homeostatiSurgical Procedures
regulators in adult tissues and organ systems that are subjeSurgeries were performed as described previouSlgnkov
to continuous challenge and renewal throughout lifeeinke, et al., 2006; Holtmaat et al., 2Q0Brie y, mice were sedated
20193 as well as in nervous system development and diseasies a chamber with iso urane (Baxter, Germany) prior to
(Pierce and Keating, 2014 being stabilized in the stereotaxic apparatus (SR-6M, Nayéshi
General anesthesia is commonly used duiimgivoimaging, Scientic Instrument Lab, Japan). Under stereotaxic head
however, it may dramatically alter the function of brain xation, iso urane level was adjusted by using an iso urane
cells, including microglia. Known e ects of anesthetics gan vaporizer (Matrx VIP 3000, Midmark, USA) to 4% for
from suppressing neuronal ring and changing inter-cortical induction and 1.5-2% during surgery with 0.4 L/min,0O
synchronization to altering the morphology of glial processewhile the depth of anesthesia was monitored by breathing
and aecting turnover rates of dendritic spined.i(et al., rate. During surgery, mice were placed on a heating blanket
2010; Huh and Cho, 2013; Pryazhnikov et al., J0Recently, connected to a temperature controller (ATC1000, World
Madry et al. (2018)have demonstrated that iso urane and Precision Instruments, USA) with the temperature maintaiaéd
related gaseous anesthetics strongly suppressed the ynofilit 37 C. An intraperitoneal (i.p.) injection of ketoprofen (5 mg/kg,
microglial processes in acute brain slices. This suppressamn wbody weight) was done before surgery to prevent in ammation
mediated by anesthetics' blocking e ect on THIK-1. The autho and pain. In order to protect eyes from dehydration and
demonstrated that both types of motility, non-directionatca irritation, ophthalmic ointment was applied. After shaving the
damage-directed, were suppressed when iso urane was appliedir and cleaning the scalp with 70% ethanol, a cutaneous
either in vivo prior to slice preparation orin situ by direct incision was made and a ap of skin, 1 cn?, covering the
exposure of slices. skull over both hemispheres was removed. Then the surface
Interestingly, suppression of microglial motility appears & b of the skull was cleaned with 10% povidone-iodine (Dynarex)
restricted to gaseous anesthetics, because injectatdéhaties and 3% hydrogen peroxide solution (Sigma-Aldrich, Germany)
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A craniotomy (diameter 5mm, centered over midline) was eld-of-view for 0.5s to create a small highly localized photo-
gently performed with a high-speed dental drill (Eickemeyerdamage. The nal injury area was determined by a relatively
Germany) over the cortical area between bregma and lambdaright auto uorescent sphere ( 20mm diameter) around the
To prevent heat-induced damage of the underlying cortexfocal point. Immediately after the single cell laser ablation
drilling was interrupted, and sterile saline was applied on theéhe same imaging procedure as in the resting state was taken.
skull periodically. The craniotomy was then covered with aAfterward, another laser ablation was performed at leastd@0
circular glass coverslip (6 mm diameter, Thermo Fisherr8icte  away from the rst one. After imaging in awake mice, 2-h rest
Germany) and xed with cyano-acrylic glue (Roti Coll-1, was given to each animal before we started the imaging sessio
CarlRoth, Germany). A custom-built 3D printed metal head-in the iso urane-anesthetized condition. The same procextur
plate (i.materialize, Belgium) was then implanted on the egdos of imaging as in awake-condition were applied in the other
skull with glue and cemented with dental acrylic (Paladurhemisphere, but the animal was head- xed using a custom-made
Heraeus Kulzer, Germany). After all procedures, mice wepe ke frame with a heating pad to keep body temperature constant,
in a home cage with red-lamp warming for30 min until they  and anesthetized by 1.5% iso urane during the imaging, Whic
recovered from anesthesia. started 10 min after anesthesia induction, i.e., with thensa
interval as the habituation period in awake condition. On the
next day (2 days after surgery), we repeated awake-condition
Two-Photon in vivo Imaging imaging in another quadrant as described above. After 2-h
To address the dierences of microglial morphology andrest, animals were intraperitoneally injected with ketaeni{{®0
dynamics between awake and anesthetized conditions, wmeg/kg body weight) and xylazine (18 mg/kg body weight) in
performed the same imaging procedures in awake, iso uraned.9% NaCl solution and placed in a head xation frame in the
and ketamine-anesthetized conditions, respectively. Becaue same manner as used for imaging in iso urane-anesthetized
were using the same animals for di erent conditions and thecondition. During the imaging session, ketamine was added
anesthesia method was too transparent, we could not performpproximately every 35 min to maintain anesthesia betweeal bas
blinding in this study. GFP-labeled microglial cells wereaged recording and after-damage recordings. The imaging procedu
by a custom-built two-photon microscope (Thorlabs, USA) within ketamine-anesthetized condition was the same as for thero
a Ti: Sapphire pulsing laser (Chameleon, Coherent, USA) tunesvo conditions. All imaging sessions under di erent conditis
to 850nm. A 20 X water immersion lens (1.00 N.A.; Olympuswere repeated at 4 months post-surgery, i.e., after the cranial
Japan) at a zoom of 1.0 was used to acquire 51512 window reached a chronic (steady-state) condition and thly on
pixels images with a eld-of-view of 393 393mm throughout di erence was the interval between awake 1 and awake 2 imaging
all imaging sessions. Imaging and two-photon laser ablatiosessions, which was 7 days instead of 1 &gyufe 1A).
protocols were modi ed from previous studie®#évalos et al.,
2005; Nimmerjahn et al., 20p%&and time-plan of experiments . . . . .
is shown inFigure 1A. In ordey: to avoid trF:e e ects OF:‘ imaging Analy_SIS of Microglia Dynamics In_
under one condition on subsequent imaging under anotherSUrveillance and Photodamage-Directed
condition, hemispheres were divided into quadrants andidist ~ State
quadrants were used in di erent imaging sessions (as showBefore the quantitative analysis, the movement artifacts i
in Figure 1A). For the rst day after surgery, quadrants 1 and obtained images (100 frames and 6 z-stacks) were neuttalize
3 were used for awake condition and iso urane-anesthetizedsing ImageJ softwares¢hindelin et al., 20)2 Six sequential
condition, respectively. Quadrants 2 and 4 were used forrekco z-stacks of images were rst subjected to the ImageJ plug-in
awake condition and ketamine-anesthetized condition 2sdayStackReg/TurboReg with “rigid body” mode and the aligned z-
after surgery, respectively. 1&3 (anterior) and 2&4 (postgri stacks were maximally projected to a single image at everyefram
quadrants were counterbalanced between animals. For awakghévenaz et al., 1998 he projected images aligned along z-axis
condition (1 day after surgery), mice were head- xed underwere then subjected to the same alignment processing alang th
the two-photon microscope using a Mobile HomeCage devicéme-axis (100 frames). Briey, every 10 frames were awgtag
(Neurotar, Finland) in which head- xed animals could frgel to improve the signal-to-noise ratio and compared between the
move a light cage around them. After 10 min habituation in rst 10 frames (0-3min) and the last 10 frames (30—33 min).
the Mobile HomeCage, time-lapse imaging was performed foEach microglia process was 2-dimensionally traced by the Fiji
33 min (100 frames, 20 s interval) by recording z-stacks (&apt plug-in Simple Neurite Tracer.ongair et al., 201)1 Tracing of
sections with a step size ofién) around 100-156m below the  microglial processes was done by an experimenter blind to the
pial surface to monitor microglial morphology and dynamics in experimental conditions. The longest processes stemming fro
the resting state. After acquiring images in the restingesta the microglial cell body were traced as the primary processes,
single cell laser ablation was achieved by focusing a twéepho and the arborized processes from each primary process were
laser beam at a single microglia cell in the super cial layighe  traced to include the secondary, but not tertiary or further
cortex to induce a highly precise and reproducible local injurybranches. We calculated the average length and number of
The wavelength of the pulsed infrared laser was set to 780 nprimary processes per microglia, the average length of arbdriz
and the power was 150-200 mW at the target. The laser beamprimary processes per microglia, the average terminal nuntber i
was parked at the targeted cell by zooming in to an 188mm  the arborized primary processes, the total length of the primar
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FIGURE 1 | A scheme of experiments.(A) Schedules ofin vivotwo-photon imaging of microglia in awake, iso urane- and keamine-anesthetized mice. For each
condition, imaging is done in a resting and photodamage sta. The same imaging protocols are applied acutely, i.e., 1-8ays after the surgery (5 animals), and/or in
chronically implanted mice (around 4 months after the surgg, 4 animals).(B) Imaging examples in the resting and photodamage conditiongB1) Z-stacks (6 images)
are acquired at a 20's interval for 33 min, generating 100 tim&ames. (B2) Two-dimensional tracing of microglia processes with 30 mirnterval in the resting state
(scale bar, 10mm). (B3) Analysis of microglia response to photodamage. A red arrowdrd indicates the center of damage induced by the high-powetaser stimulation
(scale bar, 50mm).

