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Abstract

Background: Neuroinflammation plays an important role in ischemic brain injury and recovery, 

however the interplay between brain development and the neuroinflammatory response is poorly 

understood. We previously described age-dependent differences in the microglial response and the 

effect of microglial inhibition. Here we investigate whether age-dependent microglial responses 

may be related to pre-injury developmental differences in microglial phenotype.

Methods: Measures of microglia morphology were quantified using semi-automated software 

analysis of immunostained sections from postnatal day 2 (P2), P9, P30 and P60 mice using 

IMARIS. Microglia were isolated from P2, P9, P30 and P60 mice, and expression of markers of 

classical and alternative microglial activation was assessed, as well as transforming growth factor 

beta (TGF-β) receptor, Serpine1, Mer Tyrosine Kinase (MerTK), and the suppressor of cytokine 

signaling (SOCS3). Hypoxia-ischemia (HI) was induced in P9 and P30 mice using unilateral 

carotid artery ligation and exposure to 10% oxygen for 50 minutes. Microglia morphology and 

microglial expression of genes in the TGF-β and MerTK pathways were determined in ipsilateral 

and contralateral hippocampus.

Results: A progressive and significant increase in microglia branching morphology was seen in 

all brain regions from P2 to P30. No consistent classical or alternative activation profile was seen 

in isolated microglia. A clear transition to increased expression of TGF-β and its downstream 
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effector serpine1 was seen between P9 and P30. A similar increase in expression was seen in 

MerTK and its downstream effector SOCS3. HI resulted in a significant decrease in branching 

morphology only in the P9 mice, and expression of TGF-β receptor, Serpine1, MerTK, and 

SOCS3 were elevated in P30 mice compared to P9 post-HI.

Conclusion: Microglia maturation is associated with changes in morphology and gene 

expression, and microglial responses to ischemia in the developing brain differ based on the age at 

which injury occurs.
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1. Introduction:

Microglia are the primary immune response cells in the brain, and play an important role 

both in maintaining homeostasis during normal brain function and in directing the 

inflammatory response to infection or injury. Derived from myeloid precursor cells 

originating in the yolk sac, microgliapopulate the brain in the early embryonic period 

(Ginhoux et al., 2010). During fetal brain development, microgliademonstrate an ameboid 

morphology consistent with motility and the phagocytosis of debris resulting from apoptosis 

and synaptic pruning (Czeh et al., 2011; Paolicelli et al., 2011). Perinatally, microglia with 

an ameboid morphology migrate throughout the brain along developing white matter tracts, 

and spread into gray matter where they transition into a highly ramified, immunosurveillance 

morphology which is maintained throughout life (Hristova et al., 2010; Rezaie, 2003). The 

time-course of this transition from ameboid to ramified morphology in microglial phenotype 

in the developing brain is yet to be characterized to a full extent.

Neuroinflammation is a key player in the brain’s response to ischemic insult, with both a 

pro-inflammatory cytotoxic component (Biran et al., 2006; Deng, 2010; Yenari et al., 2006), 

and an anti-inflammatory neurotrophic component (Butovsky et al., 2006; Lalancette-Hebert 

et al., 2007; Walton et al., 2006). Consequently, modulating the microglial response to injury 

has been proposed as a potential therapeutic target after brain injury. We previously 

described age-dependent differences in the microglial response to hypoxic-ischemic (HI) 

injury in the developing brain, with important implications for therapies targeting post-injury 

neuroinflammation (Cikla et al., 2016a; Ferrazzano et al., 2013). We found that microglia in 

newborn postnatal day 9 (P9) mice respond to hypoxia-ischemia (HI) with increased 

activation, proliferation and release of pro-inflammatory cytokines compared to juvenile P30 

mice (Ferrazzano et al., 2013). We subsequently found differential effects of suppressing the 

microglial response after HI between P9 and P30 mice (Cikla et al., 2016a). Minocycline 

effectively suppressed the early microglial response to HI in both age groups of mice, 

however only the P30 mice demonstrated sustained improvements in brain atrophy and 

neurologic function. Thus, we hypothesized that the developmental differences in microglial 

response to HI may be related to baseline differences in microglial phenotype due to the 

ongoing microglial maturation process during brain development. Therefore in this study, in 

order to determine if microglial ramification differs between ages, we first quantitatively 

defined the evolution of microglia morphology from the neonatal to the adult period.
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Microglial activation is associated with a transformation from a ramified morphology with a 

small cell body and highly branched filamentous cell processes, to one with a large cell body 

and short, stout, unbranched cell processes, similar to that observed early in brain 

development (Harry, 2013). Microglia exhibit two general categories of activation, one 

characterized by secretion of pro-inflammatory and cytotoxic cytokines (M1, classical 

activation), and another defined by expression of immunomodulatory and neurotrophic 

factors (M2, alternative activation) (Cherry et al., 2014; David and Kroner, 2011; Martinez et 

al., 2009). In order to determine whether developmental changes in microglia morphology 

are associated with differences in microglial activation state, we characterized the 

developmental profile of microglial markers of classical and alternative microglia activation 

pathways.

