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Abstract

Unlike microglia and NG2 glia, astrocytes are incapable of migrating to sites of injury

in the posttraumatic cerebral cortex, instead relying on proliferation to replenish their

numbers and distribution in the affected region. However, neither the spectrum of

their proliferative repertoire nor their postinjury distribution has been examined

in vivo. Using a combination of different thymidine analogs and clonal analysis in a

model of repetitive traumatic brain injury, we show for the first time that astrocytes

that are quiescent following an initial injury can be coerced to proliferate after a

repeated insult in the cerebral cortex grey matter. Interestingly, this process is pro-

moted by invasion of monocytes to the injury site, as their genetic ablation (using

CCR2−/− mice) increased the number of repetitively dividing astrocytes at the

expense of newly proliferating astrocytes in repeatedly injured parenchyma. These

differences profoundly affected both the distribution of astrocytes and recovery

period for posttraumatic behavior deficits suggesting key roles of astrocyte self-

renewal in brain repair after injury.

K E YWORD S

astrocyte topology, cognitive disfunction, inflammation, reactive gliosis, self-renew, TBI

1 | INTRODUCTION

Astrocytes are key for brain function (Chai et al., 2017; Jahn, Scheller,

& Kirchhoff, 2015; Oberheim, Goldman, & Nedergaard, 2012), provid-

ing metabolic support for neurons and regulating synapse function

and plasticity at various levels (Araque et al., 2014; Ben Haim &

Rowitch, 2017; Dallerac & Rouach, 2016; Verkhratsky &

Nedergaard, 2016). In order to perform these functions, astrocytes

must cover the entire parenchyma and tiling mechanisms have been

suggested to ensure equal coverage by the fine astrocyte processes
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(Hol & Pekny, 2015; Verkhratsky & Nedergaard, 2016; Wilhelmsson

et al., 2019). Despite the importance of astrocyte coverage, very little

is known about this after brain injury. It has been suggested that after

traumatic brain injury (TBI), reactive astrocyte processes overlap

and tiling is lost (Pekny & Pekna, 2016; Pekny, Wilhelmsson,

Tatlisumak, & Pekna, 2019; Verkhratsky, Rodriguez, & Parpura, 2014),

but little is known if and how astrocyte numbers and distribution are

recovered.

Studies using GFAP-immunostaining have outlined astrocytes to

be enriched around the injured site forming the scar (Anderson

et al., 2016; Wanner et al., 2013). However, we have recently shown

a disconnect between astrocyte proliferation and the persisting GFAP

scar in the CCR2−/− mouse line lacking monocyte invasion (Frik

et al., 2018). In this model, astrocyte proliferation was increased, lead-

ing to the increased generation of astrocytes, but the accumulation of

GFAP-immunoreactivity and other parameters of scar formation were

significantly reduced (Frik et al., 2018). These observations prompted

us to examine the post-injury distribution of astrocytes, both in WT

and CCR2−/− mice.

After an acute insult, astrocytes die, thus becoming reduced in

number (Frik et al., 2018; Heimann et al., 2017; Sirko et al., 2015;

Zhao, Ahram, Berman, Muizelaar, & Lyeth, 2003). To recover astro-

cyte numbers at the site of injury, astrocytes could in principle—

(a) migrate from other less affected sites (which would lead to an

astrocyte depletion there), (b) proliferate (which would restore astro-

cyte numbers, but may lead to altered distribution if it is not accompa-

nied by migration) and/or (c) differentiate from other progenitor

sources, such as NG2 glia (Faiz et al., 2015; Hirrlinger et al., 2009;

Nishiyama, Boshans, Goncalves, Wegrzyn, & Patel, 2016; Tripathi,

Rivers, Young, Jamen, & Richardson, 2010). Live in vivo imaging rev-

ealed the absence of astrocyte migration to the TBI site in the cerebral

cortex grey matter (GM) and genetic fate mapping showed limited

contribution of other progenitors to the astrocyte pool in this brain

region (Bardehle et al., 2013; Buffo et al., 2008; Dimou, Simon,

Kirchhoff, Takebayashi, & Gotz, 2008; Komitova, Zhu, Serwanski, &

Nishiyama, 2009; Simon, Gotz, & Dimou, 2011; Zawadzka et al.,

2010). Thus, astrocyte proliferation could be the main factor deter-

mining their postinjury number and distribution. Astrocyte prolifera-

tion, is however, limited. Consistent with this, live in vivo imaging

showed that only two daughter cells were generated from dividing

astrocytes and that astrocyte proliferation occurs predominantly at

the vascular niche (Bardehle et al., 2013; Frik et al., 2018). This would

predict a disbalance in astrocyte distribution with supposedly

increased numbers at the blood vessels (BVs). As this bias of astrocyte

proliferation at the vascular niche was also maintained in CCR2−/−

mice, where astrocyte proliferation was increased (Frik et al., 2018),

this would suggest an even greater disbalance in astrocyte distribution

after injury. Here, we examined if this is the case and also determined

the neurological outcome by behavioral analysis.

Importantly, astrocyte distribution will also be different

depending on the type of astrocyte proliferation. In case only certain

subtypes of astrocytes proliferate this may lead to an uneven astro-

cyte distribution. However, it is not known if after a second insult

astrocytes may continue proliferating, or if other astrocytes are rec-

ruited. The latter point would be consistent with a model in which

many if not most astrocytes can resume proliferation depending on

the strength and localization of the pathological stimulus. Conversely,

the former proliferation mode restricted to specialized subtypes may

result in an even larger dys-balance of astrocyte distribution post

injury. Here, we used repetitive cortical injuries and monitored both

astrocyte distribution and proliferation after the first and the second

injury episodes by different DNA-base analogs, in addition to

assessing the neurological outcomes of these mice to formulate

hypotheses about beneficial or adverse effects of alterations in astro-

cyte distribution after brain insults.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

Adult mice (females and males, 2–3 months old) from the following

lines were used: C57Bl6/JRj (Janvier labs, France) (referred to as WT),

Tg(Aldh1L1-eGFP)OFC789Gsat mice in which enhanced green fluo-

rescent protein (eGFP) is driven by the aldehyde dehydrogenase

1 family member L1 (Heintz, 2004) (referred to as Aldh1L1-GFP),

homozygous knock-in CCR2RFP/RFP mice (Saederup et al., 2010) that

result in a full knockout of the CCR2 gene (and therefore referred to

as CCR2−/−), and double transgenic mice obtained from crosses

between GLASTCreERT2 mice (Mori et al., 2006) and R26R-Confetti

mice (Bardehle et al., 2013; Snippert et al., 2010) (referred to as

GLAST/Confetti). GLAST/Confetti mice received a total of 3 intraperi-

toneal (i.p.) injections of 80 μg tamoxifen per gram of body weight

(stock solution: 20 mg/ml tamoxifen in corn oil with 10% ethanol)

which were delivered every other day within the period of 5 days.