C secondary (de ned as “all”) processes and the total numberdetail, as a method to calculate the velocity of damagectiice
of the all processes per microglia. Each process was tracpmbcess motility, the center of each ROl was set to the miaibgli
twice, with 30 min interval, and the changes were quali ed aprocesses apparent attraction point. Using the Radial Prole
“Disappear,” “Decrease,” “No change,” “Increase” and “AppearExtended ImageJ plugin, the normalized intensity pro les for
with respect to each primary process, arborized process, afRl 75mm for each time point were calculated. A set of these
all processes. The parameters were measured and avera@®0 radial proles was converted into grayscale images and
from at least 3 microglial cells per animal. Our quanti catio 3D height images using a custom-built R script. Microglial
method is similarly based on the manual tracing of processgzocesses were readily visible as a distinct stripe on the 2D
and provides the terminal number that is comparable to theamages and as a ridge on the 3D images. Using the 2D image, a
previously reported value by other researchers (on aver&je, line ROl was drawn along the path of the microglial processes
vs. 20 in control conditionsyimmerjahn et al., 2005 Although  and their projections onto timel(t) and distance to the damage
our measurements resulted in a shorter total length of preess (1 D) axes.Velocity was measured dsD=1t. Additionally,
than previously reported (226 vs. 48th; Nimmerjahn et al., in order to get a better visualization of the events happening
2005, probably due to di erences in the imaging conditions and during the microglial activity, a stack was converted into a
the criteria used for tracing of processes, we can compare tloelor-coded image, where each time point was coded with its
lengths of processes among di erent conditions within ourdstu  own color Figure 5A). Since the velocity of damage-directed
The dynamics of microglial processes is similar for our anel th process motility is a crucial parameter in such studies, we
previous work (same fractions of processes which were inedeasadditionally applied another—more objective—method by
or decreased, resulting in constant total length), sugggshe using the Sholl analysis applied to the aligned z-projection
validity of our measurements. images (100 frames) to measure the advance of microglia
For the analysis of damage-directed response, thprocess toward the injury spot. The measurement was done
quanti cation of microglial process velocity was based onfrom the time when the microglia process started to migrate
the intensity of microglia around damage spot, which is aoward the injury center to the time when the microglia readh
method similar to Davalos et al. (2005and rendered the the injury spot. To reduce the noise and background and
comparable value (1.6 vs. Irh/min) in control conditions. In  speci cally detect the dynamics of the microglia process, the

IN
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Gaussian lter 6 D 0.5) and background subtraction (10 px) microglia process frontier starting to approach the centerhaf t
was applied to every image and the bright signals of microgliphotodamageQupplementary Figure 4. Statistical analysis was
soma and injury spot artifact were deleted by the maskegerformed using XLSTAT (STATCON, Germany), as described
images derived from Analyze Particles calculation5Q px, in Results.