Recent research has focused on characterizing microglia-specific gene expressions in order 

to identify microglia subtypes and potential targets for modulating microglia function 

(Butovsky et al., 2014; Das et al., 2015; Doorn et al., 2015; Erny et al., 2015; Hickman et al., 

2013; Parakalan et al., 2012). The Transforming Growth Factor-beta (TGF-β) receptor and 

Mer Tyrosine Kinase (MerTK), have been identified as components of a unique molecular 

signature in adult microglia (Butovsky et al., 2014). Both of these signaling pathways have 

important roles in microglial function during normal brain development and in response to 

an insult, making them potential mediators of age-related differences in microglial responses 

to injury. TGF-β is necessary for microglial maturation, induces microglial quiescence, and 

directs microglia towards M2 activation in response to an insult (Abutbul et al., 2012; 

Butovsky et al., 2014; Zhou et al., 2012). MerTK mediates microglial phagocytosis of 

apoptotic cells in neurogenic brain regions, and suppresses inflammation through expression 

of the suppressor of cytokine signaling (SOCS1 and SOCS3) (Fourgeaud et al., 2016; 

Rothlin et al., 2007). To explore whether age-dependent differences in the microglial 

response to injury may be related to developmental differences in microglial TGF-β and 

MerTK signaling, we defined the developmental profile of TGF-β and MerTK pathway 

expressions in the developing brain under physiological conditions and following HI.

Here we present the age-dependent differences in microglia morphology and gene 

expression in the downstream signaling of the TGF-β and MerTK pathways in response to 

HI.

2. Methods:

2.1. Animal use:

All procedures used mice with C57BL/6J background and were carried out in adherence 

with the NIH Guide for the Care and Use of Laboratory Animals using protocols reviewed 

by the Institutional Animal Care and Use Committee at our institution. All efforts were 

made to minimize animal suffering, to reduce the number of animals used, and to utilize 

alternatives to in vivo techniques, if available. Male and female mice in each age group were 

included in each experiment in order to address the sex as a variable.
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2.2. Induction of neonatal HI:

HI was induced as previously described with some modifications (Vannucci and Vannucci, 

1997). Postnatal day (P) 9 C57BL/6J mice were anesthetized with isofluorane (5% for 

induction, 2-3% for maintenance; Butler Schein Animal Health Supply) in 1 lt/min nitrous 

oxide and 0.3 lt/min oxygen. The body temperature of the pups was maintained at 36 °C 

using a heated surgical table (Molecular Imaging Products). Under a surgical microscope 

(Nikon SMZ-800 Zoom Stereo, Nikon), a midline skin incision was made and the muscle 

overlying the trachea visualized. The left common carotid artery was freed from the carotid 

sheath by blunt dissection, electrically cauterized, and cut. The incision was injected with 

0.5% bupivacaine and closed with a single 6.0 silk suture. Animals were returned to their 

dams and monitored continuously for a 2 hour (h) recovery period. To induce unilateral 

ischemic injury, following the recovery period the animals were placed in a hypoxia 

chamber (BioSpherix) equilibrated with 10% O2 and 90% N2 at 36-37°C for 50 min. After 

HI, animals were returned to their dams and monitored for pain and discomfort every minute 

(min) for the first 30 min, every 30 min for the next 2 h, and then daily until sacrificed at 2 

days post-injury. This is a wellcharacterized model of neonatal HI and results in 

reproducible brain injury ipsilateral (IL) to the electrocauterized left common carotid artery 

(Vannucci and Vannucci, 1997) (Cengiz et al., 2011; Uluc et al., 2013) (Cikla et al., 2016b) 

(Cikla et al., 2016a). In this model, unilateral severing of common carotid artery alone does 

not induce ischemic injury due to collateral circulation from the contralateral (CL) side 

through the circle of Willis. Only subsequent exposure of mice to hypoxic air mixture results 

in hemispheric ischemia as a result of the preferential decrease of blood flow to the 

ipsilateral (IL) hemisphere secondary to hypocarbia (Mujsce et al., 1990). Sham-operated 

mice received anesthesia and exposure of the left common carotid artery without 

electrocauterization or hypoxia, as described in this model before (Cikla et al., 2016a; Cikla 

et al., 2016b; Fang et al., 2013).

2.3. Immunohistochemistry:

Mice were deeply anesthetized with 5% isoflurane and transcardially perfused with 4% 

paraformaldehyde (PFA) (pH 7.4). After post-fixation of the brains in 4% PFA overnight, 

brains were subsequently cryoprotected in a 30% sucrose/PBS solution for 48 h. Frozen 

brains were cut into coronal sections (35 μm) on a freezing microtome (Leica SM 2000R; 

Buffalo Grove, IL), and stored in antifreeze solution at -20°C. For immunofluorescence 

staining, free floating mid-hippocampus sections were washed three times with 0.1M Tris-

buffered saline (TBS) and then subjected to 10 mM Sodium Citrate solution (pH 8.5) for 30 

minutes at 80 °C for antigen retrieval. Subsequently, slices were blocked with TBS++ (0.1% 

Triton X-100 and 3% goat serum in 0.1 M TBS) for 60 min at room temperature. Slices 

were double-stained with anti-Iba1 (1:250 diluted in TBS++; rabbit polyclonal, WAKO, 

Richmond, VA) and anti-MAP2 (1:500 diluted in TBS++; mouse monoclonal, Sigma, St. 

