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Abstract 

Background Neonatal hydrocephalus is a congenital abnormality resulting in an inflammatory response and 
microglial cell activation both clinically and in animal models. Previously, we reported a mutation in a motile cilia 
gene, Ccdc39 that develops neonatal progressive hydrocephalus (prh) with inflammatory microglia. We discovered 
significantly increased amoeboid-shaped activated microglia in periventricular white matter edema, reduced mature 
homeostatic microglia in grey matter, and reduced myelination in the prh model. Recently, the role of microglia in 
animal models of adult brain disorders was examined using cell type-specific ablation by colony-stimulating factor-1 
receptor (CSF1R) inhibitor, however, little information exists regarding the role of microglia in neonatal brain disorders 
such as hydrocephalus. Therefore, we aim to see if ablating pro-inflammatory microglia, and thus suppressing the 
inflammatory response, in a neonatal hydrocephalic mouse line could have beneficial effects.

Methods In this study, Plexxikon 5622 (PLX5622), a CSF1R inhibitor, was subcutaneously administered to wild-type 
(WT) and prh mutant mice daily from postnatal day (P) 3 to P7. MRI-estimated brain volume was compared with 
untreated WT and prh mutants P7-9 and immunohistochemistry of the brain sections was performed at P8 and 
P18-21.

Results PLX5622 injections successfully ablated IBA1-positive microglia in both the WT and prh mutants at P8. Of 
the microglia that are resistant to PLX5622 treatment, there was a higher percentage of amoeboid-shaped microglia, 
identified by morphology with retracted processes. In PLX-treated prh mutants, there was increased ventriculomegaly 
and no change in the total brain volume was observed. Also, the PLX5622 treatment significantly reduced myelina-
tion in WT mice at P8, although this was recovered after full microglia repopulation by P20. Microglia repopulation in 
the mutants worsened hypomyelination at P20.

Conclusions Microglia ablation in the neonatal hydrocephalic brain does not improve white matter edema, and 
actually worsens ventricular enlargement and hypomyelination, suggesting critical functions of homeostatic ramified 
microglia to better improve brain development with neonatal hydrocephalus. Future studies with detailed exami-
nation of microglial development and status may provide a clarification of the need for microglia in neonatal brain 
development.
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Introduction
Pediatric hydrocephalus is an enduring pathological 
condition that often requires cerebrospinal fluid (CSF) 
diversion surgery and significantly impacts neurocogni-
tive and motor development. It is the most common dis-
ease process treated by pediatric neurosurgeons [1] and 
may be caused by intraventricular hemorrhage, spina 
bifida, brain infections, choroid plexus papilloma, aque-
ductal stenosis, or genetic mutations [2–5]. Congenital 
hydrocephalus, diagnosed in utero or newborns, affects 
6 children per 10,000 live births [6, 7]. Congenital com-
municating hydrocephalus, caused by an imbalance of 
CSF volume control between both overproduction and 
malabsorption, makes up 8% of the common causes in 
the neonatal and infant populations according to North 
American centers within the Hydrocephalus Clinical 
Research Network (HCRN) [8, 9]. Atrophy and gliosis to 
periventricular white matter, including the corpus callo-
sum, fimbria, and corticospinal tract are often described 
and thought to be primarily due to ventricular dilation, 
responsible in part, for neurocognitive and motor defi-
cits [10]. Surgical diversion of CSF is the most common 
treatment for this condition; however, the cellular basis 
remains unsolved despite the effects leading to a lifetime 
of neurocognitive and neuropsychological problems in 
surgically treated patients. Also, about half of the chil-
dren require surgical shunt revisions within 2 years [11, 
12]. Hence, the immense need to develop early medical 
intervention persists, either in combination with surgi-
cal diversion or on its own, to potentially avert these life-
long adverse symptoms.

Diffusion tensor imaging studies have shown that 
disturbed periventricular white matter integrity is 
associated with neurobehavioral deficits in pediatric 
hydrocephalus [13, 14] and that shunting gradually 
improves these deficits over time [15, 16]. The reduc-
tion in myelination and capillary densities [17, 18], as 
well as extracellular edema and macrophages [19, 20] 
are documented in earlier studies in autopsies or cer-
ebral biopsies performed in pediatric patients with 
severe hydrocephalus [21]. Phagocytosed myelin was 
noted in symptomatic, but not in asymptomatic hydro-
cephalus patients [10]. Experimental animal models of 
neonatal hydrocephalus have described similar pathol-
ogy in white matter in detail [22–32]. Also, potential 
causal roles of neuroinflammation have been demon-
strated in the progression of hydrocephalus causing 
ependymal cell maturation deficit [33], glial scar forma-
tion [34, 35], or arachnoiditis [36]. Neuroinflammation 

is documented in the form of elevated pro-inflamma-
tory molecules [37–40] which have the potential to 
serve as biomarkers to identify patients at high risk for 
progressive hydrocephalus.

Microglia are resident macrophages of the central 
nervous system (CNS) and are the primary immune 
cells to respond to inflammation [41]. Mature micro-
glia and perivascular macrophages are dependent  on 
the colony-stimulating factor 1 receptor (CSF1R) for 
their survival. Selective  CSF1R inhibitors, including 
PLX3397 [42], PLX5622 [43], and BLZ945 [44], induce 
microglial cell death and eliminate 50–90% of micro-
glia, within 3–7  days of treatment depending on dose 
and the brain area. Microglial ablation with CSF1R 
inhibitors in adult mice did not alter cognitive functions  
[44], rather it shows therapeutic benefits in neurologi-
cal disorder models by preventing  microglial plaque 
formation in Alzheimer [43] or alleviating mechanical 
allodynia [46, 47]. Starting 3 days after the withdrawal 
of CSF1R inhibitors, new microglia begin to proliferate, 
migrate, and fully repopulate the mouse brain within 
7 days [48]. This replacement of microglia  represents 
a clinically feasible [54] and novel approach to tempo-
rally resolve neuroinflammation and improve cognitive 
decline in aging [48] and  behavioral deficits/synaptic 
spine number in neuronal lesion injury [49] in animal 
models.

To investigate the roles of microglia in the patho-
genesis of ventricular dilation and hypomyelination in 
neonatal hydrocephalus, here we evaluated the effects 
of PLX5622, a more potent CSF1R inhibitor than 
PLX3397 [50], in the progressive hydrocephalus (prh) 
mouse mutants [51]. The prh mutation identified within 
coiled-coil domain-containing 39 (Ccdc39) gene causes 
shorter and immotile ependymal cilia and impaired 
brain intraventricular CSF flow, which results in 
severe postnatal hydrocephalus phenotype within the 
first postnatal week [23]. We found pro-inflammatory 
(Ccl2+ , Cd86+) amoeboid-shaped microglia accumu-
lating in the periventricular white matter [22, 24, 52]. 
The inhibition of NF-kB signaling using an anti-inflam-
matory agent, bindarit, significantly ameliorated white 
matter edema, hypomyelination and other neurode-
velopmental deficits in the somatosensory cortex, and 
improved neonatal hind limb motor function of the prh 
mutant [22]. Since the microglia in immature perinatal 
brains have pivotal functions in brain development [48, 
53], in this study we investigated whether the removal 
of pro-inflammatory microglia with PLX5622 could be 
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beneficial for supporting myelination and white matter 
integrity, and potentially improve brain development 
or can induce adverse developmental defects in the prh 
mutant.

Materials and methods
Animal line and mouse weight
The Ccdc39prh allele [51] was maintained on a mixed 
congenic strain background (50% CD-1 background). 
Heterozygous Ccdc39wt/prh males and females were bred 
creating both homozygous Ccdc39 mutant (Ccdc39prh/prh, 
hereafter prh) and wild-type (Ccdc39wt/wt, hereafter WT) 
mice. Untreated control and PLX5622 treated pups were 
weighed (g) on a scale every day from P3 to P20. Mice 
were housed in specific pathogen-free conditions, and all 
animal procedures were approved by the Cincinnati Chil-
dren’s Hospital Medical Center Institutional Animal Care 
and Use Committee.

Drug administration
PLX5622 (MedChemExpress) was dissolved in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich) as aliquoted stock 
solution (50 mg/mL) and stored at -20 °C for up to four 
months. PLX5622 (50 mg/kg) was subcutaneously given 
to WT and prh mutant mice daily from P3 to P7. Mice 
were weighed before injection and the diluted PLX5622 
(25 mg/mL in DMSO) was given using 0.025 mL Hamil-
ton syringe (Hamilton company, 80222) and a 31-gauge, 
12-degree angle, and 13  mm length needle (Hamilton 
company, 7750–22) to support injection accuracy. The 
injection volume ranged from 6–15 μL per animal rela-
tive to the mouse weight.