default threshold, at the rst frame). Then the process fient

was measured by detecting the peak intensity of microg"ﬁESULTS

processes on the circumference at the distance from theyinjur

spot. The auxiliary line was drawn to enhance the visiblerg ganalyze microglia functions vivo, we implanted a glass-
frontier in some images with a lower signal-to-noise raflie  covered cranial window above the cortical region between
distance of peak intensity was plotted along the time and thgregma and lambda, including the retrosplenial cortex, which
regression curve was calculated as a linear line with tha higone of the cortical areas critically involved in spatial wation
correlation coe cient between the observed and predictedihat is a ected at early stages of Alzheimer's disease. Two-
values R > 0.9). The slope was used as the calculated velocighoton imaging was performed either in acute preparation, i.e.,
(Supplementary Figure 3A Finally, we de ned the injury size on the rst and second days after the window implantation
as the size of the relatively bright auto uorescent spheeiad (5 mice), or in chronic preparation, i.e., 4 months after the
the focal point immediately after laser ablation and the\ation implantation (3 of the 5 acutely imaged mice and 1 new mouse)
area was measured according to the radius of the appare(tigure 1). The e ects of two commonly used anesthetics,

20
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FIGURE 2 | Dynamics of microglial processes in awake, iso urane (Iso)-ral ketamine (Keta)-anesthetized mice in acute experimen{® animals). Schematic drawing
of microglial processes (represented in color-matching mde): primary processes(Al), arborized processes(B1) and all processes(C1). Quanti cation of the average
or total length and the total terminal number per primary preess (A2,A3), arborized process(B2,B3) and all processes(C2,C3). The dots show individual mean
values SEMs per animal, the values from the same animal are connedleby lines (B2,B3,C2,C3). White and dotted bars show means SEMs for all animals at
time D 0 and 30 min. Processes are categorized according to morphalgical changes, such as “Disappear,” “Decrease,” “No chang,” “Increase,” or “Appear”
(A4,B4,C4). *p < 0.05, n.s., non-signi cant, one-way RM nested ANOVA, NewmarKeuls post-hoc test for A2—C2; Kruskal-Wallis test with Conover-Iman mufiie
comparison tests for A3—C3 and A4-C4.
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iso urane and ketamine, were analyzed. The longitudinaige  or further branches Eigure 2B1). Then, we analyzed the total
allowed a within-animal comparison of microglial morphology length and number of terminals of all processes per cell
and motility in awake vs. anesthetized conditions on the sam(Figure 2C1). The same cells were traced twice, at time 0
day, with a 2-h interval between sessions. Each sessiardaw| and in 30min (white and dotted columns, respectively, in
imaging of microglia at the resting state and after photodgema Figures 2 3) to quantify the cell motility. A representative
induced at two spatially separated sites by laser ablatiosiofjfe = movie of microglia at the surveilling state is shown in
microglia cell Figure 1), as the only unequivocally de ned target Supplementary Material

in our experimental settings. In acute preparation, we found a dierence between

) . measurements done in awake and anesthetized conditioms(us
Analysis of Structure and Motility of one-way repeated measures (RM) nested ANOVA for the length
Microglia at the Surveilling State of processes and Kruskal-Wallis test for the number of praeess

To characterize microglia at the surveilling state, we tlaceand the change of the categories), with the type of anesthesia
their processes and compared the length and number d ecting the microglia processes in di erent way3aple 1).
primary microglial processes (the longest processes origmat During iso urane anesthesia on day 1, microglial primary and
from the soma, without secondary, tertiary, etc. branchessecondary processes were signi cantly elongated compared to
Figure 2A1), as well as the length and number of terminals ofthe awake condition. This was evident in terms of the average
arborized processes, i.e., including secondary but notatgrt length of primary processep © 0.038;Figure 2A2 and the
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FIGURE 3 | Dynamics of microglial processes in awake, iso urane (Iso)-ral ketamine (Keta)-anesthetized mice in chronic experimés (4 animals). Schematic
drawings of microglial processes to be analyzed (in colorsprimary processes(Al), arborized processes(B1), and all processes(C1). Quanti cation of average or
total length and total terminal number of primary processe$A2,A3), arborized processes(B2,B3) and all processes(C2,C3). The dots show individual mean values

SEMs per animal, the values from the same animal are connedleby lines (B2,B3,C2,C3). White and dotted bars show means SEMs for all animals at timeD 0
and 30 min. Processes are categorized according to morpholgical changes, such as “Disappear,” “Decrease,” “No changg “Increase,” or “Appear” (A4,B4,C4). *p
< 0.05, n.s., non-signi cant, one-way RM nested ANOVA, NewmarKeuls post-hoc test for A2—C2; Kruskal-Wallis test with Conover-Iman mufiile comparison tests
for A3—-C3 and A4—-C4.
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TABLE 1 | Summary of results: ® " and “#” means a signi cant increase and observed an increase in the total length in chronic preparatio
decrease, respectivelyp < 0.05. (226.7 17.2mm) vs. acute preparation in the rst awake
Motilty type Acute cranial Chronic cranial condlt'lon (123.8' 14..7mﬂ;.F|gure 4), syggestlng tha}t in the
window window chronic preparation microglia are more in the surveillinghat

than activated state in contrast to the acute preparatiortis$izal
summary for comparisons of parameters at the resting state is
displayed inSupplementary Table 1

Iso urane Ketamine Iso urane Ketamine

Microglial Length
surveilling . . . .
Rami cation ] Analysis of Damage-Directed Microglia
Processes' # Response
disappearance To study the damage-directed microglia response, we induced
Damage- directed Velocity ' photoablation of a single microglial cell. Laser irradiation
Activation area of microglia soma resulted in a collapse of the microglia

processes. The site of damage remained visible as a uottescen

spot to which other microglial cells extended their processes,

forming a ring-like structure Figure 5A1). A representative
average length of arborized procesge® 0.003Figure 2B). A movie of microglial response to a photodamage is shown
post-hogairwise comparison showed an increase in the average Supplementary Material Measuring the intensity of
length of primary and arborized processes in the iso uraneugro  yorescence as a function of distance to the damage center
(17.2 1.7 and 26.3 3.9mm, respectively) as compared 10 in the time series of 3D imagesigures 5A1-3, revealed a
awake mice onday 1 (13.70.8 and 18.9 1.0mm, respectively; peak (at the position of the ring) that was approaching the
Figures 2A2,B2. In contrast, during ketamine anesthesia ondamage site with a constant velocity. One-way RM nested
day 2, the average length of processes was unchanged but KI§OVA revealed a dierence between four conditions in
number of total processes was increased compared to the awakems of velocity in both acute and chronic preparatioms
condition (total number of terminals of all process@s< 0.001; 0.001 andp D 0.005, respectivelyFigures 5B1 2). In acute
Figure 2C3. Speci cally, ketamine increased the total terminalexperiments, there was no e ect of anesthetics, but there was
number of all processes (13.40.9 vs. 16.8 1.7;Figure 2C3.  a signi cant dierence between days 1 and 2 under awake
Additionally, a di erence between awake mice imaged on daygonditions (1.7 0.4 and 2.5 0.2 mm/min, respectively). In
1 and 2 was found in terms of process lengths (primary: 13.¢hronic experiments, the velocity was increased under isme