Louis, MO) for 1 h at 37°C and then overnight at 4°C with mild shaking. After washing with 

TBS (3 x 10 min), brain sections were incubated with the appropriate secondary antibodies 

(goat antirabbit Alexa Fluor 488-conjugated IgG (1:200 diluted in TBS++) and goat anti-

mouse Alexa Fluor 546-conjugated IgG (1:200 diluted in TBS++) for 1 h at 37°C. Slices 

were washed with TBS (3 x 10 min) slices and mounted on slides using Vectashield 

mounting media with DAPI (Vector Labs, Burlingame, CA). For every stained slide there 
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was corresponding negative antibody control staining in which primary antibodies were 

eliminated to serve as negative control for nonspecific secondary antibody staining. Slides 

were imaged with a Nikon A1R-Si confocal microscope using a 20X or 60X objective.

2.4. Microscopy and Morphometric analysis:

Z-stack (1 μm intervals) images (512 x 512 pixels) of brain sections were acquired using a 

60X oil objective on a Nikon A1R-Si confocal microscope. Semi-automated image analysis 

was performed using Bitplane IMARIS 8.0. 3D image analysis software (Oxford 

Instruments, Concord, MA) based on a previously described method (Nayak et al., 2013). 

Morphometric analysis was performed on Iba1 positive microglia in images acquired from 

cortex, CA1 hippocampus, and striatum. Images were subjected to maximum intensity 

projection (MIP) and only microglia whose processes were entirely within the 3-D Z-stack 

volume were quantified. Five to ten microglia were analyzed per brain region assessed in 

each mouse (n=6-8 mice/group). Microglia ramification was quantified on MIP images 

using automatic filament tracing to determine total process length, number of branch points, 

number of end-points, and number of branch segments (Morrison and Filosa, 2013). Manual 

filament tracing was performed instead of automated method in P9 post-HI samples due to 

the dramatic alteration in microglia morphology in these specimens. Soma volume was 

determined from surface render images, and the process end-points were used to create a 

hull volume representing the 3-D volume of tissue surveilled by each microglia.

2.5. Microglia isolation and Quantitative Polymerase chain Reaction (qRT-PCR):

Mice were perfused with once with PBS (pH 7.4) transcardially. Then brains are removed 

from the skull, and brain tissues were processed using a Neural tissue dissociation kit 

(Miltenyi Biotec, San Diego, CA). Whole brain samples or pooled samples from 5 mice for 

the regions of cortex, striatum and hippocampus are used to isolate microglia by magnetic-

activated cell sorting using CD1 lb-conjugated magnetic bead separation (Miltenyi Biotec, 

San Diego, CA). RNA was extracted from microglia using Qiagen RNeasy mini-spin kit 

(Qiagen Inc, Valencia, CA). RNA concentration and purity were determined using a 

NanoDrop 2000c (Thermo Scientific, Waltham MA), and cDNA was synthesized from 250 

ng total RNA using a SuperScript® VILO™ cDNA kit (Invitrogen, Waltham, MA). Taqman 

Low-Density Array Cards (Applied Biosystems, Foster City, CA) were used to assess 

developmental profiling of the gene expressions of tumor necrosis factor-alpha (TNF-alpha), 

interleukin 1 beta (IL-1β), inducible nitric oxide synthase (iNOS), CD32, CD206, TGF-β 
receptor 1 (TGFβR1), Serpine1, MerTK and SOCS3 in microglia isolated from whole brain 

samples of P2, P9, P30 and P60 mice. Beta-actin and ribosomal 18s were used as reference 

genes. For post-HI assessment of TGF-β and MerTK pathway genes, TaqMan Gene 

Expression Assay probes were used for TGF-β, TGF-β1 receptor, Serpine1, Growth arrest 

specific protein (Gas6), MerTK, SOCS3, and beta actin (reference gene) in microglia 

isolated from ipsilateral and contralateral hippocampi of P9 and P30 mice. A master mix 

solution was made consisting of 0.5 μl TaqMan gene expression assay probe (20X), 7.5 μl 

TaqMan Gene expression master mix, and 5.0 μl nuclease free water and samples loaded on 

a 384 well plate with a final reaction volume of 15 μl. qPCR was performed using the 

ViiA-7 Real Time PCR System (Applied Biosystems) following the manufacturer’s 

instructions. All samples were run in duplicates, relative gene expression was calculated 
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using the ΔΔCt method normalized to a single biological sample used on all plates, and 

expression is presented as fold change versus the control group as indicated in figure legends 

(Fig. 4 and 6).