Immunohistochemistry
P8 brains were quickly collected in phosphate-buffered 
saline (PBS) from prh and WT mice (n = 70) and imme-
diately fixed in 4% paraformaldehyde (PFA) in PBS over-
night at 4℃. P18 -P21 prh and WT mice (n = 24) were 
perfused with ice-cold PBS followed by 4% PFA, and 
the brain samples were fixed in 4% overnight at 4℃. All 
samples were washed with PBS, cryoprotected in 15% 
and 30% sucrose in PBS for one overnight each. From 
the samples immersed and frozen in NEG50 freezing 
medium (Thermo Fisher Scientific), 12 µm-thick sagittal 
cryosections were prepared and dried on slide glasses. 
For immunofluorescence, CTIP2-staining sections were 
permeabilized with 0.3% Triton X-100 (Thermo Fisher 
Scientific) in PBS for 30 min. After blocking in 2% nor-
mal donkey serum/0.25% Triton X-100/PBS for 1  h 
sections were incubated with primary antibodies of anti-
rabbit IBA1 (1:500, Wako, 019–19,741), anti-goat IBA1 
(1:500, Abcam, ab5076), anti-rat CTIP2 (1:1000, Abcam, 
ab183032), anti-rabbit CNPase (1:100, Cell Signaling, 

5664), anti-rat CD86 (1:200, BD Biosciences, 553,689), 
anti-rabbit ApoE (1:250, Abcam, ab183597), or anti-rab-
bit OLIG2 (1:500, Abcam, ab136253), overnight. After 
washing and incubation with fluorophore-conjugated 
secondary antibodies (Thermo Fishers) for 2  h, the sec-
tions were washed and counterstained with DAPI 
(Sigma-Aldrich) for 5 min and mounted with DAPI-Fluo-
romount-G mounting medium (Southern Biotech).

Microscope imaging and quantification
Images were taken with either a Nikon-Ti-E 90i upright 
widefield microscope with a 4×, 10×, or 20× optical 
lens or a confocal laser scanning microscope (Nikon 
A1RGaAsP inverted microscope) at 60×. Fluorescence 
intensity and number of cells were analyzed using the 
counter tool in NIS Elements software (Nikon) for the 
quantification of  ApoE+IBA1+ and  CD86+  IBA+ double 
-positive cells. The numbers of  IBA1+ round amoeboid-
shaped macrophages and ramified-shaped microglia 
were manually counted. For the quantification of CNPase 
signals, images were captured with a 10 × optical lens tile 
scan. We measured CNPase positive areas out of region 
of interest (ROI)s in the body of corpus callosum using 
the General Analysis (GA) tool in NIS Elements software. 
The relative  CNPase+ area size per ROI was calculated 
as % and used as myelination rate. OLIG2 positive cells 
density was quantified using the 3 images of the corpus 
callosum per animal taken with 20 × optical lens, and 
OLIG2 and DAPI positive cells were counted using NIS 
automated measurement in GA tool.

Magnetic resonance imaging and quantification
In vivo mouse brain MRI were performed on Biospec 
7 T horizontal MRI system equipped with a 38 mm lin-
ear coil (Bruker Biospin, Billerica, MA). P7-9 mice were 
anesthetized with isoflurane and kept warm with circu-
lating air. Temperature and respiration rate were moni-
tored on physiological monitoring system (Small Animal 
Instruments, Inc. (SAI, NY)). Two respiratory-gated 
three-dimensional (3D) MR images were acquired using 
a fat-suppressed T2-weighted fast spin echo sequence 
(repetition time 1800  ms, echo time 80  ms, matrix 
240 × 112 × 45, field of view 48  mm × 22.4  mm × 18  mm, 
number of echoes 20, echo spacing 10 ms, 1 average) and 
a fluid-sensitive sequence (fast spin echo, repetition time 
2000 ms, echo time 264 ms, matrix 320 × 108 × 80, field of 
view 48  mm × 16.2  mm × 12  mm, number of echoes 60, 
echo spacing 20  ms, 4 averages) for total brain volume 
and ventricular volume measurement, respectively. Each 
series of original DICOM images were reconstructed as 
tiff files in Fiji software and then converted into IMARIS 
files via the IMARIS file converter (Bitplane Scientific 
Software). 3D reconstruction and volume measurements 
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were performed using the Surfaces feature of the IMA-
RIS software (Bitplane Scientific Software); for the total 
brain volume on the T2-weighted images with voxel size: 
x = 0.150 mm, y = 0.148 mm, z = 0.300 mm, with absolute 
intensity thresholding above a range of 0.58 and 2.41, 
and for the ventricular volumes including edematous 
tissue (ventricle+edema) with voxel size: x = 0.150  mm, 
y = 0.148  mm, z = 0.150  mm, with absolute intensity 
thresholding above a range of 0.13 and 0.41. The thresh-
olding values are based on the absolute signal intensity 
of the gray matter. We applied the thresholding level that 
confirmed to clearly define the borders of the brain sur-
face and ventricular surface in slicer view. Parenchyma 
volume  (mm3) was obtained by subtracting ventri-
cle + edema volume from total brain volume.

Statistical analysis
All values are expressed as the mean ± standard deviation 
of the mean. Statistical significance of group differences 
between genotype (WT and prh) and drug treatment 
groups (untreated and PLX) were determined using a 
two-way ANOVA with Tukey’s post-hoc test for multiple 
comparisons. Survival data were analyzed using the log-
rank procedure of Kaplan–Meier survival analysis. Body 
weights were analyzed by repeated measures using a 
two-way ANOVA, followed by Tukey’s post hoc test. All 
statistical computations were performed using Graph-
Pad Prism 9, where p < 0.05 was considered statistically 
significant.

Results
PLX5622 successfully ablated neonatal microglia, 
including reactive amoeboid‑shaped microglia in the prh 
mutant
Considering that CSF1R inhibitors are used in clinical tri-
als [54], we first tested the efficacy of PLX5622, a potent 
inhibitor of CSF1R tyrosine kinase activity (KI = 5.9 nM) 
[43] to ablate pro-inflammatory microglia in the early 
postnatal prh mutants. We evaluated the extent of micro-
glial ablation in immunohistochemistry with microglial 
and myeloid cell marker IBA1 in the somatosensory cor-
tex at P8 (Fig.  1A). We quantified microglial density in 
upper cortical layers (II-IV), lower cortical layers (V-VI), 
and white matter separately as the number of microglia 
differs in upper versus lower cortical layers in postnatal 
brains [55]. We found that prh mutants have less micro-
glia in the grey matter relative to WTs as we reported 
previously (Fig. 1, Additional file 1: Table S1) [22]. After 
the PLX5622 treatment, the number of IBA1 + cells in 
the upper cortical layers (II-IV), lower cortical layers 
(V-VI), and white matter were all decreased in both WT 
and prh mutant. The PLX5622 treatment successfully 
ablated ≥ 89% microglia in all three areas above in both 

WT and prh mutants relative to untreated-WT and prh 
mutants, respectively (****p < 0.0001, two-way ANOVA 
followed by Tukey’s test, n = 10–15 in each group, 
Fig. 1B). As previously described [22, 52] pro-inflamma-
tory microglia with a rounded amoeboid-like appearance 
were significantly increased in the untreated-prh mutant 
white matter (Figs.  1C, D, Additional file  1: Table  S1). 
We found that PLX5622 treatment eliminated these 
amoeboid-shaped microglia (~ 95%) in prh mutants, rep-
resented as reduced cell density (****p < 0.0001, Fig. 1D). 
Among the remaining microglia, PLX5622 treatment 
increased the ratio of rounded amoeboid-shaped micro-
glia to total microglia, in both WTs and prh mutants 
(Fig.  1E, Additional file  1: Fig. S1), by removing mature 
microglia with ramified morphology more efficiently. 
There was no change in amoeboid-shaped  IBA+ cell den-
sity in WT white matter after PLX5622 (Fig. 1D), indicat-
ing most of these developing microglia in healthy P8 mice 
are less sensitive to PLX5622 than mature homeostatic 
ramified microglia. Taken together, these data indicate, 
early postnatal (P3-P7) systemic injection of PLX5622 
effectively depletes maturing microglia in the neonatal 
brain, while also depleting pro-inflammatory rounded 
amoeboid-shaped microglia found in prh hydrocephalus 
mutants.

Microglia profiling in neonatal hydrocephalus and of those 
which survived PLX5622 treatment
To further characterize microglia, we next evaluated 
the developmental markers of microglia in the presence 
of PLX5622 in WT and prh mutants (Fig.  2). ApoE is 
enriched in early postnatal microglia and injury-responsive 
microglia [56], disease-associated microglia [57, 58], clear-
ance-associated microglia [59], and repopulating microglia 
after microglial ablation [60] and thus represent immature 
microglia in the healthy developing brain and disease-
associated microglia in aging and brain diseases. We eval-
uated the  ApoE+ and  IBA1+ double-positive cell density 
as ApoE is also expressed in non-microglial cells such as 
astrocytes, choroid plexus epithelial cells, and endothe-
lial cells in the developing mouse brains (http:// zylka lab. 
org/ datam ousec ortex). Neonatal hydrocephalus did not 
change the total density of  ApoE+ microglia in white mat-
ter (Fig. 2A, B); however, it was decreased in grey matter 
(Additional file 1: Fig. S2A). Similarly, the ratio of  ApoE+ 
microglia out of total  IBA1+ cells was increased in white 
matter (Fig.  2C, Additional file  1: Fig. S2B), representing 
the proliferation of immature/disease associated microglia 
in white matter as we reported [22]. We observed, in both 
WT and prh mutants, that PLX5622 treatment decreased 
the  ApoE+ microglia density, while inducing an increase 
in relative ratio of  ApoE+ cells among microglia (Fig.  2C 
and Additional file 1: Fig. S2B) in white matter, reflecting 

http://zylkalab.org/datamousecortex
http://zylkalab.org/datamousecortex
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a more prevalent ablation of mature  (ApoE−) homeostatic 
and pro-inflammatory microglia. It is notable that there 
were no mature microglia that remained after PLX5622 
treatment in the prh mutant’s white matter as 100% of the 
remaining microglia were  ApoE+ (Fig. 2C). In grey matter, 
although we found less  ApoE+ microglia density (25–250 
cells per  mm2, Additional file 1: Fig. S2A) than white mat-
ter in all groups, we found similar increase in  ApoE+ ratio 
among microglia in both WT and prh mutant after the 
PLX5622 treatment (19% in untreated and 50% in PLX-
WT, ***p = 0.002 in WT and 20% in untreated and 50% in 
PLX-prh, **p = 0.0015 in prh, respectively, Additional file 1: 
Fig. S2C).