The first stab wound (SW) injury was performed 7 days after the last

tamoxifen injection. All mice were kept under specified pathogen-free

conditions and housed in groups of 2–3 animals in filter top cages and

a 12 hr/12 hr light/dark cycle. Mice had free access to water (acidified

and desalinated) and standard rodent chow (Altromin, 1310 M). All

experimental procedures were performed in accordance with animal

welfare policies and approved by the Government of Upper Bavaria.

2.2 | Surgical procedure

Mice were anesthetized with an i.p. injection of midazolam (5 mg/kg of

body weight), medetomidine (0.5 mg/kg) and fentanyl (0.05 mg/kg).

For local anesthesia, lidocain gel 2% was applied on the skull. A unilateral

craniotomy was performed between bregma and lambda cranial sutures

to expose the surface of the brain. SW were inflicted by inserting a

lancet-shaped knife into the somatosensory cortex gray matter

(GM) at the following coordinates: related to bregma +2.0 mm

mediolateral, −0.8 to −2.0 mm anteroposterior, and from the surface of

the brain −0.6 mm dorsoventral. Afterwards, the skin was sutured and

anesthesia was antagonized with a subcutaneous (s.c.) injection of
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atipamezol (2.5 mg/kg), flumazenil (0.5 mg/kg), and naloxone (1.2 mg/kg).

Meloxicam (1 mg/kg) was administered as a postoperative analgesic for

3 days following surgery. The repetitive SW was performed 14 days

after the first one and at the same size and location which was achieved

by following the coordinates and by using recorded information of blood

vessels as landmarks to assist on recognizing precisely the injury site.

2.3 | BrdU and EdU labeling

For labeling of proliferating cells in vivo, 5-bromo-20-deoxyuridine or

BrdU (Sigma) and 5-ethynyl-20-deoxyuridine or EdU (Thermo Fisher)

were administered via sterilized drinking water (1 mg/ml BrdU or

0.2 mg/ml EdU, 1% sucrose). The BrdU-containing water was adminis-

tered for the first 10 days after first SW, followed by a 4-day washout

period in which animals received regular water, and lastly by a 10-day

administration of EdU-containing water. In addition, we ensured that

the sequence of application (EdU first/BrdU first) were not different,

that both analogues have similar detection sensitivities, and the total

number of labeled cells was equal if BrdU was followed by EdU, or

BrdU was applied 2x (see Figures S1 and S3).

2.4 | Immunohistochemistry

For immunohistochemistry, mice were anesthetized (i.p. injection of

ketamine 100 mg/ml and 2% xylazin, at 0.01 ml/g body weight) and

then transcardially perfused with ice-cold phosphate-buffered saline

(PBS) for 20 min, followed by 4% paraformaldehyde (PFA) in PBS for

20 min. Brains from wild type (WT), Aldh1L1-GFP and CCR2−/− mice

were postfixed in 4% PFA for 2 hr, cryoprotected (30% sucrose in PBS)

overnight and then sectioned with the cryostat in 40 μm thick coronal

slices. GLAST/Confetti mice brains were postfixed in 4% PFA over-

night, embedded in 4% agarose blocks and sectioned in 60 μm thick

coronal slices on the vibratome. Sections were incubated in PBS con-

taining 0.5% TritonX-100 (Sigma) and 10% normal goat serum (Thermo

Fisher) for 1 hr at room temperature (RT). EdU detection was per-

formed with the Click-iT Edu Alexa Fluor 647 Imaging Kit (Thermo

Fisher, C10340) according manufacturer instruction. Immunohisto-

chemistry was carried out using the following primary antibodies: anti

GFAP (rabbit, 1:250, Dako, Z0334), anti GFP (chick 1:400, Aves Labs,

GFP-1020), anti Sox9 (guinea pig, 1:1500, generously provided by Palle

Serup, Copenhagen University, Denmark), anti NeuN (mouse, 1:100,

Millipore, MAB377), anti Aldh1L1 (mouse, 1:200, Millipore, MABN495),

anti CD31 (rat, 1:100, BD Biosciences, 550274), anti RFP (rabbit,

1:500, Rockland, 600-401-379) overnight at 4�C. After the wash steps

with PBS, sections were incubated with species- and subclass-specific

secondary antibodies conjugated to Alexa Fluor 488 or 555 (Thermo

Fisher) or Cy3 (Dianova) used at 1:500 and incubated for 3 hr at RT. For

followed BrdU immunohistochemistry, sections were fixed with 4%

PFA for 10 min, washed and underwent treatment with 2 N HCl for

30 min. Afterwards, sections were incubated in sodium tetraborate

buffer 0.1 M in PBS (pH 8.5) for 30 min and washed in PBS.

Immunohistochemistry with primary antibody to BrdU (1:200, mouse

IgG1, clone BU33, Sigma, B2531) and secondary antibody to mouse

IgG1 Alexa Fluor 555 (1:500, Thermo Fisher) was performed as

described above. For clonal analysis in GLAST/Confetti mice, both

BrdU and EdU were detected with BrdU antibody (1:200, rat, clone

BU1/75, Biozol, BZL20630) on sections that underwent acid treatment

with 0.01 sodium citrate (pH 6.0) for 20 min at 96�C. After incubation

with the primary antibody, secondary antibody to rat Alexa Fluor

647 (1:500, Thermo Fisher) was used. All sections were incubated for

15 min with DAPI (1:1000, Sigma, D9542) for nuclear labeling and

mounted on glass slides with Aqua-Poly/Mount (Polysciences). Images

were acquired using a laser-scanning confocal microscope (Zeiss, LSM

710), and analyzed with ImageJ 1.49g software. Cell counting was per-

formed with the Cell Counter plug-in for ImageJ 1.49g, by careful

inspection across serial optical sections (spaced at 1.5 μm) of confocal

Z-stacks acquired with a ×25 objective (NA 0.8). Image processing was

performed with ImageJ and Adobe Illustrator CS6 (Adobe Systems) was

used for preparation of multipanel figures.

2.5 | Clonal analysis

In order to define multicellular clones generated by single recombined

(GFP+ or RFP+) astrocytes in the GLAST/Confetti mice, a threshold

for the maximum distance between the single cells in a given clone

was established. For this, the minimum distance between two BrdU/

EdU-positive cells with different fluorescent protein expression

(referred to as “false positive clones”) was measured (see Figure S4).

In all sections, which contained such “false positive clones” in the

injured cerebral cortex GM, the distance between two proliferating

cells having a different fluorescent protein was more than 20 μm. Due

to the sufficiently sparse recombination rate in many sections (25% in

single injury group and 40% in repetitive injuries group) there were no

two proliferating cells expressing different fluorescent proteins in the

same section. For clone definition, we took a conservative approach

and determined the threshold at a 5 μm maximum distance between

two cell somatas, as live in vivo imaging showed that astrocytes stay

very close to each other following division (Bardehle et al., 2013).