2.6. Statistical Analysis:

Statistical tests were performed using SPSS Statistics version 24.0 (IBM Corporation). For 

developmental profile of morphologic measures, three-way MANOVA was performed to test 

for main effects and interaction effects between age, sex and brain region, with Bonferroni 

alpha correction of between-subjects effects for the multiple morphologic measurements, 

followed by Tamhane’s post-test in the morphologic measures that demonstrated significant 

between-subjects effects and at least a 2-fold change in expression. For developmental gene 

expression analysis, two-way MANOVA was used to test for main effects and interaction 

effects between age and sex, with Bonferroni corrected p-value for between-subjects effects 

in multiple genes assessed, followed by Tukeys post hoc test for group comparisons in genes 

with significant between-subjects effects. For post-HI morphometrics, paired t-test was used 

to test for within brain differences in morphologic measures between ipsilateral and 

contralateral hemispheres. For gene expression analysis post-HI, three-way MANOVA was 

used to test for main effects and interaction effects between age, sex and HI, with between-

subjects p-value Bonferroni-corrected for multiple genes assessed, followed by Tukeys post-

test in genes with significant between-subject effects and at least a 2-fold change in 

expression. Results were considered to be statistically significant if p-value<0.05.

Results:

3.1. Developmental profile of microglia morphology.

We first set out to characterize developmental changes in microglia distribution and 

morphology. Immunostaining for microglia and neurons was performed in P2, P9, P30 and 

P60 mice. As shown in Figure 1, microglia in the neonatal P2 brain demonstrate a scattered 

distribution and an ameboid morphology with few cell processes. In P9 brains, microglia are 

more diffuse throughout grey matter regions, with an increase in cell processes. In P30 and 

P60 brains, microglia are evenly distributed throughout the brain, and demonstrate a highly 

ramified morphology with abundant branched and filamentous cell processes.

Next, we quantified these morphologic changes using semi-automated software analysis of 

microglia branching and cell body size. As shown in the representative images of 

hippocampal microglia from P2-P60 brains in Figure 2, consecutive Z-stack images were 

used to create a maximum intensity projection (MIP; a,f,k,p)and 3-dimensional surface 

render (b,g,l,q) of individual microglia. Skeletonized images (c,h,m,r) were used to calculate 

measures of microglia branch length and number of branch segments, junctions and end-

points for each microglia. A hull surface render (d,i,n,s) was created for each microglia 

using the branch endpoints, representing the volume of tissue surveilled by each individual 

microglia. Microglia soma volumes (e,j,o,t) were calculated from surface render images. The 

progressive increase in microglia ramification seen qualitatively in these images is quantified 

in Figure 3. Overall, a progressive increase in measures of microglia branching and decrease 

in cell body size is seen from P2 to P30 in each brain region. Microglia total branch length 
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(A), branch points (B) number of segments (C), and terminal points (D) were significantly 

greater in P30 brain regions compared to P2 and P9 brain regions (3-4 fold increase vs P2, 

~2 fold increase vs P9, p<0.05). Hull volume (E) of P30 mice was 10-fold larger than P2 

mice and 3-fold greater than P9. In contrast, soma volume (F) demonstrated approximately a 

40% reduction in volume between P2 and P30 mice. No difference in morphology measures 

was found between P30 and P60 mice, and no significant differences were seen between 

brain regions or males and females. In summary, microglia undergo significant changes in 

morphology during normal brain development, and reach a mature phenotype by P30.

3.2. Profile of microglia gene expression in the developing brain

We next set out to determine whether microglia gene expression profile is associated with 

developmental changes in microglia morphology. The immature microglia phenotype, 

consisting of ameboid microglia and microglia with few stout cell processes, is similar to the 

morphology seen in activated microglia responding to neurologic insult (Hanisch and 

Kettenmann, 2007) (Harry and Kraft, 2012). Therefore, expression of genes associated with 

classical activation (M1), and alternative activation (M2) were assessed in microglia isolated 

from whole brain specimens of P2, P9, P30 and P60 mice. Additionally, we assessed 

expression of genes in the TGF-β and MerTK pathways, known to be important in directing 

microglia development and activation responses (Butovsky et al., 2014). As shown in Figure 

4, while a number of M1 and M2 genes demonstrated significant differences between age 

groups, no clear M1 or M2 profile is seen in microglia isolated from the developing brain. 

Among the antiinflammatory M2 genes (Fig. 4 E-H), Arg1 demonstrated a dramatic 

reduction in expression in the P30 and P60 microglia compared to P2 and P9, while the 

expression of YM1 was significantly increased in the older age groups, and IL-10 was 

increased only in P60 mice. Expression of pro-inflammatory genes was more consistent 

across age groups (Fig. 4 A-D). There was a significant increase only in IL-1β expression 

and iNOS expression microglia from P60 and P9 mice, respectively, with no difference seen 

in TNF-alpha and CD32 expressions.

In contrast to the M1 and M2 genes, expression of genes in the TGF-β and MerTK pathways 

demonstrated a clear developmental transition between P9 and P30 (Fig. 4 I-L). Expression 

of TGFβR1 was 5 fold greater in P30 and P60 mice compared to P2 and P9. Expression of 

the downstream effector of TGF-β receptor signaling, Serpine1, was also dramatically 

increased in the older age groups (p<0.05). Expression of MerTK and the downstream 

effector, suppressor of cytokine signaling 3 (SOCS3) were significantly increased in P30 and 

P60 mice compared to P2 and P9 mice.