0.8 and 16.8 1.1mm, respectivelyFigure 2A2 arborized: anesthesia (2.6 0.4 mm/min) compared to awake condition
189 1.0 and 26.6 2.5mm, respectivelyFigure 2B2 all (1.6 0.1 mm/min) on day 1. Direct comparison between
processes: 123.8 14.7 and 161.1 11.7mm, respectively, acute and chronic preparation revealed that a faster process
Figure 2C2, suggesting that anesthetized condition, as well agelocity was seen in iso urane condition in chronic than in
imaging period, di erentially a ect the microglia processes inacute preparationsFigure 50), suggesting that the iso urane
acute preparation. dierently aect microglia response in these experimental

When we followed microglia processes over a 30-min intervatonditions. A slightly di erent method for measurements of
we did not nd any dierences in the process length betweenvelocity was based on the determination (for each framejef t
awake and anesthetized conditiorSupplementary Figure . distance where the maximal uorescence intensity was ofeskr
However, a closer inspection of process dynamics revealéd th@upplementary Figures 3A1,AR Then a linear regression was
the iso urane anesthesia aected the turnover of microgliaused to determine the velocityS(pplementary Figure 3AR
processes, with fewer primary processes disappearing and ma¥eteworthy, the linear regression provided an excellent t
primary processes decreasing under iso urane anesthesidtha to data & > 0.9) and the results obtained by this method
awake mice on day 1, while the appearance and elongation of né®upplementary Figures 3B1-2, C1)2perfectly matched the
processes were not a ecteBliures 2A4—C3. outcome of the aforementioned analysis of velocity.

In chronic preparation, we again found a signi cantdi erence  Additional analysis of damage-directed microglia behavior
between the awake and iso urane-anesthetized conditions iby measuring the cumulative intensity of microglial proesss
terms of the average length of primary procesge$(0.008; in the area surrounding the photodamage site revealed that
Figure 3A2) and the average length of arborized procespd3 ( at some sites there was a biphasic response: immediately after
0.039;Figure 3B2 one-way RM nested ANOVA). In line with photodamage, microglia rst moved away from the damage,
acute experiments, we observed an increase in the length ioé., was repelled from, and then attracted to the damage
primary and arborized processes in iso urane-anesthetizdd4  site Supplementary Figure 2 Hence, as another measure of

2.1and 48.6 4.1mm, respectively) vs. awake conditions (19.3microglial activation, we estimated the maximal size of the

1.6 and 35.9 4.2mm, respectively) in chronic experiments area surrounded by microglia processes in a ring-like manner
(Figures 3A2,B2. No di erence in other structural parameters at the moment when the frontier of microglia processes
and motility was detected={gure 3. starts to advance toward the damage site. There was large

Analysis of acute vs. chronic preparation revealed the e ect ofariability in this activation area in acute experiments D
an interaction between Condition and Preparation on the tota0.006;Supplementary Figure 4A. On average, the pro le of the
length of all processep O 0.017;Supplementary Table 2 We  mean activation area in all experimental groups mirrored that
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FIGURE 4 | Dynamics of microglial processes in acute vs. chronic prepations. (A) Representative images of microglia from acute and chronicreparations,
respectively (scale bar, 10mm). (B) Comparison of total length of all microglial process betwee acute and chronic preparation in all conditions. The dotslsow
individual mean values SEMSs per animal, the values from the same animal are connealeby lines. White and dotted bars show means SEMs for all animals in
acute and chronic preparations. p < 0.05, n.s., non-signi cant, the Newman-Keulspost-hoc test.

Awake Iso Awake Keta

of mean velocity Eigure 5B). Correlation analysis of velocity
and activation area within individual experiments reveaked
highly signi cant correlation between these parametershbiot
acute experiments (SpearmarD 0.576,p D 0.00014), and
in chronic experiments (SpearmanD 0.371,p D 0.043),
particularly under iso urane anesthesia (Spearmrad  0.526,

morphology and rapid reaction to microscale lesions. Ketamin
anesthesia had no e ect on the parameters quanti ed in this
study (Table 1), suggesting that this injectable anesthetic may be
more suitable than gaseous ones (such as iso urane) fomsbro
microglia imaging.

In acute preparation, iso urane also induced signi cant

p D 0.030). To nd out whether the velocity also depended onelongation of microglial processes like in chronic prepamatio

other parameters in photodamage experiments, we performedowever,

isourane did not accelerate damage-directed

correlation analysis for the damage area, estimated as timeicroglial motility (Table 1). It seems plausible to suggest
uorescent area at the site of laser irradiation, the numberthat in the acute preparation the strong e ects of post-surgical
of microglia cells adjacent to the damage site and the mean ammation on microglial motility and morphology may have

distance between their somata and the damage site. Theee wenasked the e ect of iso urane on damage-directed motility.

no signi cant correlations between these parameters anoloitgl
in acute and chronic experimentsS(pplementary Figure 4.

Ketamine signi cantly increased microglial rami cationnder
acute conditions, in contrast to chronic conditions where

Statistical summary for comparisons of parameters in respondestamine had no e ect Table ). These ndings indicate that

to a photodamage is displayed$upplementary Table 3

putative post-surgical in ammation occurring during the ts

Taken together, these data demonstrate that morphologgays after acute window implantation can have a dramatic e ect

and motility of microglia in vivo are strongly aected by

on microglial motility and morphology, comparable to or even

such experimental conditions as the preparation type (acuteore prominent than the e ects of anesthesia.
vs. chronic preparation) and state of consciousness (awake vs Interestingly, certain time-dependent changes observed

ketamine-anesthetized vs. iso urane-anesthetized).