In our previous reports [22, 24, 52], we observed high 
accumulation of activated myeloid cells expressing pro-
inflammatory markers, such as MCP-1, CD68, and CD86 
[61–63] in the periventricular white matter of the prh 
mutant model. Therefore, next, we evaluated the effects 
PLX5622 had on pro-inflammatory microglia using 
CD86, which is consistently regulated in pro-inflam-
matory conditions [64–66] (Fig.  2D-F). We quantified 
it only in white matter as  CD86+ microglia were rare in 
grey matter in all experimental groups. As expected, the 
 CD86+ microglia density was higher in mutants, and 
PLX5622 treatment removed ~ 98% of CD86 + microglia 
(Fig.  2E) and reduced percentage of  CD86+ microglia as 

Fig. 1 PLX5622 successfully ablated microglia in neonatal brains. A Low magnification 10 × images of IBA1 (red) stained in P8 WT and prh brains 
with and without PLX5622 treatment. Arrowheads: ameboid-shaped microglia, arrows: ramified microglia. Dotted lines indicate borders of 
cortical layers II-VI, V-VI, and white matter (WM). LV: lateral ventricle. Scale bar = 100 μm. B  IBA1+ microglial densities in cortical layers II-IV (left), V-VI 
(middle), and white matter (right) shows that lower microglial densities in the prh mutants, and PLX5622 treatment significantly reduces microglial 
densities in all three areas. C High magnification (60x) images of smaller (more commonly found in WT) vs. larger (more commonly found in prh) 
amoeboid-shaped,  IBA1+ (purple), microglia at P8. Scale bar = 10 μm. D Amoeboid-shaped  IBA1+ microglia density in white matter. E Ratio of 
amoeboid-shaped microglia among total  IBA1+ microglia in white matter. Stats: two-way ANOVA followed by Tukey’s test, n ≥ 10 in each group, 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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well (Fig.  2F, Sup Fig.  3A). Few  CD86+ cells were also 
found in untreated and PLX5622-treated WT, total 
number of which was decreased with PLX5622 treat-
ment (Fig.  2E). These data indicate, PLX5622 effec-
tively depletes mature microglia and pro-inflammatory 

 (CD86+) ones in the healthy and hydrocephalus neonatal 
brain, and mature  (ApoE−) microglia are more sensitive 
to PLX5622-mediated microglial ablation.

Fig. 2 P8 microglial profiling with and without PLX5622 treatment. A P8 somatosensory cortex double stained with  ApoE+ (green) and  IBA1+ (red). 
Dotted lines indicate the border of grey (GM) and white matter (WM). Arrowheads:  ApoE+ microglia. Scale bars = 100 μm. B The raw density of 
 ApoE+  IBA1+ microglia is significantly reduced in PLX-treated mice compared to untreated mice. C Ratio of immature  ApoE+ microglia out of total 
 IBA1+ microglia in white matter. D P8 somatosensory cortex double stained with CD86 (green) and IBA1 (red). Dotted lines indicate grey matter 
layers and white matter layer. Arrowheads:  CD86+ microglia. Scale bars = 100 μm. E Raw density of pro-inflammatory  CD86+  IBA1+ microglia in 
white matter is significantly decreased in PLX-treated prh when compared to untreated mice.  CD86+  IBA1+ microglial density is also reduced in 
PLX-treated WT when compared to untreated mice. F Ratio of pro-inflammatory  CD86+ microglia out of total  IBA1+ microglia in white matter. Stats: 
two-way ANOVA followed by Tukey’s test, n ≥ 10 in each group, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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There is no improvement in white matter edema or grey 
matter thinning in PLX‑prh mice
To evaluate the effects of microglial ablation on brain 
size and general anatomy, we measured the dors-
oventral cortical thickness of cortical grey and white 
matter in comparable sagittal brain sections stained 
with DAPI (Fig.  3A). As we previously reported [22], 
untreated  prh mutants have significantly thinner grey 
matter (****p < 0.0001 vs untreated WT, Fig. 3B, and sig-
nificantly increased edematous white matter compared 
to untreated WT (**p = 0.0066 vs. untreated-WT Fig. 3B). 
Interestingly, in contrast to our study showing thera-
peutic benefits of the anti-inflammatory drug, bindarit 
[22], microglia ablation in postnatal hydrocephalus did 
not improve cortical thinning or white matter edema 
(Fig. 3B). Both control and PLX5622 treated mice within 
each genotype group (WT and prh) showed compara-
ble thickness of grey matter, white matter, and the total 
cortex (= grey matter thickness + white matter thickness) 
in histology (Fig. 3B). These data indicate that PLX5622 

mediated microglia ablation has no effect on white mat-
ter edema and thinning grey matter of prh hydrocephalus 
mutants.

PLX5622‑mediated microglial ablation negatively impacts 
postnatal myelination in healthy brains
It has been reported that myelination is significantly 
impacted early childhood hydrocephalus [67–69] and 
animal models of hydrocephalus. Therefore, we assessed 
the effects of PLX5622 microglia ablation on myelination 
with the mature oligodendrocyte and early myelination 
marker CNPase (2’, 3’ -cyclic nucleotide 3’ phosphodi-
esterase) (Fig.  4A, B). As we previously reported [22] 
CNPase staining showed a significant reduction of myeli-
nation in the P8 prh mutant mice (****p < 0.0001, Fig. 4A, 
B). We previously showed therapeutic benefits of an 
anti-inflammatory drug, bindarit, in hypomyelination 
phenotype of this mutant [22]. However, in contrast, the 
recovery from hypomyelination was not seen in PLX-
treated prh animals (Fig. 4A, B). Rather, in fact, PLX5622 

Fig. 3 Microglial ablation does not improve grey matter thinning or white matter edema in prh mutants. A PLX-treated WT and prh mutant 
somatosensory cortex stained with DAPI (blue). Longer white double-sided arrow represents grey matter (GM) thickness, and smaller arrow 
represents white matter (WM) thickness. Scale bar = 500 μm. B Grey matter thickness. Thinner in untreated-prh compared, not improved by 
PLX5622 treatment. White matter thickness. Thicker in untreated-prh, which is not improved by PLX5622 treatment. PLX5622 has no effect on 
the thickness of white matter in WT. Total cortical thickness (grey matter thickness + white matter thickness). No statistically significant difference 
between treatment or genotype groups. Stats: two-way ANOVA followed by Tukey’s test, n ≥ 10 in each group, ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05
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treatment significantly decreased myelination in WTs to 
the level of prh mutants (****p < 0.0001, Fig. 4A, B). These 
data indicate that early postnatal microglial ablation with 
PLX5622 is not beneficial for treating hypomyelination in 
neonatal hydrocephalus and is detrimental to early mye-
lin maturation in healthy brains.

To further evaluate the effects of microglial abla-
tion on oligodendrocyte maturation in early postna-
tal age, we quantified the pan-oligodendrocyte lineage 

marker OLIG2 positive cells density in these animals. 
Untreated prh had significantly less  OLIG2+ cells den-
sity compared to untreated WT (****p < 0.0001, Fig. 4C, 
D) as previously reported [22], which was not rescued 
by PLX5622 treatment.  OLIG2+ cells density in the 
corpus callosum was significantly reduced in PLX-WT 
relative to untreated WT (*p = 0.011, Fig. 4C, D), indi-
cating that microglial ablation affected the overall num-
ber of oligodendrocyte lineage cells.