3.3. Effect of HI on microglia in the developing brain

Having identified significant differences in microglia morphology and expression of genes in 

the TGF-β and MerTK signaling pathways between P9 and P30 mice, we next set out to 

determine whether exposure to HI affects microglia morphology and TGF-β/MerTK 

signaling differently between P9 and P30 mice. Two days after induction of HI, microglia 

morphology was quantified from immunostaining of the ipsilateral (hypoxic-ischemic 

hemisphere) and contralateral (hypoxia-only, in-situ control) hippocampus. Representative 

images of microglia morphology in ipsilateral and contralateral P9 and P30 hippocampus are 
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shown in Figure 5 A-B. Microglia in contralateral hippocampus of P9 and P30 mice retain a 

branched morphology. In ipsilateral hippocampus of P9 mice, microglia are seen to have few 

cell processes with little branching. In contrast, microglia in ipsilateral P30 hippocampus 

retain a highly ramified morphology. As shown in Figure 5 C-H, HI resulted in a significant 

reduction in microglia branching measures and hull volume in ipsilateral hippocampus of 

only P9 mice. A consistent but not significant decrease in morphological measures was seen 

in ipsilateral P30 microglia.

We next assessed the effect of HI on expression of genes in the TGF-β and MerTK pathways 

in microglia isolated from P9 and P30 hippocampus at 2 days post-HI. As shown in Figure 

6, HI did not significantly affect expression of TGF-β (A) or the ligand for MerTK, Gas6 

(D). However, HI resulted in a significant reduction in expression of the TGF-β receptor in 

ipsilateral hippocampus in both P9 and P30 mice (B). Interestingly, HI resulted in a 

significant increase in expression of Serpine1 in CD11b+ microglia/macrophages isolated 

from ipsilateral hippocampus of P9 mice, while no change was seen in P30 mice (C). 

However, expression of TGF-βR1 and Serpine1 remained significantly elevated in P30 

ipsilateral microglia/macrophages compared to ipsilateral P9. HI resulted in a significant 

decrease in expression of MerTK and SOCS3 in ipsilateral P9 and P30 hippocampal 

microglia/macrophages (E and F). Again, expression of both the receptor and downstream 

effector remained significantly elevated in the ipsilateral P30 compared to ipsilateral P9 

hippocampus.

4. Discussion:

4.1. Microglia in the developing brain.

Microglia originate from yolk sac-derived myeloid precursor cells and colonize the brain 

during early embryonic period (Czeh et al., 2011; Ginhoux et al., 2010). In the early fetal 

brain, microglia are ameboid phagocytic cells thought to be responsible for clearance of 

cellular debris occurring from normal brain development (Graeber and Streit, 2010; 

Paolicelli et al., 2011). During the late fetal period, microglia migrate along developing 

white matter tracts and spread into gray matter regions (Rezaie, 2003). In early postnatal 

brain development, microglia begin a morphologic transition from ameboid cell into the 

highly ramified morphology found in the adult brain (Hristova et al., 2010).

In our prior studies, we found developmental differences in microglial responses to injury 

between infant and juvenile mice (Cikla et al., 2016a; Ferrazzano et al., 2013), and 

questioned whether differential microglia responses may be related to phenotypic 

differences between neonatal and juvenile microglia. Therefore, in the current study, we 

quantitatively describe microglia morphology at time-points during the first two months of 

brain development. We found a progressive increase in microglia branching measures from 

P2 to P30 and a concomitant decrease in cell body size. Microglia in the P2 brain exhibited 

large cell bodies with few short unbranched cell processes. By P9, microglia total cell 

process length and number of branch points had approximately doubled, with another 

doubling of these measures occurring between P9 and P30. In contrast, no change in 

microglia morphometrics was found between P30 and P60, indicating that microglia in the 

juvenile brain have attained a mature phenotype.
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Microglial morphology is closely related to microglia function. Highly ramified microglia 

found in the mature brain are associated with an immunosurveillance state, and maintenance 

of homeostasis in the neuronal and synaptic environment (Hanisch and Kettenmann, 2007; 

Harry, 2013). In response to an injury or pathogen exposure, microglial activation involves a 

transition from a highly ramified morphology to one with increased cell body size and short 

stout cell processes. In some cases, microglial activation can progress to a complete ameboid 

phagocytic morphology. The immature microglial morphology we observed at P2 and P9 is 

consistent with an “activated” phenotype, reflecting a role in phagocytosis and synaptic 

pruning during the early postnatal period. Given this activated morphology in immature 

microglia, we assessed for age differences in the expression of genes associated with 

classical (M1) and alternative (M2) activation states found in microglial and macrophage 

responses to injury and infection. Expression of M1 and M2 markers has been observed in 

neonatal microglia (Lenz et al., 2013), but the developmental profile of this expression has 

not been previously described to our knowledge. Classical activation is associated with pro-

inflammatory cytokine expression, such as TNF-alpha, IL-1beta, iNOS, and CD32 (David 

and Kroner, 2011). Not surprisingly, microglia isolated from naïve brains demonstrated 

overall low levels of these pro-inflammatory markers in each age group, with the exception 

of an increase in IL-1beta in P60 mice and iNOS in P9 mice. Alternative activation is 

associated with expression of immunomodulatory and anti-inflammatory cytokines such as 

Arg1 , IL-10, YM1 and CD206, and promotes phagocytosis and wound healing (Cherry et 

al., 2014). Among M2 genes, we found a dramatic increase in Arg1 expression in P2 and P9 

mice compared to P30 and P60. Interestingly, the reverse expression pattern was seen in 

expression of YM1, with an increase in expression in the older age groups. Arg1 converts L-

arginine to prolines and polyamines, competes with iNOS for substrate, and has been 

described to have a role in tissue remodeling and repair (Munder, 2009) (Corraliza et al., 

1995). YM1 is a secretory lectin which binds heparin and prevents breakdown of the extra 

cellular matrix (Chang et al., 2001) (Hung et al., 2002). This transition in M2 profile from 

predominantly Arg1 in the immature brain to YM1 expression in the mature brain may 

therefore be associated with a transition in the role of microglia from supporting the 

remodeling of the developing brain to supporting homeostasis in the mature brain. 