DISCUSSION

The main ndings of this study are the signi cant e ects of

both the preparation type and the anesthetics on microglialamaged site was

in the acute preparation apparently resulted in a variety of
alterations in microglial morphology and dynamics. Indeed,
compared to post-surgical day 1, on day 2 the microglial
processes were signicantly elongated-igures 2A2—C2,

the damage-directed motility was signi cantly accelerated
(Figure5B)), and the activation area surrounding the
reducedSupplementary Figure 3BR

morphology, motility, and response to damage. Notably, th&Vhile elucidation of the mechanisms underlying the obsedrve

potentiating e ect of iso urane on microglial motility that &
observed usingn vivo imaging is in sharp constant with the

time-dependent changes will require further studies, these
changes are most likely related to a gradual onset of

motility-suppressing e ect of iso urane observed previouslypost-surgical in ammation.

usingex vivaandin vitro imaging (Viadry et al., 2018 once again
highlighting the need for caution when extrapolating theuks

Our ndings, therefore, highlight the need for caution in
interpreting data obtained with acute cranial windows (i.e.

of ex vivdin vitro experiments tan vivoconditions. However, we windows freshly prepared on the same day or 1-2 days prior
acknowledge that the e ect of anesthesia depends on the réadot@ imaging). In sharp contrast to acute preparation, in chioni

used for analysis.

cranial windows, none of the quanti ed microglial parameter

In the chronic preparation, where the cranial window changed signi cantly between rst and second imaging sessi
was implanted 4 months prior to imaging, iso urane (but (Figures 3A3—-C3Figure 5B2 and Supplementary Figure 3.

not ketamine) signi cantly increased the length of micriag|
processes and accelerated their damage-directed mofitigse

This is consistent with a relative stability of microgliabrpho-
functional parameters in chronic preparation, and is also in

e ects are consistent with the notion that iso urane enhaace line with the conclusion of a previous studypgrand et al.,

the homeostatic microglial activity and reinforces thestieg-
state” phenotype of microglia characterized by highly-raeci

2019 that a resting period of at least 1-3 weeks is preferable
before collecting experimental data on microglia in order to
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FIGURE 5 | 3D analysis of the photodamage-directed response of microlig. (A1) In order to get a better visualization of the events happeninduring the microglia
activity, a time stack is converted into a color-coded imageusing a standard Fiji (ImageJ) function, where each time pdirs coded with its own color (scale bar,

50 mm). (A2) Sholl-analysis of uorescence intensity as a function of disnce from the damage site with colors matching those if{Al). (A3) The three-dimensional
plot to show the advance of microglial processes to the damag site. (A4) The same data as in(A3) are shown as a gray-coded image, with a line used to calculate
the velocity. B. Quanti cation of microglial process veloty in acute (B1) and chronic (B2) experiments.(C) Comparison of microglial process velocity between acute
and chronic experiments. The dots show individual mean vaks SEMs per animal, the values from the same animal are connedleby lines 81,B2,C). Bars show
means SEMs values for all animals.pr< 0.05, **p < 0.01, ***p < 0.001, n.s., non-signi cant, the Newman-Keulspost-hoc test, 5 animals for acute and 4 animals
for chronic experiments.
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minimize local and systemic host responses toward potentiahicroglial processes. The fact that this e ect was not seen
damage resulting from the surgical procedure. As a valuabie chronic conditions suggests that the in uence of ketamin
alternative preparation, a thinned-skull window has beenelyd on microglia is enhanced by a global stressor (i.e., surgery)
used for imaging microglian vivo, both for acute experiments while local damage did not result in a detectable in uence
(Wake et al., 2009; Liu et al., 2Q1and chronic experiments of ketamine.
(after implanting a coverslip on top of the thinned boriéarker Like ketamine, iso urane has been reported to a ect microglia
et al.,, 2010; Yang et al.,, 201(his type of preparation is viaseveral distinct mechanisms, involving modulation 6iDA
believed to minimize the in ammatory background unavoideb receptors (which are inhibited by iso urane, albeit less pote
in cranial window preparations. However, the thinned-skullthan by ketamine) as well as the TLR4/NF-kB pathway and
approach has limitations for deep imaging studies, and sgidieEGABAA receptors Brosnan, 2011; Xiang et al., 2014; Sun et al.,
requiring a large visual eld or direct access to brain2015. Changes in microglia behavior underiso urane anesthesi
parenchyma for drug or virus delivery. Therefore, our result are noteworthy in the context of the iso urane-induced ed¢ion
outline optimal conditions for acute and chronic imaging in in TrkB signaling @ntila et al., 201y that might re ect
applications that may bene t from cranial window preparation the microglial release of BDNF or matrix metalloproteinases
due to a necessity to perform deep high-resolution imaginggonverting pro-BDNF to mature BDNF. In a recent study
for instance of interaction between microglia processes an(bzalay et al., 20),6longitudinal two-photon imaging was
presynaptic boutons or postsynaptic spines, or reproduciblgerformed in iso urane-anesthetized mice to demonstrate a
stereotypical induction of the laser injury with a xed set protective role of microglia in a model of stroke. While the
of parameters. authors argue that the low-level iso urane (0.8-1.1%) used
An alternative explanation for signicant alterations in during imaging should not in uence the observed detrimeinta
microglia dynamics observed on day 2 in acute preparation is ect of microglia removal on neuronal activity, it is noteviy
that the e ect of iso urane administered on day 1 did not suthsi  that a slightly higher level of iso urane (1.5%) used during
completely by the time when the same animal was re-imageidhaging in the current study, did have a signicant e ect
in awake conditions (day 2). A recent study has demonstratedn microglial process morphology, in both acute and chronic
that iso urane anesthesia promoted phosphorylation of TrkBpreparations (se@able J).
receptors in several brain region&rttila et al., 201). Although In conclusion, considering the reproducibility and quality
the phosphorylationper sewas transient and subsided in of data obtained with two-photon imaging of microglia in
15min (Antila et al., 201y, the downstream e ects of TrkB awake mice with a chronically implanted transcranial wingow
phosphorylation may be much more long-lasting, as reportedve recommend this approach for the studies of microglia
for clinical e ects of isourane [anger et al., 1985, 1995; morphology and functionin vivo in adult animals. Obviously,
Weeks et al., 20)3With the present design of the experiment, this approach allows to avoid the confounding e ects of
we intended to avoid possible long-lasting e ects of ketaminenesthetics and transient in ammation induced by window
anesthesia done on day 1 on subsequent imaging on dayplantation. Because we did not detect any di erences batwee
2. However, we acknowledge that this approach imposemvake and ketamine-anesthetized mice with a chronically
some limitations in the interpretation of our data due to implanted transcranial window, the ketamine anesthesiadou
the possible e ect of previous exposures to anesthesia and/be a useful alternative to awake imaging, at least for aisalys
laser injuries may aect the readout on the subsequenbf parameters quantied in the present studies. However,
imaging day. other experimental factors, such as mouse genotype or global
There are multiple mechanisms by which anesthetics (botlexperimental stressors, may interact with chronic in amioat
volatile and injectable) could a ect microglial dynamicsn® and ketamine in a yet unknown fashion and unpredictably
of ketamine's best-characterized mechanisms of actionids vbias the outcome; thus, microscopic imaging experiments in
inhibition of NMDA-type glutamate receptors, which are alsoawake mice still should be preferred. Apart from the Mobile
expressed by microglial cellsgindl et al., 2008; Murugan et al., Home Cage used in the current study, alternative methods
2013. Furthermore, ketamine can exert its action via otherhave been employed for imaging of head- xed awake mice
receptors and/or signaling pathways, including brain-dedv (Rangroo Thrane et al., 2012; Akiyoshi et al., 2018 a
neurotrophic factor, which is considered to be a key playetaboratory is not equipped with a head- xation device thabals
in ketamine's antidepressant actioBj¢rkholm and Monteggia, awake imaging, then ketamine anesthesia could be preferable
2019 as well as TLR3, NO and HCN1Mgi et al., 2011; toiso urane.
Sleigh et al., 20)4 Considering ketamine's well-documented
potentiating e ect on dendritic spine formation rate_i( et al.,
2010; Phoumthipphavong et al., 2016; Pryazhnikov et aETHICS STATEMENT
2019, and the role of activated microglia in spine elimination
under pathological conditions Bisht et al.,, 2016, 20)8it All animals were treated in strict accordance with ethical
is reasonable to hypothesize that ketamine's spine-promotingnimal research standards de ned by the German law and
e ect may, at least in part, be due to ketamine suppressingpproved by the Ethical Committee on Animal Health and
microglial activation. Indeed, our results demonstratatthat Care of Saxony-Anhalt state, Germany (license number: 4250
least in acute preparation, ketamine increased rami catidn 02-2-1346).