2.6 | Distribution analysis of Sox9-positive cells

Confocal stacks of 40 μm brain sections were acquired on a Zeiss

LSM 710 laser scanning microscope. For quantifications, 3–5 multi-

channel confocal 3D z-stack images per animal from each experimen-

tal group and 3–5 animals per group depicted in density plots were

maximum projected using Fiji (v2.0.0). In order to get quantifiable

binary pictures, the channels for CD31 and Sox9 were subjected to

thresholding independently of each other using the Fiji inbuild

“Treshold” function. Using the “Analyze Particles” function of Fiji the

exact XY coordinates of each Sox9+ cell, as well as of all CD31 posi-

tive pixels, were determined. The minimum distance of each Sox9+

cells to the closest blood vessel, as well as to the injury site, was
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determined using R (v3.5.0) and RStudio (1.1.453), in particular the

“rdist” function contained in the “fields” (v9.6) package. For final visu-

alization of the data, ggplot2 (v3.0.0) was used.

2.7 | Behavioral tests

For behavioral analysis, C57Bl6/JRj and CCR2−/− (males, 2.5–3

months old) were housed in groups of 2–5 animals in standard Typ II

long filter top cages (Tecniplast, Germany) under specific pathogen

free conditions with a 12/12 hr light–dark cycle. Mice underwent a

standardized 4-weeks behavior training starting at 24 hr after single

or repetitive injury, and were exposed to a set of behavioral tests

which were conducted under standardized environmental conditions

(humidity, temperature and light intensity). The same set of tests was

repeated at 2 and 3 months past injury (mpi). Between individual test-

ing phases animals were kept in familiar housing cages. Both handling

and experimentation was carried out at the same time by the same

person during the testing phases. AnyMaze Software (Stoelting Co.)

and automated activity monitors were used to track the locomotor

activity of mice and to analyze the data, if not stated otherwise.

Open field test (OF) was performed as previously described

(Popper et al., 2018). In brief, for habituation in the test environment,

mice were placed in the center of a 80 × 40 cm acrylic OF box at

1 dpi and were allowed to freely investigate the testing environment

for 4 min. With a 24-hr delay, mice were re-tested in the OF for

4 min. For data analysis, the arena of the OF box was divided by the

computer in two areas, the periphery defined as a corridor along the

walls and the remaining area representing the center of the arena (see

green color in representative track blots shown in Figures 5B and

S7b). Locomotor activity (total distance, mean speed, the time and dis-

tance traveled in the center of the OF arena) was investigated using

AnyMaze Software (Stoelting Co.). The first analysis (week 1) was car-

ried out at 2 dpi.

Barnes maze assay (BM) was performed using the Barnes maze

platform adapted to mice (Barnes, 1979), as previously described

(Popper et al., 2018). In brief, all mice were placed in the center of the

platform (starting point) for a total test duration of 4 min. The BM

platform (Stoelting Europe, Ireland) consists of a circular surface

(diameter 91 cm) with 20 circular holes (diameter 5 cm) around its cir-

cumference. The table surface is brightly lit by overhead lightning

(900 lx), under one hole is a “flight box” (diameter 5 cm, depth 6 cm,

length of the flight box: 15 cm). For each trial, the mice had 240 s to

find the target zone and hide in the flight box. Recording was stopped

either when the mouse entered the flight box or automatically after

240 s. One week before testing post injury, mice were trained in two

trials per day (30 min interval) on four consecutive days (week 2). The

test set up was not changed along the training phase. In the test

phase, mice were exposed to the test set up once per day (24 hr inter-

val) on four consecutive days (week 3). The location of the flight box

was rotated by 90� in relation to the location in the training phase.

The number of primary errors and the escape latency was determined

during 240 s. The individual strategy to find the flight box (direct, wall,

random) was analyzed by video tracking of all mice tested in the BM

set up. No extra maze cues were used, and all surfaces were carefully

cleaned with water after each individual.

2.8 | Statistical analysis

Statistical analysis of data was performed using PRISM (Graphpad,

v5.03 and v7.0e). Appropriate statistical tests were chosen dependent

on sample size, data distribution, and number of comparisons. The

normality of distribution was analyzed using the Kolmogorov–Smirnov

test or the Royston method of Shapiro–Wilk test. As indicated in fig-

ure legends, quantitative data are presented as mean ± SEM,

mean ± SD or median ± interquartile range (IQR) with 25–75% range

(borders) and 10–90% range (whiskers) of data distribution. All data

consisting of two groups (e.g., WT mice after single vs. repetitive inju-

ries) was analyzed with the non-parametric Wilcoxon-Mann–Whitney

test. For multiple comparisons, differences were evaluated using one-

way ANOVA followed by Tukey's multiple comparisons or non-

parametric Dunn's post hoc test. To compare changes in proliferating

astrocyte subsets between single and repeated injuries, the Welch

t test of log2 fold differences was used. The minimum level of signifi-

cance was defined as p < .05 and is indicated based on the p-value

(*p < .05; **p < .01; ***p < .001).

3 | RESULTS

3.1 | Repetitive injury paradigm recruits new
astrocytes into proliferation and causes some to divide
repetitively

Given the cortical astrocyte heterogeneity at the morphological, func-

tional, and molecular levels (Batiuk et al., 2020; Bayraktar et al., 2020;

Khakh & Deneen, 2019; Lanjakornsiripan et al., 2018; Martin-Lopez,

Garcia-Marques, Nunez-Llaves, & Lopez-Mascaraque, 2013;

Westergard & Rothstein, 2020), we first asked if only a specific subset

of parenchymal astrocytes can proliferate after TBI in the murine

somatosensory cortex GM. To answer this, we performed repetitive

injuries and used two different thymidine analogues, 5-bromo-20-

deoxyuridine (BrdU) and 5-ethynyl-20-deoxyuridine (EdU) at different

time periods after single or repetitive TBI (Figure 1A). First, we

ensured the specificity of the antibody staining for BrdU in combina-

tion with the Click-iT EdU detection (see material and methods) and

found highly selective and equal labeling efficiencies for each analog

(Figure S1). We then applied BrdU for 10 days after TBI in the drink-

ing water, paused by 4 days and followed by 10 days EdU application

(Figure 1A). At the end of this labeling paradigm, that is, at 28 days

post injury (dpi), reactive astrocytes were detected by immuno-

labelling for GFAP. Notably, within a 250 μm radius on each side of

the injury core, virtually all astrocytes were GFAP+, as determined by

immunostaining for Aldh1L1-GFP (Figure S2). Approximately half of

the astrocytes located within 250 μm on each side of the injury core
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had incorporated BrdU after a single lesion (Figure 1b), consistent

with previous analysis (Buffo et al., 2008; Frik et al., 2018; Heimann

et al., 2017; Heimann & Sirko, 2019; Sirko et al., 2013; Sirko

et al., 2015). After a single injury, astrocyte proliferation was

restricted within the first labelling period (BrdU) with no EdU+ astro-

cytes detectable (Figure 1c,d), in agreement with our previous obser-

vations by live in vivo imaging (Bardehle et al., 2013). Interestingly,

however, when a second injury of the same size was performed at the

same location at 14 days after the first injury, many previously quies-

cent (not BrdU+) astrocytes start to proliferate as one-third of all pro-

liferating astrocytes was labeled by EdU only (Figure 1c,e). It became

thus apparent that the injury-induced proliferative capacity is not

limited to the previously cycling subset of parenchymal astrocytes.