Regardless, it will be important to consider these developmental differences in M1 and M2 

gene expression when markers of classical and alternative activation are assessed in future 

developmental brain injury studies.

It is important to note that while describing microglia polarization in terms of M1/M2 

activation states is a useful framework for understanding pro- vs. anti-inflammatory 

microglial responses, it clearly oversimplifies the heterogeneity of the microglial population, 

particularly within the alternative activation profile where a number of subtypes of microglia 

function have been described. The M2a response is mediated through IL4 and functions to 

suppress inflammation (Pepe et al., 2014), whereas the toll-like receptor-mediated M2b 

response is suggested to have a role in initiating microglia immunoregulatory M2 responses 

(Chhor et al., 2013), and signaling through IL10 and TGF-beta yields the M2c profile, 

thought to be primarily associated with tissue remodeling (Cherry et al., 2014). Even this 

subclassification likely obscures the complexity of microglial responses, which is perhaps 
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more appropriately viewed as a spectrum of integrated individual microglia profiles, each 

with specific roles in in the overall inflammatory response.

TGFβR1 and MerTK were recently identified as part of a unique molecular signature in 

adult microglia when compared to neonatal microglia, cultured microglia, and microglial 

cell line culture (Butovsky et al., 2014). Additionally, TGF-β and TAM kinase signaling 

pathways are important mediators of microglia function in both the normal brain and in 

response to injury (Massague, 2012; Rothlin et al., 2015). Therefore, we examined the 

expression of these receptors and their downstream signaling proteins in the developing 

brain. Interestingly, we found a transition in expression of the TGF-β receptor and MerTK 

receptor between P9 and P30 which mirrors the transition in microglia morphology that 

occurs at this time. A similar increase was seen in the expression of Serpine1 and SOCS3, 

indicating increased activity of T TGFβR1 and MerTK signaling in the juvenile and adult 

microglia compared to infant and neonatal microglia.

TGF-β is a pleiotrophic growth factor which plays an essential role in developmental 

programs regulating cell proliferation, differentiation and regeneration (Massague, 2012). 

Activation of the TGFβR1 by binding of TGF-β results in upregulation of SMAD-mediated 

gene expression, including Serpine1. TGF-β receptor signaling through SMAD3 pathways 

has been suggested to be responsible for inducing a quiescent microglial phenotype (Abutbul 

et al., 2012), and TGF-β expression is necessary for normal microglial development 

(Butovsky et al., 2014). Knockout of TGF-β results in a severe inflammatory condition and 

death by 3 weeks of age, and accordingly, TGF-β deficiency has been proposed to contribute 

to autoimmune pathologies (Bommireddy et al., 2003). In our study, increase in TGFβR1 

expression and downstream signaling was associated with a developmental transition in 

microglia phenotype to a highly ramified immunosurveillance cell, consistent with the role 

of TGF-β signaling in maintaining microglial quiescence in the mature brain.

MerTK is a member of the tyr/axl/mer (TAM) family of kinases, responsible for inhibiting 

inflammation via expression of the suppressor of cytokine signaling proteins, SOCS1 and 

SOCS3 (Rothlin et al., 2007). TAM kinases are therefore responsible for suppressing 

inflammation in the absence of an inflammatory stimulus, and in restoring normal immune 

function after an injury or infection. Knockout of TAM kinases induces an increase in basal 

activation of pro-inflammatory signaling through MAP kinases and NF-kB (Ji et al., 2013), 

and results in chronic inflammation and systemic autoimmunity (Lu and Lemke, 2001). 

Additionally, TAM kinases play a role in mediating microglial phagocytosis. MerTK and its 

ligand Gas6 regulate clearance of the apoptotic cells associated with adult neurogenesis, and 

knockout of MerTK results in accumulation of apoptotic debris in neurogenic regions 

(Fourgeaud et al., 2016). Apoptotic cell death is a normal and essential component of early 

brain development (Mazarakis et al., 1997; Yamaguchi and Miura, 2015) (Roth and D'Sa, 

2001), and clearance of this debris is commonly cited as an important role for microglia in 

the developing brain (Bilimoria and Stevens, 2015; Casano and Peri, 2015; Harry, 2013). 

However, we found that MerTK expression and downstream signaling is increased in 

microglia present in older compared to younger mice, suggesting that the role of MerTK in 

microglial phagocytosis may be specific to mature microglia. Regardless, the increase in 

MerTK expression between P9 and P30 is consistent with the transition to a mature 
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morphology, and the role of ramified microglia in maintaining immune homeostasis in the 

healthy adult brain.