Frontiers in Neuroscience | www.frontiersin.org 10 May 2019 | Volume 13 | Article 421



Sun et al.

Two-Photon Imaging of Microglia

AUTHOR CONTRIBUTIONS

support from the Young Glia collaboration program (to WS, SS,
and KS).

AD and LK initiated the study, SS and WS generated a detailed
plan of experiments. SS, AD, LK, and MY supervised the researcﬂc KNOWLEDGMENTS
WS performed imaging experiments, KS, DT, and AD analyzed

the data. AD, LK, WS, and KS wrote the rst draft. All authors The authors thank Dr. Janelle Pakan and Ms. Carla Cangalaya for

edited the manuscript.

FUNDING

comments to the manuscript.

SUPPLEMENTARY MATERIAL

WS has been supported by the State Scholarship Fund of tfidhe Supplementary Material for this article can be found

China Scholarship Council (grant number 201406170032 t).WSonline at:

https://www.frontiersin.org/articles/10.388ins.

The project has been supported by JSPS KAKENHI (15H05772219.00421/full#supplementary-material

and 16H06461 to MY, 26860148 and 14J07587 to KS) a@dpplementaryVideoH Representative movie of microglia at the surveilling
the federal state Saxony-Anhalt and the European Structuraiate.

and Investment Funds (ESF, 2014-2020), project numbefypplementary Video 2| Representative movie of microglial response to a

ZS5/2016/08/80645 (to AD). The authors gratefully acknogéed

REFERENCES

Akiyoshi, R., Wake, H., Kato, D., Horiuchi, H., Ono, R., Ikegami,& al. (2018).
Microglia enhance synapse activity to promote local network syndbedion.
eNeurd5:ENEURO.0088-18.2018. doi: 10.1523/ENEURO.0088-18.2018

Antila, H., Ryazantseva, M., Popova, D., Sipila, P., Guirado,dhtaka, S., et al.
(2017). Iso urane produces antidepressant e ects and induce8Bignaling
in rodents.Sci. Repz:7811. doi: 10.1038/s41598-017-08166-9

Bisht, K., Sharma, K., and Tremblay, M. E. (2018). Chronic stress as
risk factor for Alzheimer's disease: roles of microglia-mediatedagtia
remodeling, in ammation, and oxidative stresbleurobiol. Stres8, 9-21.
doi: 10.1016/j.ynstr.2018.05.003

Bisht, K., Sharma, K. P., Lecours, C., Gabriela Sanchez, M. jjBHHMilior, G.,
et al. (2016). Dark microglia: a new phenotype predominantly associetad
pathological state§slia 64, 826—-839. doi: 10.1002/glia.22966

Bjorkholm, C., and Monteggia, L. M. (2016). BDNF - a key
transducer of antidepressant e ectsNeuropharmacology102, 72-79.
doi: 10.1016/j.neuropharm.2015.10.034

Brosnan, R. J. (2011). GABA(A) receptor antagonism increaseBAMceptor
inhibition by iso urane at a minimum alveolar concentratiovet. Anaesth.
Analgesia8, 231-239. doi: 10.1111/.1467-2995.2011.00605.x

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., 3inef,al. (2005). ATP
mediates rapid microglial response to local brain injimyivo. Nat. Neurosci.
8:752. doi: 10.1038/nn1472

Dorand, R. D., Barkauskas, D. S., Evans, T. A., Petrosiute,nd.,Huang,
A. Y. (2014). Comparison of intravital thinned skull and cranialndow
approaches to study CNS immunobiology in the mouse cortakavital
3:€29728. doi: 10.4161/intv.29728

photodamage.