Fig. 4 PLX5622 does not improve myelination in prh, rather it decreases white matter myelination in WT. A Low magnification 10 × images of 
CNPase (purple) and DAPI (blue) stained sections including somatosensory cortex in P8 WT and prh mice with and without PLX5622 treatment. 
Arrows indicate the myelination of corpus callosum where quantification is performed. Scale bar = 1000 μm. CC: Corpus callosum. LV: Lateral 
ventricle. HP: hippocampus. B Myelination density in white matter (WM), is significantly lower in PLX-treated WT, untreated-prh, and PLX- treated 
WT, compared to untreated WT at P8. C Pan-oligodendrocyte lineage marker OLIG2 (green) and DAPI (blue) stained in P8 WT and prh brains with 
and without PLX5622 treatment. White dotted area indicates white matter (WM). Scale bar = 100 um. D OLIG2 positive cells density is significantly 
lower in PLX-treated WT (*p = 0.011) as well as in untreated prh (****p = 0.0001). Stats: two-way ANOVA followed by Tukey’s test, n > 10 in B, n > 8 in D 
in each group, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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PLX‑treated prh mice have significantly larger ventricular 
volume
To see what effect, if any, PLX5622 treatment would 
have on the prh mutant’s CSF volume, we utilized 

three-dimensional (3D) volumetric T2-weighted MRI in 
ventricular volume analysis (Fig. 5A). Volumetric analy-
sis of CSF at P7-9 as a sum of the lateral ventricles, the 
third ventricle, the fourth ventricle, and the pineal recess, 

Fig. 5 Ventricular size is enlarged, and parenchyma volume is decreased in PLX-treated prh mutants. A 3D reconstruction of fluid sensitive MR 
images. Blue: lateral ventricles. Green: third ventricles. Red: fourth ventricles and pineal recesses. Scale bar = 2 mm. B (Left) Raw ventricular volume 
(sum of lateral ventricles, third ventricle, fourth ventricle, and pineal recess) and its ratio to total brain volume shows enlarged ventricles in prh 
mutant animals compared to WT animals, with PLX-treated prh mutants also having significantly larger ventricular volume when compared 
to untreated-prh. C 3D reconstruction of MR images showing total brain volume. The total brain is marked purple. Scale bar = 2 mm. D Raw 
parenchyma volume, calculated by subtracting ventricular volume from total brain volume, shows prh mutants have significantly smaller 
parenchyma compared to WTs. E (Left) Raw total brain volume shows no significant difference among the groups. (Right) Relative brain volume to 
body weight (BW) shows both untreated and PLX-treated prh mutants have significantly higher relative brain ratio compared to WTs. Stats: two-way 
ANOVA followed by Tukey’s test, n > 6 in each group, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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revealed that prh mutants had significant ventriculomeg-
aly compared with WT mice (***p = 0.0002 vs. untreated-
WT as a raw volume (Fig.  5B left), ****p < 0.0001 vs. 
untreated-WT as relative ratio to the total brain volume 
(right), ***p = 0.0006 vs. untreated-WT as relative volume 
to body weight, Sup. Figure  8A, respectively). Remark-
ably, prh mutants treated from P3-P7 with PLX5622, 
had even further enlarged ventricular volume compared 
to their untreated counterparts in both raw and relative 
ventricular ratio to the total brain volume (*p = 0.0323 
vs. untreated-prh, *p = 0.0246 vs. untreated-prh, Fig.  5B 
left and right respectively). We recognize that the part 
of edematous white matter of prh mutants was included 
in fluid-filled ventricle volume in MRI-based data, yet, it 
had negligible impact on our parenchymal and ventricu-
lar volume calculation.

In total brain and the subsequent parenchyma vol-
ume analyses, we found prh mutation or PLX treatment 
did not change the total brain volume (Fig.  5E). There-
fore, we found that untreated-prh mutant had signifi-
cantly smaller parenchyma volume (Fig.  5D) and ratio 
due to the increase in CSF. We also find that untreated-
prh mutants have significantly smaller parenchyma 
volume to body weight ratio than untreated-WT mice 
(Fig.  5E right), which aligns with the thinner grey mat-
ter of untreated prh mutants in histology (Fig. 3B). In the 
total brain volume (= parenchyma + ventricle) evalua-
tion, we found untreated- and PLX-treated prh mutants 
have a greater total brain volume ratio to the body weight 
than WT mice (****p < 0.0001 vs. untreated/PLX-treated 
WT, Fig. 5E right). It reflected the fact that prh mutants 
around P7-9 showed larger brain to body ratio, which is 
due to the enlarged cranial volume reacting to the abnor-
mally increased CSF [22, 70]. Taken together, PLX5622-
mediated microglial ablation has a negative impact on 
prh hydrocephalic brains accelerating fluid accumula-
tion and inhibiting parenchymal growth during the early 
postnatal period.

Postnatal PLX5622 treatment did not affect the growth 
or survival of neonatal mice
The prh mutants shows lower body weight and have 
median survival of 10  days and typically do not survive 
to weaning ages [23, 51]. There were no significant dif-
ferences in both survival and body weight between 
treatment groups within each genotype (Fig.  6). Post-
natal PLX5622 treatment (P3-7) induced slightly lower 
body weight and 1 death out of 24 WT mice (Fig.  6B, 
A respectively). However, it did not affect body weight 
or survival of the prh mutants. In longitudinal growth 
analysis, we found significance between time and treat-
ment/genotype groups (****p < 0.0001 time × treatment/
genotype, Fig. 6B) showing that all groups grew over time 

regardless of the treatment, and there was no difference 
within the growing curve of each group, including tran-
sient change and average body weight change due to loss 
of sickly small mutants. These data indicate that transient 
microglial ablation with PLX5622 does not affect general 
growth and survival up to weaning age but also does not 
give a survival advantage in the prh mutant mouse line.

Microglia fully repopulated after discontinuation 
of PLX5622 by P20
It has been previously reported that after CSF1R inhibi-
tor removal, microglia proliferate and differentiate from 
the few remaining (immature) microglia within 3  days 
[52, 70, 73] and fully repopulate the adult and neonatal 
brain within 7–14  days [45, 53, 71]. Therefore, we ana-
lyzed microglia and anatomical phenotypes > 11  days 
after the last PLX5622 dosing and analyzed the effect of 
microglial repopulation at P18-20 (Fig.  7A). In the prh 
mutants that survived to P18-21, macro phenotypes 

Fig. 6 PLX-treated prh animals do not have survival or growth 
advantage over untreated-prh animals. A Survival rate of 
untreated-WT, PLX-treated WT, untreated-prh, and PLX-treated prh 
up to P20 (n ≥ 5 in each group) shows both untreated and PLX-prh 
mutants have significantly lower survival rate when compared to WTs 
(**p < 0.01, *p < 0.05, log-rank test). B Body weight analysis. There is no 
significant difference in the daily (P3-P20) weight in grams (g) among 
untreated-WT, PLX- treated WT, untreated-prh, and PLX- treated prh 
mice up to P20, (repeated measures of two-way ANOVA, followed by 
Tukey’s test)
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Fig. 7 Cessation of PLX5622 treatment successfully repopulates microglia by P20 in both WTs and prh mutants. A Low magnification 10 × images of 
IBA1 (red) stained in P20 WT and prh brains with and without PLX5622 treatment. Dotted lines indicate borders of cortical layers II-VI, V-VI, and white 
matter (WM). Scale bar = 100 um. B  IBA+ microglial densities in cortical layers II-IV (top), V-VI (middle), and white matter (bottom) shows that thirteen 
days post withdraw of PLX5622 treatment allows successful microglial repopulation to levels of those comparable within the same genotype 
group in cortical grey matter (layers II-IV and V-VI) and white matter of the somatosensory cortex (n ≥ 3 in each group). C High magnification (60x) 
images of amoeboid-shaped  IBA1+ (purple) microglia at P20. Scale bar = 10 μm. D Amoeboid-shaped  IBA1+ microglia densities in white matter are 
comparable between treatment and genotype groups at P20 E Ratio of amoeboid-shaped microglia among  IBA1+ microglia in white matter at P20
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include large doming of the head along with severe ven-
tricular enlargement (n > 5). These prh mutant mice are 
also visibly smaller (sometimes seeming malnourished) 
than their WT littermates, but microglial density was not 
much different from WTs (Fig.  7). Comparing to abla-
tion at P8, we found that microglia density was nearly 
fully recovered (~ 98%) in all layers (II-IV, V-VI, and 
white matter) of the somatosensory cortex in juvenile 
WTs (Fig. 7B top, middle, & bottom). In the prh mutants, 
microglial density was also recovered in all layers compa-
rable to the untreated mutant levels (n = 3,4). (Fig.  7B). 
We also increased percentage of rounded amoeboid-
shaped microglia among total  IBA1+ microglia stayed 
moderately higher in the mutant groups than the WTs, it 
was significantly higher in prh mutants with repopulated 
microglia compared to WT groups (Additional file 1: Fig. 
S4A). Altogether, aligned with previous reports, we found 
microglia repopulate the postnatal brain within 2 weeks 
after the drug removal. The repopulation of microglia 
in prh mutants did not change the density and shapes of 
microglia in juvenile mutant brain.

Repopulated microglia profiles 13 days after PLX5622 
removal
We next evaluated the status of microglia after with-
drawal of PLX5622 in WTs and prh mutants at P18-21 
(Fig.  8) with ApoE and CD86. Through the staining 
of immature microglial marker ApoE (Fig.  8A-C), we 
observed no statistically significant difference in the den-
sity of  ApoE+ microglia in neither the white matter (10–
230 cells per  mm2, Fig. 8B) or grey matter (5–39 cells per 
 mm2, Additional file 1: Fig. S5A) in all groups of the juve-
nile brains; although, both some treated and untreated-
prh mutants showed higher  ApoE+ microglia density and 
ratio of white matter microglia relative to WTs (Fig. 8B, C 
respectively, Two-way ANOVA, main factor “genotype” 
F (1, 12) = 8.014, *p = 0.0152, Additional file 1: Table S1). 
In fact, the percentage of immature  ApoE+ microglia in 
PLX-treated prh mutants in the white matter remained 
high compared to untreated/PLX-treated WT mice and 
untreated-prh mutants (**p = 0.0040 vs. untreated-WT; 
**p = 0.0047 vs. PLX-WT; *p = 0.0460 vs. untreated-prh, 
Fig. 8C, Additional file 1: Figure S5B).