4.2. Age differences in gene expression in microglia/macrophages in response to HI

Consistent with our previous findings (Ferrazzano et al., 2013) (Cikla et al., 2016a), in the 

current study we found that HI results in intense microglia activation in ipsilateral 

hippocampus of P9 mice, with microglia demonstrating a significant decrease in branching 

measures and an increase in cell body volume. In contrast, HI induced a much more 

moderate decrease in branching morphology in the P30 microglia, which overall retained a 

highly ramified morphology. We previously found that these phenotypic differences in 

microglia morphology were associated with a more pro-inflammatory cytokine expression 

profile in P9 mice compared to P30 mice (Ferrazzano et al., 2013). In interpreting these 

results, it is important to consider the contribution of developmental and regional differences 

in susceptibility to HI-induced neuronal and oligodendrocyte cell death. For example, 

developmental differences in sub-cortical white matter injury have been described in the 

hypoxia-ischemia model (Albertsson et al., 2014), as well as the selective vulnerability of 

the hippocampus to hypoxic-ischemic injury (Schmidt-Kastner, 2015; Schmidt-Kastner and 

Freund, 1991; Semple et al., 2013; Towfighi et al., 1997). We focused the current 

investigation on HI-induced microglia activation in the hippocampus because we have found 

this to be the most consistently injured brain region post-HI (Cikla et al., 2016a; Cikla et al., 

2016b; Uluc et al., 2013), and we previously demonstrated that HI induces a similar degree 

of early hippocampal injury between P9 and P30 mice (Ferrazzano et al., 2013). Whether the 

developmental differences seen in the microglia response following HI is due to primary 

effect of HI or secondary to age-and region-dependent differences in neuronal or glial 

susceptibility to HI, needs to be studied further.

To explore mechanisms which may underlie developmental differences in the microglial 

response to HI, we first identified a clear developmental transition in microglial TGF-β and 

MerTK signaling pathways during normal brain development, and then assessed for 

differences in the effect of HI on these pathways between P9 and P30 mice. Our interest in 

these pathways stems from their importance both in establishing and maintaining the 

immunosurveillance mode of microglia, and also in directing microglial responses to injury. 

We found that HI affected microglial gene expression in the TGF-β and MerTK pathways 

differently between age groups. In the TGF-β pathway, HI resulted in an increase in SMAD-

mediated downstream signaling in the P9 mice, as evidenced by a significant increase in 

Serpine1 expression. While Serpine1 expression was not changed in P30 mice, its 

expression remained dramatically elevated compared to P9. TGF-β exposure has been 

shown to direct microglia towards M2 responses (Zhou et al., 2012), induce microglial 

expression of anti-inflammatory genes (Paglinawan et al., 2003), and inhibit secretion of 

pro-inflammatory factors (Liu et al., 2016). Increased signaling through the TGF-β pathway 

in P30 mice compared to P9 mice after HI, is therefore consistent with our previous findings 

of a more balanced pro- vs. ant-inflammatory cytokine profile in P30 mice after HI 

(Ferrazzano et al., 2013).
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When we examined the effect of HI on the MerTK pathway, we found a reduction in MerTK 

expression and downstream signaling in both age groups in response to HI, however P30 

microglia again demonstrated significantly increased expression compared to P9. MerTK 

signaling plays an important role in downregulating the immune response after an injury, 

and knockout of the ligand or receptor results in prolonged microglial activation and pro-

inflammatory cytokine release (Ji et al., 2013) (Gruber et al., 2014). Additionally, TAM 

kinases have been implicated in promoting remyelination after white matter injury. Myelin 

removal is a critical first step in the remyelinating process (Kotter et al., 2005), and efficient 

phagocytosis of myelin debris is necessary for remyelination to occur (Lampron et al., 

2015). As mentioned previously, Gas6-MerTK signaling plays a key role in directing 

microglial phagocytosis, and Gas6 knockout mice demonstrate delayed remyelination and 

impaired maturation of preoligodendrocytes after experimental demyelination (Binder et al., 

2011) (Gruber et al., 2014). Interestingly, a recent study has linked TGF-β and MerTK in 

microglial phagocytosis of myelin. Healy et al found that exposure of human microglia to 

TGF-β resulted in upregulation of MerTK expression and enhanced ingestion of myelin by 

microglia, and that this TGF-β-mediated phagocytosis could be blocked by inhibition of 

MerTK (Healy et al., 2016). We previously described sustained white matter injury in P9 

mice after HI (Uluc et al., 2013), and our current study demonstrates decreased MerTK 

signaling in P9 mice in response to HI, suggesting that TGF-β and MerTK pathways may be 

potential therapeutic targets for neonatal HI-induced white matter injury. Further study will 

be needed to define the role of the TGF-β and MerTK pathways in the microglial response 

to HI in the developing brain.