Moreover, we also observed a significant number of BrdU/EdU

double-positive astrocytes within the repetitively injured parenchyma

(Figure 1c,e). To investigate whether both analogues have equal label-

ing efficiencies also after injury, we applied them together, and found

indeed 93% BrdU+/EdU+ cells (Figure S3). Due to the short half-life of

BrdU and its rapid clearance from the body (Barker, Charlier, Ball, &

Balthazart, 2013) we could ensure that it would no longer be available

after the 4 day washout period, and therefore we conclude that the

BrdU+/EdU+ astrocytes after repetitive injury had divided following

the first and also after second injury and hence are able to re-enter

the cell cycle in vivo. These data demonstrate for the first time that

F IGURE 1 Upon repetitive injury parenchymal GM astrocytes divide repeatedly or new astrocytes enter proliferation in the second injury.
Schematic outline of the analysis of astrocyte proliferation in response to single or repetitive TBI (a). The total number of reactive GFAP+ cells at
the injury site was comparable in both lesion conditions, and half of the reactive astrocytes incorporated proliferation markers in the vicinity of
the lesion (b). Bar graph depicting proliferation of astrocytes after repetitive TBI in comparison to single TBI. The pool of proliferating astrocytes
after repetitive injury consists of two subsets, newly dividing (EdU+) and repeatedly dividing (BrdU+/EdU+) astrocytes (c). Representative
immunostainings of BrdU and/or EdU labeled astrocytes at the site of single (d) or repetitive TBI (e). Insets depict examples of proliferating
GFAP+/BrdU+ cells (red arrowheads), GFAP+/EdU+ cells (green arrowheads) and GFAP+/BrdU+/EdU+ cells (yellow arrowheads). Data are depicted
as median ± IQR with each dot representing one animal. Significance of differences between means is indicated based on the p-value (*p < .05;
**p < .01; ***p < .001). Dashed yellow lines indicate the site of injury. GM: cerebral cortex grey matter. Scale bars: 100, 10 μm (insets)
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the proliferative reaction of astrocytes to repetitive injury consists of

both newly and repeatedly proliferating astrocytes.

3.2 | Reactive astrocytes generate multicellular
clones after repetitive injury

As cells may enter S-phase without completing cell division or incor-

porate DNA base analogs due to DNA damage (Taupin, 2007), we

monitored the progeny of astrocytes at the single-cell level by clonal

analysis using GLASTCreERT2-mediated recombination in the multi-

color R26-Confetti reporter mice (Bardehle et al., 2013; Calzolari

et al., 2015) (Figure 2a,b). Application of low tamoxifen doses

induced sparse astrocyte labelling across the uninjured brain. Consis-

tent with the absence of astrocyte proliferation in the intact GM

(Buffo et al., 2008; Sirko et al., 2009; Sirko et al., 2013), only single,

non-proliferating astrocytes were observed in this region

(Figure 2c,e).

F IGURE 2 Reactive astrocytes within the injured GM parenchyma generate multicellular clones after injury. Clonal analysis was performed in
GLASTCreERT2Confetti mice (a). Schematic timeline of tamoxifen administration and injury time used for the analysis in GM GLASTCreERT2Confetti

mice (b). Representative photomicrograph of frontal brain section labeled for BrdU/EdU, RFP, and GFP displaying recombined cells in the
contralateral (uninjured) (c), single and repeatedly injured GM of GLASTCreERT2Confetti mice at 24 dpi (d). Higher magnifications of the GM areas
indicated by the white boxes are shown in (e) and (f). Examples of non-proliferating RFP+ astrocyte in the uninjured contralateral GM (e), as well
1-, 2-, and 3-cell clones (as indicated by yellow arrowheads) generated from single recombined astrocytes within the injured GM (f1–3) of
GLASTCreERT2Confetti mice. Pie charts illustrate the proportion of proliferating cells among all recombined astrocytes, and the clone size in the
single and repeatedly injured GM of GLASTCreERT2Confetti (g). Dashed yellow lines indicate the site of injury. GM: cerebral cortex grey matter.
Scale bars: 100 μm (c–d), 10 μm (e, f)
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In response to TBI, small clusters of GM astrocytes labeled in the

same color were detected close to each other (Figure 2d,f), suggesting

that these had arisen from a single proliferative cell to then form a

multicellular clone. Importantly, half of all astrocytes labeled by fluo-

rescent proteins had incorporated BrdU or EdU (Figure 2g), that is,

the same proportion as determined above for GFAP+ astrocytes. Thus,

astrocytes labeled by GLASTCreERT2-mediated tamoxifen induced

recombination divide at the same rate as the total astrocyte popula-

tion in WT animals. For the definition of multicellular clone, we mea-

sured 20 μm as the minimum distance between two cells with

different fluorescent proteins (i.e., of different clonal origin) that had

proliferated and incorporated thymidine analogues (Figure S4a,b). As a

safe cut-off, we choose 5 μm (less than the diameter of astrocyte

soma [Morel et al., 2019]) as the threshold distance for clonal origin,

that is, cells expressing the same fluorescent protein derived from the

same mother cell (Figure S4b). This very strict limit rather underesti-

mates multicellular clones as false negatives, but ensures that we

avoid “false positives,” that is, clusters of cells interpreted as clones

that are not derived from the same ancestor (Figure S4c,d). We

decided for this strict cut-off also because our previous in vivo imag-

ing analysis had shown that astrocytes that had divided upon injury

stay very close together in most cases (Bardehle et al., 2013).

After a single injury, astrocyte duplets were often labeled with

thymidine analogues (BrdU and/or EdU), indicating that they had not

only incorporated DNA-base analogs indicative of S-phase, but had

completed cell division and generated two daughter cells (Figure 2d,f).