Pro-inflammatory  CD86+ microglia were not found 
in the juvenile WT groups with or without microglial 
repopulation in the white matter (Fig.  8D), whereas it 
was found in prh mutants with and without microglial 
repopulation (0–225 cells per  mm2, Fig.  8E). Therefore, 
the hydrocephalus phenotype affected the presence of 
 CD86+ microglia in white matter (Two-way ANOVA, 
main factor “genotype” F (1, 15) = 9.434, **p = 0.0078). 
Although, the total  CD86+ cell density was not differ-
ent between untreated-prh vs PLX-prh, percentages of 
 CD86+ microglia in white matter were higher in PLX-
prh, but not in untreated-prh, compared to WT mice 
(**p = 0.0076 vs. untreated-WT; **p = 0.0035 vs. PLX-WT, 
Fig. 8F, Additional file 1: Figure S6A). This data indicated 
that repopulated microglia does not only induce the rela-
tively immature status of microglia (Fig.  2C) but may 
exacerbate the immature and pro-inflammatory status by 
repopulation in developing hydrocephalic brains.

Myelination recovery 13 days after PLX5622 cessation
Statistically, the current PLX treatment and with-
drawal mildly affects the myelination level of the cor-
pus callosum at P18-21 (Two-way ANOVA, F (1, 
20) = 8.680 **p = 0.0080), After withdrawing PLX5622 
for 11–13  days, myelination was recovered in juvenile 
WT mice to comparable levels as untreated  WT mice 
(Fig.  9, p = 0.9275). The untreated prh mutant showed 
numerically, but not statistically, lower myelination than 
untreated WT in post-hoc analysis with Tukey’s test 
(Fig.  9: Untreated-WT 84.4 ± 13.7%, n = 7; untreated-
prh, 55.0 ± 24.3%, n = 5, Two-way ANOVA, post hoc 
p = 0.0919). The p-value of 0.0919 in post hoc test was 
considered a statistical trend that in two-group com-
parison between them with student t-test have reached 
significance (t-test; *p = 0.037). PLX-mediated abla-
tion and repopulation of microglia significantly affected 
the myelination of prh mutants (Fig.  9: PLX-prh, n = 6, 
13.5 ± 13.6%, Two-way ANOVA, post hoc *p = 0.0167). In 
general, these data indicated that the PLX5622 treatment 
(P3-7, 50 mg/kg) in the prh mutant did not improve mye-
lination, if not worsened. Indeed, microglia repopulated 
prh had statistically significantly lower levels of myeli-
nation than WT mice (****p  < 0.0001 vs. untreated-WT; 
***p < 0.001 vs. PLX- WT, Fig.  9B), which implied that 

(See figure on next page.)
Fig. 8 Characteristics of microglia after repopulation in the white matter of WT and prh brains at P20. A P20 somatosensory cortex double 
stained with ApoE (green) and IBA1 (red). Dotted lines indicate the border of grey (GM) and white matter (WM). Arrowheads:  ApoE+ microglia. B 
The raw density of immature  ApoE+  Iba1+ microglia in white matter shows no significant difference in density between treatment or genotype 
groups in white matter at P20 (two-way ANOVA followed by Tukey’s test, n ≥ 3 in each group). C Ratio of immature  ApoE+ microglia out of total 
 IBA1+ microglia in white matter. D P20 somatosensory cortex double stained with CD86 (green) and IBA1 (red). Dotted lines indicate grey matter 
(GM) layers and white matter (WM) layer. Arrowheads:  CD86+ microglia. E Raw density of pro-inflammatory  CD86+  IBA1+ microglia in white matter 
shows no significant difference between treatment and genotype groups at P20 (two-way ANOVA followed by Tukey’s test, n ≥ 3 in each group). F 
Ratio of pro-inflammatory  CD86+ microglia out of total  IBA1+ microglia in white matter. Scale bars: 100 μm.
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Fig. 8 (See legend on previous page.)
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early PLX5622 treatment left a notable negative impact 
on myelination in the neonatal hydrocephalic brain. This 
data is indicative of the slower progress of myelination in 
prh, which is not improved by the microglial repopula-
tion. Thus, myelination in the healthy neonatal brain can 
be recovered  after microglial ablation. However, in case 
of prolonged hydrocephalus and a low-grade pro-inflam-
matory state, this recovery does not occur.

Discussion
Neuroinflammation is commonly described in perinatal 
hydrocephalus patients and animal models as a form of 
elevated pro-inflammatory cytokines in the CSF or glio-
sis, despite little involvement of peripheral immune cell 
infiltration [10, 19–32]. In this study, we attempted to 
deplete “pro-inflammatory” microglia in the prh mutant 
and tested its potential benefit for supporting prenatal 
myelination and lessening the severity neonatal hydro-
cephalus. We used a potent and selective CSF1R inhibitor, 
PLX5622, to achieve faster and more efficient microglial 
ablation within 3  days of treatment than PLX3397 [73]. 
We found substantial (89%) microglial ablation in both 
pro-inflammatory and homeostatic microglial in a robust 
neonatal hydrocephalus mouse model as well as in WT. 
However, the elimination of microglia in the neonatal 
hydrocephalus brain caused no improvement of edema 
or grey matter thinning, rather it worsened CSF volume 
and cortical thinning in P7-9, and left hypomyelination 
phenotype in juvenile (P18-21) mutant. We report that 

PLX5622 is a reliable method for ablating microglia in 
the early postnatal mouse brain; however, it can be harm-
ful during the neonatal stage in both WT and in hydro-
cephalic mouse brains. Although our data is limited by 
small sample size in juvenile mutants, PLX5622-medi-
ated microglial ablation did not bring positive outcomes 
in neonatal hydrocephalus. The delayed myelination in 
the PLX-treated WT brain highlight the critical func-
tions of myeloid cells in early postnatal myelination, as 
it was previously shown in the prenatal [53], early post-
natal CSF1R inhibitors [44] application, or genetic loss of 
CSF1R [44, 74, 75], where parenchymal microglia but not 
brain boarder macrophage ablated.

Neonatal hydrocephalus has significant negative effects 
on perinatal myelination in patients [76] and animal 
models [77] regardless of its etiology. Hydrocephalus-
induced hypoxia reduces cerebral blood flow, causing 
neurodevelopmental delay or nerve/brain injury, which 
may directly or in-directly affect oligodendrocytes 
and their precursors [30, 78]. The pro-inflammatory 
response of the microglia may also indirectly affect 
oligodendrocyte development or function and medi-
ate the hypomyelination phenotype [79] in neonatal 
hydrocephalus. Consistent with our current and previ-
ous findings in this model, elevated pro-inflammatory 
cytokine levels and glial activity are documented in the 
CSF and brains of patients with neonatal hydrocephalus 
[38–40, 80–82]. Although we did not study the direct 
effect of PLX5622 on hypoxia/ischemia, future studies 

Fig. 9 Myelination is recovered in WTs after microglia repopulation at P20, but it worsens hypomyelination phenotype in prh mutants. A Low 
magnification 4 × images of CNPase (purple) and DAPI (blue) stained in P20 WT and prh brains with and without PLX5622 treatment. Arrows 
indicate the myelination in corpus callosum (CC) where myelination is quantified. Scale bar = 1000 μm. LV: Lateral ventricle. HIP: Hippocampus, B 
Quantification of myelination density at P18-21 shows that myelination is comparable between PLX-treated WT mice within thirteen days after 
withdrawal of PLX5622 treatment. PLX-treated prh animals has significantly lower myelination density than untreated prh mutants. P18 (triangles), 
P20 (circles), and P21 (rectangle). Stats: two-way ANOVA followed by Tukey’s test, n > 5 in each group, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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of analyzing microglia-dependent pro-inflammatory 
cytokines in hydrocephalus may elucidate further mecha-
nisms disturbing myelinogenesis in neonatal hydroceph-
alus. Our findings did not support the noxious effects 
of pro-inflammatory microglia in neonatal hydrocepha-
lus, rather highlighted the importance of homeostatic 
brain myeloid cells in myelination that are also affected 
by PLX5622. The process of myelin biogenesis, includ-
ing oligodendrocyte maturation and myelination, occurs 
in the third trimester of gestation in humans [67–69] and 
the first 1–2  weeks of the postnatal period in rodents 
[83] along with microglial maturation in grey matter and 
the presence of amoeboid-shaped axon tract-associated 
microglia (ATM) in white matter [84–86]. Therefore, 
our model may reflect how perinatal myelinogenesis gets 
perturbed by loss of microglial functions in hydrocepha-
lus. Myeloid cells in healthy developing white matter are 
essential for driving myelination via region-dependent 
roles in oligodendrocyte survival, differentiation, and 
myelin  production [79]. The ATM provide trophic fac-
tors, such as IGF1 that can promote the maturation and 
survival of oligodendrocytes [87]. Recent studies have 
highlighted specific functions of perinatal microglia 
in eliminating nascent myelin deposits [88] and excess 
oligodendrocyte precursor cells (OPCs) [89], that are 
critical for myelination. In fact, microglia ablation with 
prenatal PLX5622 [53], or postnatal BLZ945, or genetic 
loss of Csf1r gene [44] results in impaired myelination 
in early postnatal mice. Therefore, further studies inves-
tigating the developmental status of oligodendrogenesis 
in the prh mutant may elucidate the impact of neonatal 
hydrocephalus on myeloid cell guided myelination.