Hidetoshi, T. S., Makoto, T., and Inoue, K. (2012). P2Y recaptomicroglia and
neuroin ammation. Wiley Int. Rev1, 493-501. doi: 10.1002/wmts.46

Holtmaat, A., Bonhoeer, T., Chow, D. K., Chuckowree, J., De Pada
Hofer, S. B., et al. (2009). Long-term, high-resolution imaginghia mouse
neocortex through a chronic cranial windowat. Protocolst, 1128-1144.
doi: 10.1038/nprot.2009.89

Huh, Y., and Cho, J. (2013). Urethane anesthesia depressestiextiof
thalamocortical neurons and alters its response to nociceptiorrmgef dual

a ring modes. Front. Behav. Neuros@i:141. doi: 10.3389/fnbeh.2013.00141

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., KreutzbeWwy,,Gher, A.,
et al. (2000). Analysis of fractalkine receptor CX3CR1 functiondrgeted
deletion and green uorescent protein reporter gene insertibtolecul. Cell.
Biol.20:4106. doi: 10.1128/MCB.20.11.4106-4114.2000

Kaindl, A. M., Koppelstaetter, A., Nebrich, G., Stuwe, J., Sérnlyl., Zabel,
C., et al. (2008). Brief Alteration of NMDA or GABAA receptor-medidt
neurotransmission has long term e ects on the developing cerebrakgort
Molecul. Cell Proteorid, 2293-2310. doi: 10.1074/mcp.M800030-MCP200

Kraft, A. D., and Harry, G. J. (2011). Features of microglia and neuaoimation
relevant to environmental exposure and neurotoxicityt. J. Environ. Res.
Public Healti8, 2980-3018. doi: 10.3390/ijerph8072980

Langer, G., Karazman, R., Neumark, J., Saletu, B., SchonbedBri@herger,
J., et al. (1995). Iso urane narcotherapy in depressive patientactefy to
conventional antidepressant drug treatmeNeuropsychobiolo@l, 182-194.
doi: 10.1159/000119190

Langer, G., Neumark, J., Koinig, G., Graf, M., and Schonbeckl 985). Rapid
psychotherapeutic e ects of anesthesia with iso urane (ES otherapy)
in treatment-refractory depressed patientkéeuropsychobiologi4, 118-120.
doi: 10.1159/000118216

Eyo, U. B.,, Gu, N, De, S., Dong, H., Richardson, J. R., and Wu, LLemke, G. (2013). Biology of the TAM recepto@ald Spring Harb. Perpect. Biol.

J. (2015). Modulation of microglial process convergence
neuronal dendrites by extracellular calciurd. Neurosci35, 2417-2422.
doi: 10.1523/JINEUROSCI.3279-14.2015

Fourgeaud, L., Través, P. G., Tufail, Y., Leal-Bailey, H., Lel, Burrola, P. G.,
etal. (2016). TAM receptors regulate multiple features of microglial phygy.
Nature532, 240. doi: 10.1038/nature17630

Gyoneva, S., Davalos, D., Biswas, D., Swanger, S. A., Gamidard, E., Loth,
F., etal. (2014). Systemic in ammation regulates microglial respdogésue
damagen vivo. Glia62, 1345-1360. doi: 10.1002/glia.22686

Hanisch, U. K., and Kettenmann, H. (2007). Microglia: active seaad versatile
e ector cells in the normal and pathologic braiNat. Neurosci10:1387-1394.
doi: 10.1038/nn1997

Haynes, S. E., Hollopeter, G., Yang, G., Kurpius, D., Dailey, M. &, &.-B.,
etal. (2006). The P2Y12 receptor regulates microglial activatiextogicellular
nucleotidesNat. Neurosci9, 1512-1519. doi: 10.1038/nn1805

toward 5:a009076—-a009076 doi: 10.1101/cshperspect.a009076

Li, N., Lee, B., Liu, R. J., Banasr, M., Dwyer, J. M., lwata,eMal. (2010).
mTOR-dependent synapse formation underlies the rapid antidepressects
of NMDA antagonistsScienc829, 959-964. doi: 10.1126/science.1190287

Liu, Z., Condello, C., Schain, A., Harb, R., and Grutzendler, 2D1(Q).
CX3CRL1 in microglia regulates brain amyloid deposition through selectiv
proto brillar amyloid-b phagocytosis. J. Neurosci. 30, 17091-17101.
doi: 10.1523/JNEUROSCI.4403-10.2010

Longair, M. H., Baker, D. A., and Armstrong, J. D. (2011). Simple netracer:
open source software for reconstruction, visualization and amabyf neuronal
processeBioinformatic7, 2453—-2454. doi: 10.1093/bioinformatics/btr390

Madry, C., Kyrargyri, V., Arancibia-Carcamo, I. L., Jolivet, Rah&aka, S., Bryan,
R. M., et al. (2018). Microglial rami cation, surveillance, andeirieukin-1b;
release are regulated by the two-pore domai@ hannel THIK-1.Neuron
97:€296. doi: 10.1016/j.neuron.2017.12.002

Frontiers in Neuroscience | www.frontiersin.org 11

May 2019 | Volume 13 | Article 421



Sun et al. Two-Photon Imaging of Microglia

Marker, D. F., Tremblay, M. E., Lu, S. M., Majewska, A. K., and Gelba A. consolidation in a fear-conditioning paradigrd. Neurosc26:10888-109898.
(2010). A thin-skull window technique for chronic two-photamvivoimaging doi: 10.1523/JNEUROSCI.0878-06.2006
of murine microglia in models of neuroin ammation]. Visual. Exp43:2059.  Sleigh, J., Harvey, M., Voss, L., and Denny, B. (2014). Ketamimore
doi: 10.3791/2059 mechanisms of action than just NMDA blockadErends Anaesth. Crit. Care
Mei, X. P., Zhou, Y., Wang, W., Tang, J., Wang, W., Zhang, H.).€811). 4,76-81. doi: 10.1016/j.tacc.2014.03.002