Most clones (62%) consisted of two daughter cells (Figure 2f,g), in

agreement with previous live in vivo imaging observing mostly two

daughter cells generated (Bardehle et al., 2013). However, a third of

BrdU- or EdU-positive GLASTCreERT2-labeled astrocytes were single

cells (Figure 2g), suggesting incomplete cell cycle or death of a daugh-

ter cell. After repetitive injuries, we observed a few three-cell clones

(Figure 2f,g), clearly indicating that a subset of reactive astrocytes can

be activated to undergo a second division in vivo. As no larger clones

were observed, it seems that self-renewal of reactive astrocytes is

much more restricted than that of other glial cells, for example, the

NG2 glia of the oligodendrocyte lineage or microglia (Jakel &

Dimou, 2017; Tay et al., 2017).

3.3 | Alteration in astrocyte distribution after
single and repetitive injury

The above results raise the question of how injury affects final astro-

cyte numbers and distribution. To determine this after single and repet-

itive TBI, we used Sox9 immunostaining (Figure S5) to label astrocyte

nuclei (Sun et al., 2017) for unbiased automatic analysis of astrocyte

numbers and their distribution at 28 dpi (Figure 3). Interestingly, we

noted profound changes in astrocyte distribution compared to the con-

tralateral uninjured cortex with a higher density in regions close to the

injury site, shifting toward subpial positions after repetitive injury

(Figure 3a). Despite the significant redistribution of astrocytes already

after a single injury, there was no increase in the total number of

astrocytes quantified throughout the cortical thickness within 1 mm

around the lesion site when compared with the same cortex region on

the contralateral side (data not shown). After repetitive injuries, how-

ever, the total number of astrocytes and their density at the injury site

were increased (Figure 3a). Given that astrocyte proliferation occurs

predominantly at BV in this injury condition (Bardehle et al., 2013; Frik

et al., 2018; Heimann et al., 2017), we aimed to determine the density

of astrocytes in the BV vicinity and stained for the endothelial marker

CD31 (Figures 3c and S6). Indeed, Sox9+ cells significantly accumulated

at CD31+ BVs already after a single injury (Figure 3d). This was limited

to 100 μm around the lesion core after one injury, but spread over sev-

eral 100 μm after the second lesion (Figure 3d). Thus, TBI causes a

severely altered distribution of astrocytes, with pronounced accumula-

tion at the injury site and in the vicinity of BVs. This redistribution may

have negative functional consequences given the key roles of astro-

cytes in information processing (Santello, Toni, & Volterra, 2019) or be

beneficial shielding off more damaging agents.

3.4 | Monocyte infiltration promotes new
astrocytes into proliferation causing further alterations
in astrocyte distribution

Given that repetitive injury activates the same astrocytes to divide

again and some astrocytes newly proliferate, we were interested to

determine if this balance can be affected by extrinsic signals. As we had

previously detected a potent influence of monocyte invasion on

astroglia proliferation (Frik et al., 2018), we used CCR2−/− mice

(Saederup et al., 2010) that entirely lack monocyte invasion into the

injured brain parenchyma (Frik et al., 2018). Using the same experimen-

tal setting as described above (Figure 1a,b), we found that the absence

of invading monocytes significantly enhanced cell cycle re-entry of

astrocytes, resulting in a two-fold increase in the proportion of GFAP+/

BrdU+/EdU+ cells within the penumbra of repetitively injured CCR2−/−

mice compared to WT (Figure 4a-c, Table 1). This substantially

increased repetitive proliferation of reactive astrocytes was accompa-

nied by reduced proliferation of previously quiescent astrocytes that

incorporated only EdU after repetitive injuries in CCR2−/− mice com-

pared to WT animals (Table 1). Thus, invading monocytes are crucial to

inhibit re-entry of reactive astrocytes after repetitive injury.

This provided us with an experimental paradigm to explore, how

the bias toward repetitive astrocyte divisions would affect their distri-

bution after injury. Interestingly, the increased density of astrocytes

shifted towards more superficial positions closer to the pial surface,

already after one, but even more so after repetitive injury (Figure 3b).

This could be explained by the penetrating injury from the pial surface

with higher reactivity and astrocyte proliferation at upper positions

(Sirko et al., 2009; Takata & Hirase, 2008) as well as the pial surface

as main sites of monocyte invasion that would normally repress astro-

cyte proliferation (Frik et al., 2018). Likewise, the disbalance in astro-

cyte distribution with accumulation at the BVs was aggravated with

significant increase at BVs even in the wider area of 1 mm already

after a single injury (Figure 3e). Taken together, invading monocytes
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inhibit further divisions of proliferating astrocytes rather promoting

proliferation of additional astrocytes. This promotes the equal distri-

bution of astrocytes postinjury. In the absence of invading monocytes,

the disbalance in overall astrocyte distribution is aggravated, while, as

previously shown, reactive astrocytes and scar formation are much

reduced in the CCR2−/− mice after TBI (Frik et al., 2018).

3.5 | Behavioral analysis of functional recovery
after injury

The above results provide intriguing entry points toward a better

understanding of beneficial and adverse effects of astrocyte distribu-

tion for neurologic recovery. On the one hand, the homeostasis of

F IGURE 3 Injury-induced
changes in distribution of astrocytes
within the injured GM parenchyma.
Immunolabelling of astrocytes (Sox9)
was used for unbiased automatic
analysis of astrocyte numbers and
their distribution. Density plots
depicting distribution of Sox9+

astrocytes throughout the thickness

of the uninjured contralateral GM
and within parenchyma (in 500 μm
radius) adjacent to the site of single
or repetitive TBI in WT (a) and
CCR2−/− (b) mice at 24 dpi.
Automated analysis of astrocyte
position relative to blood vessels
was performed on frontal brain
sections labeled with Sox9 and
CD31. In order to get quantifiable
binary pictures, the channels for
CD31 and Sox9 were subjected to
thresholding independently of each
other using the Fiji inbuilt
“Treshold”-function as shown in the
black (Sox9+)—green (CD31)—white
panel (c). Violin plots show the
distribution of Sox9+ cells relative to
CD31+ BVs in the uninjured
contralateral GM as well as within
100 μm of the lesion core and more
distal to it after single or repetitive
TBI in the WT (d) and CCR2−/−

(e) mice at 24 dpi. Data are depicted
as mean ± SEM. Significance of
differences between means is
indicated based on the p-value
(*p < .05; **p < .01; ***p < .001).
Dashed red line indicates the site of
injury, dark blue line indicates the
pial border of the GM. GM: cerebral
cortex grey matter. Scale bars:
120 μm (c)

172 LANGE CANHOS ET AL.



TABLE 1 Proliferating GFAP+ cells across genotypes after single and repetitive injury

Number of cells (per mm2)

Single TBI Repetitive TBI

WT CCR2−/− p WT CCR2−/− p

Proliferating GFAP+ 491.9 ± 137.1 547.1 ± 156.8 .1905 540.9 ± 224.8 522.8 ± 320.8 .7857

GFAP+BrdU+ 490.5 ± 136.4 545.3 ± 150.1 .1111 259.6 ± 39.1 348.5 ± 287.8 .1429

GFAP+BrdU+ EdU+ 1.7 ± 4.7 0.9 ± 3.2 .7012 78.5 ± 40.4 156.6 ± 79.3 .0357

GFAP+EdU+ 6.2 ± 8.7 1.8 ± 6.3 .3832 189.5 ± 210.4 64.1 ± 28.3 .0357

Note: The cell numbers are presented as median ± IQR (n = 3–5 per genotype/experimental group). Differences in the total numbers of proliferating GFAP+

astrocytes and GFAP+BrdU+, GFAP+EdU+, or GFAP+BrdU+EdU+ subpopulations of proliferating astrocytes between experimental animal groups are indi-

cated by the p-value based on the non-parametric Wilcoxon-Mann–Whitney test.