We previously reported that the anti-inflammatory 
NF-kB inhibitor, bindarit, had therapeutic benefits in 
promoting myelination in the prh model [22].  Bindarit 
reduced pro-inflammatory amoeboid-shaped micro-
glia and rescued the cell density of homeostatic micro-
glia (22). In contrast, the neonatal PLX5622 treatment 
removed both homeostatic and pro-inflammatory mye-
loid cells and left mostly immature  ApoE+ ones with no 
ramified processes throughout the cortical and subcorti-
cal regions in the prh mutants and WTs evaluated at P8. 
Therefore, our data suggests that loss of resident myeloid 
cells and their homeostatic functions in the neonatal 
period, rather than a gain of pro-inflammatory microglia, 
may greatly contribute to hypomyelination in neonatal 
hydrocephalus.

Motor and neuropsychological phenotypes, such as 
hyperactivity, uncoordinated movements, epilepsy, spas-
ticity, or anxiolytic-like behaviors are seen in rodents 
[53, 74, 90] and humans [75] without microglia during 
brain development. These may reflect the lack of micro-
glia-dependent oligodendrocyte functions [79] and/or 

neural circuit formation early in life [91]. As neonatal 
hydrocephalus causes similar motor and neurological 
problems, the development of therapeutic methods to 
enhance the survival or development of perinatal homeo-
static microglia promises to be an attractive approach 
to better support brain development in neonatal 
hydrocephalus.

In alignment with a previous report using BLZ945 
[44], here we found that microglial ablation in healthy 
newborn mice affected myelination in the corpus callo-
sum of all PLX5622 treated mice that were evaluated at 
P8. The effects of microglia on oligodendrocyte matu-
ration or myelination are likely specific to development 
as microglial ablation in the adult brain does not affect 
oligodendrocyte and its precursor cell densities [44] nor 
cognitive function [43, 45, 92]. Different CSF1R inhibi-
tors may directly affect oligodendrocyte and/or OPC 
survival; however, it is likely that the PLX5622 dose we 
used here (50 mg/kg) has a minimal direct effect on the 
oligodendrocytes due to its higher specificity to CSF1R 
compared to other kinases such as PDGFRs / KIT  (IC50 
CSF1R: 10  nM:  IC50 PDGFRβ, PDGFRa, KIT: > 1  μM) 
[93] or PLX3397  (IC50 CSF1R: 20 nM;  IC50 KIT: 10 nM), 
and similar levels to BLX945  (IC50 CSF1R: < 1 nM; IC50 
PDGFRβ: > 1 μM) [94]. Moreover, previous studies show 
that cultured oligodendrocytes and OPCs are tolerant 
to CSF1R inhibitors [73]. Therefore, the direct effects of 
PLX5622 on oligodendrogenesis via modulating their 
PDGFRa or other kinases in neonatal mouse brains 
are likely minimal. Of note, our initial attempt to use 
PLX3397 (40 mg/kg, subcutaneously administered three 
times at P2, P4 & P6, analysis at P8, data not shown) to 
deplete microglia in neonatal mice was unsuccessful. It 
resulted in subtle and variable microglial ablation, which 
likely reflects its lower potency compared to that of 
PLX5622 reported in adult microglial ablation [95].

Recent studies indicate that microglia can repopulate 
through the few immature Nestin +microglia that survive 
CSF1R inhibitor treatment in adults [71, 72] and neonatal 
[53] brains. The microglia repopulation speed is propor-
tional to the extent of microglial depletion [96]. Although 
we did not evaluate the Nestin levels in our remaining 
or repopulated microglia, we found full repopulation of 
microglia 11–13  days after the withdrawal of PLX5622 
in juvenile WT and prh mice and speculate that cortical 
repopulating microglia are proportional to the number 
of surviving immature microglia and respond to hydro-
cephalus. In studies of adult brain disease models, such 
as Alzheimer’s disease [45] or neuronal injury [49], the 
microglial replacement had beneficial effects on cognitive 
functions [48] or behavioral deficits [49]. However, in our 
current study, although it was not statistically significant, 
the higher presence of cellular and molecular features 
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of immature/activated microglia, i.e., amoeboid/round 
shape, expressing ApoE and CD86, and lower presence of 
mature ramified microglia. Therefore, we conclude that 
microglial replacement in the neonatal hydrocephalus 
may not improve myelination. It rather appears to have 
long detrimental effects, further impairing myelination 
during the first 3 postnatal weeks. Remarkably, we found 
that myelination was able to fully recover to the normal 
level in the juvenile WT mice after transient neonatal 
PLX5622 treatment, which suggested temporal chemi-
cal microglial ablation in healthy developing brain may 
have minimal long-term  effects in brain development. 
At P20, 13 days after drug withdraw, microglia densities 
are comparable to untreated WT and prh mutant brains, 
respectively, in large. However, due to the high mortal-
ity of the prh mutants, the small number of P20 animals 
used in this study remains the limitation of this study, 
and the trend of increased ameboid microglia in the 
both untreated and PLX-treated mutant could be further 
addressed. Taken together, our findings suggest critical 
developmental and functional roles of microglia, particu-
larly in myelination, in neonatal hydrocephalus.

Previous studies have reported causal effects of neu-
roinflammation in progressing ventricular enlargement 
via activating SPAK1-NKCC1 signal-mediated hyper-
secretion of CSF from the choroid plexus in the post-
hemorrhagic hydrocephalus model [99] or via impairing 
ependymal maturation and ciliogenesis in GFAP.tTA/
(tetO)7.IKK2-CA [33] and Vps35-knockout mouse mod-
els [42]. Conversely, in our prh hydrocephalus mouse 
model, removal of microglia-mediated inflammation 
and perinatal microglia  by PLX5622  did not improve, 
but rather, accelerated the hydrocephalus phenotype. 
In our study, we found that the periventricular edema 
was worsened by PLX5622 treatment. As shown in two 
recent studies, subtypes of microglia also have roles in 
brain vascular function; inflammation can recruit vessel-
associated microglia that disrupts blood–brain barrier 
[100], and capillary-associated microglia are important 
for the reactivity of capillary control of cerebral blood 
flow [101]. Therefore, further investigation of the cause of 
periventricular edema and its contribution to the ventric-
ular dilation in PLX5622 treated hydrocephalus model is 
important.

Recently, it was reported that hydrocephalus caused by 
the loss of the ependymal Vps35 gene is reversible with 
PLX3397-mediated microglial ablation [42]. However, in 
our study, we were unsuccessful in ablating a large num-
ber of microglia in neonatal brains with PLX3397. Fur-
ther studies on the differences in the chemical properties 
of PLX3397 or sensitivity to CSF1R inhibitors in different 
strains of mice may also be needed.

Conclusion
In the current study, we demonstrate that postnatal abla-
tion of microglia causes ventricular enlargement and 
does not improve hypomyelination in hydrocephalus 
mutant mice. Neonatal ablation also did not contribute 
to improving myelination at the juvenile stage. Therefore, 
our findings demonstrate the importance of supplying 
healthy microglia for the treatment of neurodevelop-
mental problems in neonatal hydrocephalus. Our current 
study shows microglia are necessary for managing CSF 
and parenchymal volume and for supporting myelination 
in neonatal hydrocephalus. As we continue to pursue 
better neurological outcomes for hydrocephalus patients 
it will be important to evaluate and understand the 
molecular effects of drugs like PLX5622 in healthy brain 
development. Appropriate translational therapeutic tar-
gets that do not completely ablate the microglial response 
should be considered in future work.
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Additional file 1: Figure S1. PLX treatment increases the percentage of 
amoeboid-shaped microglia in white matter at P8. A PLX-treated mice 
have a higher percentage of rounded amoeboid-shaped microglia com-
pared to untreated mice at P8, quantified using  IBA1+ microglial images 
taken with 10 × objective lens. Figure S2. PLX increases percentages but 
reduces density of immature  ApoE+ microglia in grey matter at P8. A 
 ApoE+ microglial density in cortical grey matter density at P8, quantified 
using ApoE and IBA1 double-stained sections taken with 10 × objec-
tive lens. Untreated prh, PLX-WT and PLX-prh have significantly lower 
raw densities of immature  ApoE+  IBA1+ microglia than untreated-WT 
at P8. B Both PLX-WT and PLX-prh have a significantly higher percent-
age of  ApoE+  IBA1+ immature microglia in white matter after PLX5622 
treatment compared to untreated-WT and untreated-prh, respectively, 
and 100% of microglia that survives PLX5622 treatment is  ApoE+. 33 
C Both PLX-WT and PLX-prh have a significantly higher percentage of 
 ApoE+  IBA1+ immature microglia in grey matter after PLX5622 treatment 
compared to untreated-WT and untreated-prh, respectively.. Figure S3. 
Untreated-prh have significantly higher percentages of pro-inflammatory 
 CD86+ microglia than WTs and PLX-prh at P8. A Percentage of  CD86+ 
 IBA+ double-positive microglia in white matter at P8, quantified using 
CD86 and IBA1 double-stained sections taken with 10 × objective lens. 
The percentage of  CD86+IBA1+pro-inflammatory microglia in untreated 
prh is significantly increased in the white matter compared to untreated-
and PLX-WT. PLX5622 treatment significantly reduces the percentage of 
 CD86+IBA1+microglia in prh. Figure S4. Microglial repopulation increases 
percentage of amoeboid-shaped microglia in white matter of prh mutants 
at P20. A PLX-prh mutants have a significantly higher percentage of 
amoeboid-shaped microglia compared to untreated and PLX-WT at 
P20 after microglial repopulation, quantified using IBA1stained animals, 
with 10 × objective lens. Figure S5. Microglial repopulation increases 
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percentages of immature ApoE microglia in white matter of prh at P20. 
A There is no statistically significant difference among groups in the per-
centages of immature  ApoE+  IBA1+ double-positive microglia out of total 
 IBA1+ microglia in grey matter at P20 after repopulation, measured from 
low power 10 × cortex photos of ApoE and IBA1 double-stained animals. 
B PLX-prh mutants have a significantly higher percentage of immature 
 ApoE+  IBA1+ microglia in white matter than untreated-WT, PLX-WT, and 
untreated prh after repopulation at P20. C Percentage of immature  ApoE+ 
 IBA+ double-positive microglia in grey matter at P8, measured from low 
power 10 × cortex photos of ApoE and IBA1 double-stained animals. There 
is no statistically significant difference among groups in the percent-
age of immature  ApoE+  IBA+ double-positive microglia in grey matter 
at P20 after repopulation. Figure S6. PLX-prh have significantly higher 
percentages of pro-inflammatory  CD86+ microglia after repopulation at 
P20. A Percentage of  CD86+IBA+ double-positive microglia out of total 
 IBA1+ microglia in white matter at P20 after repopulation, is significantly 
increased in PLX-prh, compared to untreated-WT and PLX-WT. Figure 
S7. Prh mutants weigh less than WTs at P8. A Body weight in gramsof the 
mice at P8. Both untreated-prh and PLX-treated prh weigh significantly 
less than WTs. Figure S8. Ventricle and parenchyma volume at P8 normal-
ized to body weight. A Ventricular volumes normalized to body weight 
in grams at P8 shows that untreated-prh and PLX-prh mutants have 
significantly enlarged ventricles compared to WT mice. B Parenchyma vol-
ume normalized to body weight at P8 shows that PLX-treated mice have 
significantly smaller parenchyma compared to their untreated control 
groups. Table S1. The two-way ANOVA sstatistical analysis results.