4.3. Sex differences in microglia morphology and gene expressions following HI:

In our studies, we did not see any sex differences in the microglial morphological transition 

from immature to mature phenotype, or in the expressions of the TGF-β and TAM kinase 

signaling pathways during development and following HI. Sex differences in the number of 

microglia and microglial morphology has been described previously in the neonatal 

hypothalamus at P0-P2 (Schwarz et al., 2012) (Lenz and McCarthy, 2015) and hippocampus 

at P4, and a role in regulating synaptic patterning selectivity in developing brains has been 

established. These studies suggest that sex differences in microglia morphology and function 

are highly region and age specific, and further study is warranted to determine whether sex-

differences exist in microglia TGF-β and TAM kinase signaling in specific regions and 

timepoints after HI.

5. Conclusion

In summary, microglia demonstrate a transition from immature to mature morphology 

between P9 and P30, and this phenotypic change is associated with an increase in expression 

in the TGF-β and TAM kinase signaling pathways seen in P30 and P60 mice. Hypoxic-

ischemic insult induces differential changes in morphology and in TGF-β and MerTK 

signaling, and the effect of modulating the microglial response to HI via manipulation of 

these pathways warrants further study. Age-dependent differences in the microglial response 

to injury will need to be carefully considered as therapies targeting microglia are developed 

for pediatric brain injury.
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Highlights:

• Microglia undergo significant changes in morphology during normal brain 

development, reaching a mature phenotype by P30.

• Microglia demonstrate a clear transition in expression of genes in the TGFb 

and MerTK signaling pathways between P9 and P30.

• Hypoxia-ischemia induces differential changes in microglia morphology as 

well as TGFb and MerTK signaling between P9 and P30 mice.
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Figure 1: Age dependent differences in microglia morphology in the hippocampus.
Immunohistological staining for microglia (Iba1, green) and neurons (MAP2, red) in the 

hippocampus is shown (4X). Nuclei were stained with DAPI (blue). Regional distribution 

and morphology of microglia evolves with age in postnatal day 2 (P2), day 9 (P9), juvenile 

(P30) and adult (P60) mice. Microglia in the immature brain are concentrated in white 

matter regions bordering the hippocampus (a-d). With increasing age, microglia become 

more evenly distributed throughout the CA1 (20X) region (e-g), and demonstrate an 

increasingly ramified morphology (i-l and insets) (60X).
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Figure 2: Morphometric analysis of microglia.
Z-stack confocal images were acquired at 1-μm intervals. Representative images from the 

CA1 region of P2, P9, P30 and P60 mice are shown demonstrating the IMARIS workflow. 

Consecutive Z-stack images were converted to a maximum intensity projection (MIP; a, f, k, 

p) and surface render (b, g, l, q). Images were skeletonized for quantification of branching 

measures (c, h, m, r). A hull surface render was created for each microglia using the cell 

process end-points (d, I, n, s). Soma were identified on surface renders for calculation of 

soma volume (e, j, o, t).
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Figure 3: Quantification of microglial morphology.
The total branch length (A) and the number of number of branch points (B), branch 

segments (C), and terminal end points (D) were calculated from skeletonized images in CA1 

hippocampus, cortex and striatum. The Hull volume and soma volume are shown in E and F, 

respectively. N=8-12 microglia/region/mouse, 6-9 mice/group. Mean ± SEM. * p<0.05 vs. 

P2 group, #p<0.05 vs P9 group.
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Figure 4: Age-dependent microglial gene expression.
Analysis of a panel of microglia genes is shown for microglia isolated from whole brains of 

P2, P9, P30 and P60 mice. Expression of markers of classical microglial activation (M1) are 

shown in A-D, and markers of alternative (M2) microglial activation are shown in E-H. 

Expression of the receptor for transforming growth factor beta (TGF-βR) and its 

downstream effector serpine1 are shown in I and J, respectively. Expression of Mer-Tyrosine 

Kinase (MERTK) and its downstream effector the suppessor of cytokine signaling (SOCS3) 

are shown in K and L. Expression is shown as fold change compared to P2 group, N=8 

mice/group, Mean ± SEM. *p<0.05 vs P2, #p<0.05 vs P9.
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Figure 5: Quantification of changes in microglia morphology after hypoxia-ischemia.
Representative Imaris-processed images are shown in A and B from contralateral (CL) and 

ipsilateral (IL) hippocampus of P9 and P30 mice at 2 days post-HI. MIP images (a,b,g,h) 

demonstrate loss of branching in ipsilateral P9 microglia. Soma surface renders (c,d,i,j) 

illustrate an increase in soma size in ipsilateral brain regions, and Hull volumes (e,f,k,l) 

decrease in ipsilateral P9. Quantifications of cell process total length (C), number of branch 

points (D), segments (E) and terminal points (F), hull volume (G) and soma volume (H) are 

shown. N=5-10 microglia/region/mouse, 6 mice/group, Mean ± SEM. *p<0.05 vs CL.
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Figure 6: Age-dependent differences in activation of TGF-β and TAM Kinase pathways in 
CD11b+ microglia/macrophages after hypoxia-ischemia.
Expression of ligand (A, D), receptor (B, E) and downstream effector (C, F) in the TGF-β 
and MerTK signaling pathways at 2 days post-HI is shown for microglia isolated from 

ipsilateral and contralateral hippocampus of P9 and P30 mice. N=7-8 mice/group, Mean ± 

SEM. *p<0.05 vs contralateral CL hippocampus, #p<0.05 vs P9 brain region.
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