F IGURE 4 Astrocyte self-renewal within the injury-affected GM is modulated in the absence of infiltrating monocytes at the lesion area.
Representative images displaying the regions of the WT and CCR2−/− somatosensory GM labelled for GFAP, BrdU and EdU after single (a) and
repetitive TBI (b). Examples of proliferating GFAP+/BrdU+ cells (red arrowheads), GFAP+/EdU+ cells (green arrowheads) and GFAP+/BrdU+/EdU+

cells (yellow arrowheads) are shown at higher magnifications. Pie charts illustrate the composition of the proliferating astrocyte pool in single and
repeatedly injured GM of WT and CCR2−/− mice (c). The analysis of changes in proliferating astrocyte subsets between single and repeated
injuries in WT and CCL2−/− mice revealed a significant genotype-related change in BrdU+EdU+ population following repetitive TBI in CCR2
versus WT mice (d). Data are depicted as mean ± SEM for dot plots (with each dot representing one animal) and mean ± SD for pie charts.
Significance of differences between means is indicated based on the p-value (*p < .05; **p < .01; ***p < .001). Dashed yellow lines indicate the
site of injury. GM: cerebral cortex grey matter. Scale bars: 100 μm, 10 μm (insets)
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astroglial numbers and distribution seems to be crucial for neural

circuitry (Halassa & Haydon, 2010; Khakh & Sofroniew, 2015;

Palpagama, Waldvogel, Faull, & Kwakowsky, 2019; Robel &

Sontheimer, 2016; Siracusa, Fusco, & Cuzzocrea, 2019; van Dijk,

Vergouwen, Kelfkens, Rinkel, & Hol, 2016; Verkhratsky &

Zorec, 2019) and on the other hand accumulation of astrocytes may

have beneficial effects by regulating inflammation (reducing monocyte

invasion) and other harmful signals at sites where this is most needed.

We therefore used well established tests for locomotion, such as the

OF (Rodgers, Cao, Dalvi, & Holmes, 1997; Seibenhener &

Wooten, 2015), and cognitive functions such as exploratory behavior,

spatial memory and navigation by Barnes Maze (BM) (Bach, Hawkins,

Osman, Kandel, & Mayford, 1995; Barnes, 1979; Van Den Her-

rewegen et al., 2019) (Figure 5). To exclude pre-existing differences

between WT and CCR2−/− groups, we firstly performed behavioral

evaluation of naïve CCR2−/− animals and found no significant differ-

ences between naïve WT and CCR2−/− animals throughout the dura-

tion of assessment (Figure S7).

WT mice showed significantly increased locomotor activity, mea-

sured as average speed and distance travelled in the OF, after both

single and repetitive injury compared to uninjured (naïve) mice

(Figure 5a). Such an increased activity was often observed in context

with different types of brain injury and is indicative for increased

risk-taking behavior (Laviola, Macri, Morley-Fletcher, & Adriani, 2003;

Petraglia et al., 2014; Toledo-Rodriguez & Sandi, 2011). This is also

reflected in the time spent in the center, as the natural tendency of

rodents is to prefer darker areas along the walls (thigmotaxis)

(Bailey & Crawley, 2009). WT mice showed increased risk taking with

significantly more time spent in the center (Figure 5b,c). Strikingly,

CCR2−/− mice showed no increase in locomotor activity (Figure 5a)

and closely resembled the naïve mice at 3 months after single and

already at 2 months after repetitive injury in regard to the risk-taking

strategies (Figure 5b,c). Thus, CCR2−/− mice recover better from TBI

compared with WT mice with no detectable differences at 3 months

after single or repetitive TBI.

Similar trends were noted for the correction of injury-associated

disturbances in spatial learning and memory. CCR2−/− mice showed

significantly fewer primary errors in the BM compared with WT mice

at 3 months after single and repetitive injury with no significant differ-

ence to the behavior of naïve mice (Figure 5d). Most pronounced dif-

ferences were evident between WT and CCR2−/− mice when

monitoring the strategy used in the BM. In search for the target hole,

animals can use either a direct or focal path (used in 60–80% of naïve

uninjured animals), or search along the walls/random walk, reflecting

increased deficits in memory. Indeed, the latter behavior raises to over

50% on the training day in WT mice at 2 weeks postinjury and

decreased to only little below 50% on the following test days

(Figure 5e,f). Conversely, all injured CCR2−/− mice spend significant

shorter time to reach the target hole by using either a focal or direct

path to the hole on the relearning (test) day (Figure 5e,f). At 3 months

after single TBI, WT mice still used in 50% of all cases the strategy to

search along the walls, while CCR2−/− mice used the direct path in vir-

tually all cases (Figure 5e,f). Strikingly, mice with repetitive injuries

performed generally better in this test with virtually all CCR2−/− mice

using the direct paths strategy already at 2 months and WT at

3 months post injury (Figure 5f). These data show a correlation of con-

ditions with increased astrocyte numbers and most pronounced

changes in their distribution and better recovery in the behavior test—

namely in CCR2−/− mice and after repetitive injury.

4 | DISCUSSION

Here we showed that the mode of astrocyte proliferation after TBI is

subject to tight regulation with profound effects on the overall astro-

cyte distribution and density postinjury. Strikingly, invading mono-

cytes inhibit—directly or indirectly—repetitive proliferation of

astrocytes and rather favor proliferation of previously quiescent astro-

cytes upon repeated injury. This helps to distribute astrocytes more

evenly, while repeated proliferation of the same astrocytes leads to

higher accumulation at BVs and the injury site. The later seems, how-

ever, not to be deleterious as behavioral recovery was even enhanced

in these conditions.