Ketamine depresses toll-like receptor 3 signaling in spinal microglia in &un, M., Deng, B., Zhao, X., Gao, C., Yang, L., Zhao, H., et dl5)230 urane

rat model of neuropathic painNeurosignalsl9, 44-53. doi: 10.1159/0003 preconditioning provides neuroprotection against stroke by regun¢atine

24293 expression of the TLR4 signalling pathway to alleviate microgliatatiin. Sci.
Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, Kur&koshi, H., Rep5:11445. doi: 10.1038/srep11445

et al. (2016). Microglia contact induces synapse formation in ld@irgy Szalay, G., Martinecz, B., Lénart, N., Kornyei, Z., OrsolitsJBlak, L., et al.

somatosensory cortexNat. Commun. 7:12540. doi: 10.1038/ncomms (2016). Microglia protect against brain injury and their selec&ienination

12540 dysregulates neuronal network activity after strokiat. Commun.7:11499.
Murugan, M., Ling, E. A., and Kaur, C. (2013). Glutamate receptors doi: 10.1038/ncomms11499

in  microglia. CNS Neurol. Disord. Drug Targetd2, 773-784. Thévenaz, P., Ruttimann, U. E., and Unser, M. (1998). A pyramid apprt@ac

doi: 10.2174/18715273113126660174 subpixel registration based on intensitEE Transac. Image Procés27-41.
Nayak, D., Roth, T. L., and McGavern, D. B. (2014). doi:10.1109/83.650848

Microglia  development and function. Ann. Rev. Immunol. Tremblay, M. E., Lowery, R. L., and Majewska, A. K. (2010). Miabiglieractions

32, 367-402. doi: 10.1146/annurev-immunol-032713-1  with synapses are modulated by visual experiefte€OS Biol.8:e1000527.
20240 doi: 10.1371/journal.pbio.1000527
Nimmerjahn, A., Kirchho , F., and Helmchen, F. (2005). Resting mogdial cells ~ Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S., and Nabheku
are highly dynamic surveillants of brain parenchynmavivo. Science308, J. (2009). Resting microglia directly monitor the functional stat
1314-1318. doi: 10.1126/science.1110647 of synapsesin vivo and determine the fate of ischemic terminals.
Parkhurst, C. N., Yang, G., Ninan, I, Savas, J. N., Yates,.JII,R J. Neurosci. 29, 3974-3980. doi: 10.1523/INEURQOSCI.4363-0
Lafaille, J. J., et al. (2013). Microglia promote learning-dependerdapsg 8.2009
formation through brain-derived neurotrophic factoCell 155, 1596-1609. Weeks, H. R. lll, Tadler, S. C., Smith, K. W., lacob, E., Saccokhaiyhite, A. T.,
doi: 10.1016/j.cell.2013.11.030 etal. (2013). Antidepressant and neurocognitive e ects ofusane anesthesia
Phoumthipphavong, V., Barthas, F., Hassett, S., and Kwan, A.2QL6J. versus electroconvulsive therapy in refractory depres§anS ONB:e69809.
Longitudinal e ects of ketamine on dendritic architecturga vivo in doi: 10.1371/journal.pone.0069809
the mouse medial frontal cortexeNeuro 3:ENEURO.0133-0115.2016. Xiang, H. F., Cao, D. H., Yang, Y. Q., Wang, H. Q., Zhu, L. J., Ruan, B
doi: 10.1523/ENEURO.0133-15.2016 H., et al. (2014). Iso urane protects against injury caused by defiom
Pierce, A. M., and Keating, A. K. (2014). TAM receptor tyrosineakes: of oxygen and glucose in microglia through regulation of the toll-like
expression, disease and oncogenesis in the central nervdamspsain Res. receptor 4 pathwayd. Molecul. Neuros®4, 664—670. doi: 10.1007/s12031-0
1542, 206-220. doi: 10.1016/j.brainres.2013.10.049 14-0373-9
Pryazhnikov, E., Mugantseva, E., Casarotto, P., KolikovaFréd, S. M., Yang, G., Pan, F., Parkhurst, C. N., Grutzendler, J., and Gan, BW.
Toptunov, D., etal. (2018). Longitudinal two-photon imagingimmatosensory (2010). Thinned-skull cranial window technique for long-termaging of
cortex of behaving mice reveals dendritic spine formation enhancemen the cortex in live mice.Nat. Protocols5, 201-208. doi: 10.1038/nprot.2
by subchronic administration of low-dose ketamin&ci. Rep.8:6464. 009.222

doi: 10.1038/s41598-018-24933-8
Rangroo Thrane, V., Thrane, A. S., Chanag, J., Alleluia, V., NegiehtA., and  Con ict of Interest Statement: LK is a co-founder and CSO of Neurotar Ltd that
Nedergaard, M. (2012). Real-time analysis of microglial actimatia motility produces the Mobile HomeCage devices; DT is an employee of Neurotar Ltd
in hepatic and hyperammonemic encephalopatiguroscienc220, 247—-255.
doi: 10.1016/j.neuroscience.2012.06.022 The remaining authors declare that the research was conductdtkiatisence of
Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mgrdn any commercial or nancial relationships that could be construedagsotential
R., Yamasaki, R., et al. (2012). Microglia sculpt postnatal neuralits con ict of interest.
in an activity and complement-dependent mannédeuron 74, 691-705.
doi: 10.1016/j.neuron.2012.03.026 Copyright © 2019 Sun, Suzuki, Toptunov, Stoyanov, Yuzaki, KidraliDityatev.
Schindelin, J., Arganda-Carreras, |., Frise, E., Kaynig, VgaiorM., Pietzsch, T., This is an open-access article distributed under the tértie Greative Commons
et al. (2012). Fiji: an open-source platform for biological-imagalysis.Nat. Attribution License (CC BY). The use, distribution or rdpotion in other forums
Methods9, 676-682 doi: 10.1038/nmeth.2019 is permitted, provided the original author(s) and the cgpyowner(s) are credited
Senkov, O., Sun, M., Weinhold, B., Gerardy-Schahn, R., Sclach., and that the original publication in this journal is cited dccordance with accepted
and Dityatev, A. (2006). Polysialylated neural cell adhesion mtdets academic practice. No use, distribution or reproductipensitted which does not
involved in induction of long-term potentiation andmemory acqtish and comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 12 May 2019 | Volume 13 | Article 421