Acknowledgements
We thank Dr. Kenneth Campbell, Cincinnati Children’s Hospital Medical Center, 
and Dr. Agnes Luo, University of Cincinnati, for their edits and feedback on the 
manuscript and critical technical help on the experiments.

Author contributions
JG devised and supervised the project. FNB, EI, CS, and JG treated and 
weighed mice, performed tissue collection, perfusion, and brain dissection. 
FNB and CS sectioned brain tissue. FNB, EI, and JG optimized, analysed, and 
quantified histology data. EMF and DML developed parameters to MRI mice 
and EMF performed MRIs. FNB analysed and quantified MR images for total 
brain and ventricular volume. FNB drafted manuscript, JG, FTM, EI, CS, and 
DML provided critical feedback and JG finalized the manuscript. All authors 
contributed to the article approved the submitted version. All authors read 
and approved the final manuscript.

Funding
This work was supported by the Hydrocephalus Association Innovator Award 
(J.G.), the Center for Clinical and Translational Science and Training at the 
University of Cincinnati funded by the National Institutes of Health (NIH) 
Clinical and Translational Service Award (CTSA) program under Award Number 
2UL1TR001425-05A1 (J.G.), Rudi Schulte Research Institute (J.G.), the National 
Institutes of Health under the Award Number 1R21NS127177-01A1(J.G.), and 
Japan Society for the Promotion of Science (E.I.).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal procedures were approved by the Cincinnati Children’s Hospital 
Medical Center Institutional Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
conflict of interest.

Author details
1 Division of Pediatric Neurosurgery, Cincinnati Children’s Hospital Medical 
Center, Cincinnati, OH, USA. 2 Department of Neurosurgery, University of Cin-
cinnati College of Medicine, Cincinnati, OH, USA. 3 Department of Radiology, 
Imaging Research Center, Cincinnati Children’s Hospital Medical Center, 
Cincinnati, OH, USA. 

Received: 18 November 2022   Accepted: 19 April 2023

References
 1. Patel SK, Tari R, Mangano FT. Pediatric hydrocephalus and the primary 

care provider. Pediatr Clin North Am. 2021;68:793–809.
 2. Paulsen AH, Lundar T, Lindegaard KF. Pediatric hydrocephalus: 40-year 

outcomes in 128 hydrocephalic patients treated with shunts during 
childhood* Assessment of surgical outcome, work participation, and 
health-related quality of life. J Neurosurg Pediatr. 2015;16:633–41.

 3. Fairburn B. Choroid plexus papilloma and its relation to hydrocephalus. J 
Neurosurg. 1960;17:166–71.

 4. Kahle KT, Kulkarni A, Limbrick DD, Warf BC. Hydrocephalus in children. 
Lancet. 2016;387:788–99.

 5. Dewan MC, Rattani A, Mekary R, Glancz LJ, Yunusa I, Baticulon RE, et al. 
Global hydrocephalus epidemiology and incidence: systematic review 
and meta-analysis. J Neurosurg. 2018;130:1065–79.

 6. Jeng S, Gupta N, Wrensch M, Zhao S, Wu YW. Prevalence of congenital 
hydrocephalus in California, 1991–2000. Pediatr Neurol. 2011;45:67–71.

 7. Persson EK, Anderson S, Wiklund LM, Uvebrant P. Hydrocephalus in chil-
dren born in 1999–2002: Epidemiology, outcome and ophthalmological 
findings. Child’s Nervous Syst. 2007;23:1111–8.

 8. Pindrik J, Schulz L, Drapeau A. Diagnosis and surgical management of 
neonatal hydrocephalus. Semin Pediatr Neurol. 2022;78:7.

 9. Pindrik J, Riva-Cambrin J, Kulkarni AV, Alvey JS, Reeder RW, Pollack IF, et al. 
Surgical resource utilization after initial treatment of infant hydrocepha-
lus: Comparing etv, early experience of etv with choroid plexus cauteriza-
tion, and shunt insertion in the hydrocephalus clinical research network. J 
Neurosurg Pediatr. 2020;26:337–45.

 10. del Bigio MR, Wilson MJ, Enno T. Chronic hydrocephalus in rats and 
humans: white matter loss and behavior changes. Ann Neurol. 
2003;53:337–46.

 11. Pattisapu Jogi V. Pattisapu 2001 Etiology and clinical course of hydro. 
2001;

 12. Browd SR, Ragel BT, Gottfried ON, Kestle JRW. Failure of cerebrospinal 
fluid shunts: Part I: Obstruction and mechanical failure. Pediatr Neurol. 
2006;89:83–92.

 13. Yuan W, McKinstry RC, Shimony JS, Altaye M, Powell SK, Phillips JM, et al. 
Diffusion tensor imaging properties and neurobehavioral outcomes in 
children with hydrocephalus. AJNR Am J Neuroradiol. 2013;34:439–45.

 14. Patel SK, Yuan W, Mangano FT. Advanced neuroimaging techniques in 
pediatric hydrocephalus. Pediatr Neurosurg. 2017;7:436–45.

 15. Miller JM, McAllister JP. Reduction of astrogliosis and microgliosis 
by cerebrospinal fluid shunting in experimental hydrocephalus. 
Cerebrospinal Fluid Res. 2007;4:8.

 16. Williams VJ, Juranek J, Stuebing KK, Cirino PT, Dennis M, Bowman RM, 
et al. Postshunt lateral ventricular volume, white matter integrity, and 
intellectual outcomes in spina bifida and hydrocephalus. J Neurosurg 
Pediatr. 2015;15:410–9.

 17. Gadsdon DR, Variend S, Emery JL. Myelination of the corpus callosum 
II The effect of relief of hydrocephalus upon the processes of myeli-
nation. Z Kinderchir Grenzgeb. 1979;28:314–21.

 18. Galbreath E, Kim SJ, Park K, Brenner M, Messing A. Overexpression of 
TGF-beta 1 in the central nervous system of transgenic mice results 
in hydrocephalus. J Neuropathol Exp Neurol. 1995;54:339–49.



Page 18 of 19Brown et al. Fluids and Barriers of the CNS           (2023) 20:42 

 19. Weller RO, Shulman K. Infantile hydrocephalus: clinical, histo-
logical, and ultrastructural study of brain damage. J Neurosurg. 
1972;36:255–65.

 20. del Bigio MR, Bruni JE, Fewer HD. Human neonatal hydrocephalus. An 
electron microscopic study of the periventricular tissue. J Neurosurg; 
1985;63:56–63.

 21. Nagra G. del Bigio MR. Pathology of Pediatric Hydrocephalus. 2018. 
https:// doi. org/ 10. 1007/ 978-3- 319- 31889-9_ 43-1.

 22. Iwasawa E, Brown FN, Shula C, Kahn F, Lee SH, Berta T, et al. The Anti-
Inflammatory Agent Bindarit Attenuates the Impairment of Neural 
Development through Suppression of Microglial Activation in a Neonatal 
Hydrocephalus Mouse Model. J Neurosci. 2022;42:1820–44.

 23. Abdelhamed Z, Vuong SM, Hill L, Shula C, Timms A, Beier D, et al. A muta-
tion in Ccdc39 causes neonatal hydrocephalus with abnormal motile cilia 
development in mice. Development. 2018;145:8.