Despite the importance of astrocyte proliferation after injury, fun-

damental questions have remained previously answered, such as the

extent of repeated astrocyte divisions, that is, their possible self-

renewal and/or astrocyte subtype-specific proliferation. Here we

showed that astrocyte proliferation is not restricted to the initially

proliferating subset, as also previously quiescent astrocytes can be

coerced to proliferate following repetitive TBI in the murine cerebral

cortex GM. This was the case for �30% of all proliferating astrocytes

within the repeatedly injured GM area. We further provided clear evi-

dence that reactive astrocytes can undergo several rounds of divisions

in repetitive injury and that this proportion is significantly increased in

CCR2−/− mice. This prompts the suggestion that astrocytes are able

to self-renew, even though the exact identity of the clonally related

astrocytes has not been determined. Notably, the ability of reactive

astrocytes to self-renew was demonstrated so far only under

neurosphere forming condition in vitro (Buffo et al., 2008; Sirko

et al., 2009; Sirko et al., 2013). Most importantly, we assessed the

consequences of these differential modes of astrocyte proliferation,

repetitive or new astrocyte proliferation, on the post-traumatic astro-

cyte distribution and found a profound influence with higher accumu-

lation at BVs and the injury site when more astrocytes divided

repeatedly. This is intriguing, given the limited degree of astrocyte

proliferation, compared to the much higher proliferation rates of

microglia or NG2 glia (Jakel & Dimou, 2017; Nishiyama et al., 2016;

Simon et al., 2011; Tay et al., 2017), but highlights the importance of

the mechanisms regulating the proliferation of self-renewing or addi-

tional astrocyte populations.

One such mechanism is the invasion of monocytes, as their

absence promoted proliferation of self-renewing versus newly rec-

ruited astrocytes. Indeed, many growth factors and extracellular

matrix (ECM) factors are substantially altered after TBI in CCR2−/−

mice (Frik et al., 2018; Kjell & Gotz, 2020) and could hence contribute

to promote reactive astrocyte self-renewal. These were factors of
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WNT, EGF, insulin/IGF and interleukin 3 signaling that have been

implicated in regulating glial cell proliferation after injury (Dimou &

Gotz, 2014; Gotz, Sirko, Beckers, & Irmler, 2015; Robel, Berninger, &

Gotz, 2011). Furthermore, the absence of invading monocytes elicits

not only the multiple effects on pathways regulating astrocyte prolif-

eration at the lesion site, but also strongly affects ECM formation dur-

ing acute and subacute stages after lesion (Frik et al., 2018; Kjell &

Gotz, 2020). Given that many growth factors involved in the prolifera-

tive response at the injury site (e.g., FGF-2, VEGF, PDGF, TGF-β1)

interact with the ECM (Brizzi, Tarone, & Defilippi, 2012; R. A.

Clark, 2008; Hynes, 2009; Roll & Faissner, 2014), ECM changes

observed in the injury site of the CCR2−/− mice (Frik et al., 2018;

Kjell & Gotz, 2020) may modify the local concentration and/or ability

of these factors to bind to their receptors, allowing a plethora of cell

surface signaling pathways to influence astrocyte proliferation. Thus,

monocyte invasion following TBI triggers many extrinsic factors pro-

moting recruitment of new astrocytes into proliferation.

Importantly, the respective mode of astrocyte proliferation had

profound effects on their post-traumatic distribution. We and others

had previously described increased juxtavascular proliferation of reac-

tive astrocytes resulting in the juxtavascular position of most (�70%,

see (Frik et al., 2018) newly generated astrocytes at the injury site

(Bardehle et al., 2013; Frik et al., 2018; Jukkola, Guerrero, Gray, &

Gu, 2013). We now show here that this resulted in a significantly

lower distance of astrocytes to the BVs already after a single injury in

WT mice, consistent with the lack of astrocyte migration in the cere-

bral cortex GM (Bardehle et al., 2013). This accumulation was spread

even further within 1 mm surrounding of the injury site in CCR2−/−

mice after a single injury, highlighting the importance of the mode of

astrocyte divisions for their final posttraumatic distribution. This is

important as the role of astrocytes in neurovascular coupling (for

review see, C. Y. Liu, Yang, Ju, Wang, & Zhang, 2018) may help to

improve function at both the neurovascular and synaptic sites.

Increased density of astrocytes in the vicinity of BVs helps stabiliza-

tion of the BBB, the control of local microcirculation and cerebral

blood flow within the perilesion area (Bylicky, Mueller, & Day, 2018;

Chopp, Zhang, & Jiang, 2007; Faulkner et al., 2004; Frik et al., 2018;

Heimann et al., 2017; Li et al., 2007; B. Liu, Teschemacher, &

Kasparov, 2017; Ohab, Fleming, Blesch, & Carmichael, 2006; Takano

et al., 2006). Accordingly, an injury-induced accumulation of astro-

cytes in vicinity of BVs is crucial for preventing secondary injury fol-

lowing TBI and may directly affect neuronal function and survival in

the injury site (Robel & Sontheimer, 2016). This suggestion is further

supported by the reduction of the NeuN-free area and an alleviated

loss of synapses persisting in the injury site of CCR2−/− mice at the

subacute phase after injury (Frik et al., 2018; Kjell & Gotz, 2020).

These improvements are likely to affect also synaptogenesis in

the late phase after injury that is crucial for the functional outcome. It

is noteworthy that reconfiguration of cortical circuitry occurs in a

sequence of three phases after cortical injury (Biernaskie,

Chernenko, & Corbett, 2004; Cramer & Riley, 2008; Ito, Kuroiwa,

Nagasao, Kawakami, & Oyanagi, 2006; Kolb, Gibb, & Gorny, 2000;

Murphy & Corbett, 2009; Nudo, Plautz, & Frost, 2001; Overman &

Carmichael, 2014; Wieloch & Nikolich, 2006). In the acute injury

phase, the cortex is challenged by a host of factors including cell

death, inflammation, oxidative stress and loss of nutrients (Doyle,

Simon, & Stenzel-Poore, 2008; Murphy & Corbett, 2009; Wieloch &

Nikolich, 2006), which occur along with a loss of pyramidal cell den-

dritic spines (Zhang, Boyd, Delaney, & Murphy, 2005) and a rapid

reduction in cortical inhibitory pathways for about 1–2 dpi

(Chandrasekar et al., 2019; Imbrosci & Mittmann, 2011). This is bene-

ficial as recently shown by chemogenic silencing of inhibitory neurons

F IGURE 5 Absence of invading monocytes at the injury site in CCR2−/− mice partially rescues hyperactivity and improves recovery of
cognitive functions following injury in the somatosensory GM. The open field (OF) test was performed to assess spontaneous exploratory and
anxiety-related behavior in novel/unfamiliar environment of WT and CCR2−/− mice at 1 day (1 wpi), 29 days (1 mpi) and 57 days (2 mpi) after
single (sTBI) or repetitive injury (rTBI) (a–c). The injury-induced long-term hyperactivity of mice as shown by increased speed and total distance
that WT mice traveled after single or repetitive TBI, compared with naïve controls. Lack of invading monocytes at the injury site in CCR2−/− mice
reduced the levels of hyperactivity during acute and chronic phases after injury, compared with WT mice (a). Representative examples of
movement path recorded in OF on second day after single or repetitive TBI in WT and CCR2−/− mice (b). The time and total distance traveled in
center of the OF arena (indicated by green color in b) was recorded and analyzed at three time points after TBI. Graphs show statistical results for
the effect of single and repetitive TBI on anxiety-related behavior of WT and CCR2−/− mice. Of note, CCR2−/− mice display enhanced anxiety
only at 1 dpi as shown by reduced time spent and less distance moved in the center zone than naïve controls and injured WT mice. But in
contrast to the injured WT, there were no sing of anxiety-related behavior of CCR2−/− mice during chronic phase after single or repetitive TBI (c).
The Barnes maze (BM) was used to assess cognitive function, that is, spatial, hippocampus-dependent short- and long-term memory in WT and
CCR2−/− mice at 2 w, 2 m, and 3 m after single and repetitive TBI. The mean number of errors before reaching the flight box was determined
during 240 s in 2 trials per day on 4 consecutive days. Of note, while the numbers of primary errors/trials for the single and repetitively injured
WT and CCR2−/− groups of animals were statistically identical during the first 8 weeks after TBI, the group CCR2−/− mice performed much better
than the group of WT mice by making significantly less errors before reaching the flight box at 3 mpi (d). The individual strategy (direct, wall,

random) to find the flight box rotated by 90� in relation to the location in the training phase was analyzed by video tracking of all mice tested in
the BM set up (e). Graphs show the results for the effect of single and repetitive TBI as well as the significance of preventing monocyte invasion
at the site of injury for hippocampus-dependent short-and long-term memory postinjury (f). Note that repeatedly injured WT mice performed
better by locating the goal hole better than single injured WT animals. However, CCR2−/− mice in both injury groups equally demonstrated much
improved recall of the goal location by using the direct strategy than injured WT mice. Data are depicted as mean ± SEM (WT mice/injury group:
n = 11; CCR2−/− mice/injury group: n = 7; group of naïve animals: n = 15). Significance of differences between means is indicated based on the
p-value (*p < .05; **p < .01; ***p < .001)
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promoting pyramidal neuron survival after blunt TBI (Chandrasekar

et al., 2019). Thus, the increase in neuronal excitation is beneficial

(Domann, Hagemann, Kraemer, Freund, & Witte, 1993; Huemmeke,

Eysel, & Mittmann, 2004; Imbrosci, Eysel, & Mittmann, 2010;

Luhmann et al., 1996; Nahmani & Turrigiano, 2014; Qu, Mittmann,

Luhmann, Schleicher, & Zilles, 1998), but critically depends on suffi-

cient metabolic and homeostatic support from astrocytes to avoid fur-

ther excitotoxicity. It is thus likely that the homeostatic re-adjustment

of local astroglial networks may help to keep neuronal firing within a

desirable range. Interestingly, transcriptome profiles of astrocytes iso-

lated from the intact and the stab wounded somatosensory GM (Sirko

et al., 2015) revealed that already at 5 dpi, astrocytes at the injury site

normalized the expression of genes encoding for ion channels

involved in the regulation of extracellular ion homeostasis

(e.g., voltage-gated sodium and potassium channels as well as potas-

sium inwardly-rectifying channels) to levels comparable to those in

astrocytes from the intact GM of somatosensory cortex. Astrocytes

maintain ionic and neurotransmitter homeostasis for example, by their

large K+ permeability and highly hyperpolarized membrane potential,

and the expression levels of channels responsible for this

(e.g., potassium inwardly-rectifying channel Kir4.1 (Kcnj10), the

calcium-activated anion channel bestrophin1 (Best1), connexin

43 hemichannels, and the two-pore K+ channel TWIK-1 (KcnK6) and

TREK-1 (KcnK2)) have already normalized at this stage, eventhough

normalizing protein levels may lag behind. Thus, the pronounced accu-

mulation of astrocytes in upper cortical layers of the repeatedly

injured somatosensory GM may be one of mechanisms helping to nor-

malize circuit excitability, thereby promoting neuronal survival and

functional recovery.

This interpretation lends support to the correlation that behav-

ioral recovery occurs best in conditions with most pronounced astro-

cyte accumulation at BVs and in the upper cortex layers at the injury

site. Here, we observed that the repeatedly injured WT and

CCR2−/− mice exhibit not only reduced anxiety-like behavior, but

also reduced injury-associated disturbances in spatial learning and

memory during acute and chronic phases after injury, when com-

pared with the single injured animals. As astrocyte number and dis-

tribution changed most in CCR2−/− mice and after repetitive injury,

this may directly or indirectly contribute to the behavioral improve-

ment via some of the mechanisms discussed above, or at least not

be harmful. Behavioral and structural analysis has been performed

using CCR2−/− mice in various injury conditions (Belarbi, Jopson,

Arellano, Fike, & Rosi, 2013; Boring, Gosling, Cleary, & Charo, 1998;

Clark et al., 2020; Hsieh et al., 2014; Izikson, Klein, Charo, Weiner, &

Luster, 2000), but reactive astrogliosis and behavior were rarely

examined in the same injury paradigm. Notably, the results of our

behavioral tests are in line with previous studies demonstrating that

blocking of monocyte infiltration by CCR2 inhibition or knockout

can prevent spatial memory deficits and improve cognitive functions

in different experimental models of TBI (Gyoneva et al., 2015; Hsieh

et al., 2014; Liu et al., 2017; Morganti et al., 2015). The functional

contribution of CCR2 to TBI pathology has been related to the over-

all reduced inflammatory state, smaller lesion size and decrease in

the number of apoptotic cells and reactive astrogliosis as measured

by GFAP immunoreactivity (Chu et al., 2014; Morganti et al., 2015).

However, our previous study highlighted that the cross-regulation of

juxtavascular proliferating astrocytes and invading monocytes is a

crucial mechanism of scar formation upon brain injury (Frik

et al., 2018). The results of our present study that self-renewal of

astrocytes and their accumulation at BVs are favored in this condi-

tion add to highlight the key effects monocyte invasion has on final

astrocyte distribution in addition to reduced scar formation and

lesion size that may all contribute to better functional recovery.

These observations are important because the primary damage of

somatosensory cortex is among the most vulnerable targets in

patients suffering TBI and causes neurobehavioral dysfunctions

often resulting in long-persisting cognitive deficits (Maxwell,

MacKinnon, Stewart, & Graham, 2010; Ouyang, Yan, Zhang, &

Fan, 2017). Importantly, our work highlights the relevance to

examine postinjury astrocyte distribution not exclusively by GFAP

which only reveals astrocytes trapped in a reactive state (so far

referred to as “scar”), but exploring the entire astrocyte population

and their distribution that is highly relevant for neuronal circuit

function and recovery. This is an important suggestion also for the

analysis of human pathological samples to understand alterations in

astrocyte distribution and density in patients.
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