 24. Emmert AS, Iwasawa E, Shula C, Schultz P, Lindquist D, Scott Dunn R, et al. 
Impaired neural differentiation and glymphatic CSF flow in the Ccdc39 
rat model of neonatal hydrocephalus: Genetic interaction with L1cam. 
DMM Disease Models and Mechanisms. 2019;12:7.

 25. Goto J, Tezuka T, Nakazawa T, Sagara H, Yamamoto T. Loss of Fyn tyrosine 
kinase on the C57BL/6 genetic background causes hydrocephalus 
with defects in oligodendrocyte development. Mol Cell Neurosci. 
2008;38:203–12.

 26. Crews L, Tony Wyss-Coray, Eliezer Masliah. Insights into the pathogenesis 
of hydrocephalus from transgenic and experimental animal models. 
Brain pathology. 2004;14:312–6.

 27. del Bigio MR, da Silva MC, Drake JM, Tuor UI. Acute and Chronic Cerebral 
White Matter Damage in Neonatal Hydrocephalus. Can J Neurol Sci. 
1994;21:299–305.

 28. del Bigio M, Kanfer J, Zhang Y. Myelination Delay in the cerebral white 
matter of immature rats. Journal of Neuropathology. 1997;56:1053–66.

 29. McAllister JP. Pathophysiology of congenital and neonatal hydrocephalus. 
Semin Fetal Neonatal Med. 2012;896:285–94.

 30. di Curzio DL, Buist RJ, del Bigio MR. Reduced subventricular zone prolif-
eration and white matter damage in juvenile ferrets with kaolin-induced 
hydrocephalus. Exp Neurol. 2013;248:112–28.

 31. Garcia-Bonilla M, Castaneyra-Ruiz L, Zwick S, Talcott M, Otun A, Isaacs 
AM, et al. Acquired hydrocephalus is associated with neuroinflamma-
tion, progenitor loss, and cellular changes in the subventricular zone and 
periventricular white matter. Fluids Barriers CNS. 2022;19:723.

 32. Aojula A, Botfield H, McAllister JP, Gonzalez AM, Abdullah O, Logan A, 
et al. Diffusion tensor imaging with direct cytopathological validation: 
Characterisation of decorin treatment in experimental juvenile commu-
nicating hydrocephalus. Fluids Barriers CNS. 2016;45:13.

 33. Lattke M, Magnutzki A, Walther P, Wirth T, Baumann B. Nuclear factor κB 
activation impairs ependymal ciliogenesis and links neuroinflammation 
to hydrocephalus formation. J Neurosci. 2012;32:11511–23.

 34. Xu H, Tan G, Zhang S, Zhu H, Liu F, Huang C, et al. Minocycline reduces 
reactive gliosis in the rat model of hydrocephalus. BMC Neurosci. 
2012;13:23217034.

 35. McAllister JP, Miller JM. Minocycline inhibits glial proliferation in the 
H-Tx rat model of congenital hydrocephalus. Cerebrospinal Fluid Res. 
2010;7:20507614.

 36. Botfield H, Gonzalez AM, Abdullah O, Skjolding AD, Berry M, Mcallister 
JP, et al. Decorin prevents the development of juvenile communicating 
hydrocephalus. Brain. 2013;136:2842–58.

 37. Merhar S. Biomarkers in neonatal posthemorrhagic hydrocephalus. 
Neonatology. 2012;101:1–7.

 38. Habiyaremye G, Morales DM, Morgan CD, McAllister JP, CreveCoeur TS, 
Han RH, et al. Chemokine and cytokine levels in the lumbar cerebro-
spinal fluid of preterm infants with post-hemorrhagic hydrocephalus. 
Fluids Barriers CNS. 2017;14:67.

 39. Limbrick DD, Baksh B, Morgan CD, Habiyaremye G, McAllister JP, Inder 
TE, et al. Cerebrospinal fluid biomarkers of infantile congenital hydro-
cephalus. PLoS ONE. 2017;34:12.

 40. Schmitz ML, Weber A, Roxlau T, Gaestel M, Kracht M. Signal integration, 
crosstalk mechanisms and networks in the function of inflammatory 
cytokines. Biochim Biophys Acta. 2011;1813:2165–75.

 41. Aloisi F. Immune function of microglia. Glia. 2001;36:165–79.
 42. Wu KY, Tang FL, Lee D, Zhao Y, Song H, Zhu XJ, et al. Ependymal Vps35 

promotes ependymal cell differentiation and survival, suppresses 

microglial activation, and prevents neonatal hydrocephalus. J Neurosci. 
2020;40:3862–79.

 43. Dagher NN, Najafi AR, Kayala KMN, Elmore MRP, White TE, Medeiros R, 
et al. Colony-stimulating factor 1 receptor inhibition prevents microglial 
plaque association and improves cognition in 3xTg-AD mice. J Neuroin-
flammation. 2015;21:12.

 44. Hagemeyer N, Hanft KM, Akriditou MA, Unger N, Park ES, Stanley ER, 
et al. Microglia contribute to normal myelinogenesis and to oligoden-
drocyte progenitor maintenance during adulthood. Acta Neuropathol. 
2017;134:441–58.

 45. Elmore MRP, Najafi AR, Koike MA, Dagher NN, Spangenberg EE, Rice 
RA, et al. Colony-stimulating factor 1 receptor signaling is necessary for 
microglia viability, unmasking a microglia progenitor cell in the adult 
brain. Neuron. 2014;82:380–97.

 46. Sawicki CM, Kim JK, Weber MD, Faw TD, McKim DB, Madalena KM, 
et al. Microglia promote increased pain behavior through enhanced 
inflammation in the spinal cord during repeated social defeat stress. J 
Neurosci. 2019;39:1139–49.

 47. Tang Y, Liu L, Xu D, Zhang W, Zhang Y, Zhou J, et al. Interaction between 
astrocytic colony stimulating factor and its receptor on microglia medi-
ates central sensitization and behavioral hypersensitivity in chronic post 
ischemic pain model. Brain Behav Immun. 2018;68:248–60.

 48. Elmore MRP, Hohsfield LA, Kramár EA, Soreq L, Lee RJ, Pham ST, et al. 
Replacement of microglia in the aged brain reverses cognitive, synap-
tic, and neuronal deficits in mice. Aging Cell. 2018;17:7.

 49. Rice RA, Pham J, Lee RJ, Najafi AR, West BL, Green KN. Microglial repopu-
lation resolves inflammation and promotes brain recovery after injury. 
Glia. 2017;65:931–44.

 50. Tap WD, Wainberg ZA, Anthony SP, Ibrahim PN, Zhang C, Healey JH, 
et al. Structure-guided blockade of CSF1R kinase in tenosynovial giant-
cell tumor. N Engl J Med. 2015;373:428–37.

 51. Stottmann RW, Moran JL, Turbe-Doan A, Driver E, Kelley M, Beier DR. 
Focusing forward genetics: A tripartite ENU screen for neurodevelop-
mental mutations in the mouse. Genetics. 2011;188:615–24.

 52. Goulding DS, Caleb Vogel R, Pandya CD, Shula C, Gensel JC, Mangano 
FT, et al. Neonatal hydrocephalus leads to white matter neuroinflamma-
tion and injury in the corpus callosum of Ccdc39 hydrocephalic mice. J 
Neurosurg Pediatr. 2020;25:476–83.

 53. Rosin JM, Vora SR, Kurrasch DM. Depletion of embryonic microglia 
using the CSF1R inhibitor PLX5622 has adverse sex-specific effects on 
mice, including accelerated weight gain, hyperactivity and anxiolytic-
like behaviour. Brain Behav Immun. 2018;73:682–97.

 54. Hamilton JA, Achuthan A. Colony stimulating factors and myeloid cell 
biology in health and disease. Trends Immunol. 2013;34:81–9.

 55. Arnoux I, Hoshiko M, Mandavy L, Avignone E, Yamamoto N, Audi-
nat E. Adaptive phenotype of microglial cells during the normal 
postnatal development of the somatosensory ‘Barrel’ cortex. Glia. 
2013;61:1582–94.

 56. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A, 
et al. Single-Cell RNA sequencing of microglia throughout the mouse 
lifespan and in the injured brain reveals complex cell-state changes. 
Immunity. 2019;50:253–71.

 57. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Sztern-
feld R, Ulland TK, et al. A unique microglia type associated with restrict-
ing development of Alzheimer’s Disease. Cell. 2017;169:1276–90.

 58. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, el Fatimy R, 
et al. The TREM2-APOE pathway drives the transcriptional phenotype 
of dysfunctional microglia in neurodegenerative diseases. Immunity. 
2017;47:566-581.e9.

 59. Ayata P, Badimon A, Strasburger HJ, Duff MK, Montgomery SE, Loh YHE, 
et al. Epigenetic regulation of brain region-specific microglia clearance 
activity. Nat Neurosci. 2018;21:1049–60.

 60. Hohsfield LA, Najafi AR, Ghorbanian Y, Soni N, Crapser JD, Figueroa Velez 
DX, et al. Subventricular zone/white matter microglia reconstitute the 
empty adult microglial niche in a dynamic wave. Elife. 2021;10:8.

 61. Boer K, Spliet WGM, van Rijen PC, Redeker S, Troost D, Aronica E. 
Evidence of activated microglia in focal cortical dysplasia. J Neuroim-
munol. 2006;173:188–95.

 62. van Vliet EA, Forte G, Holtman L, den Burger JCG, Sinjewel A, de 
Vries HE, et al. Inhibition of mammalian target of rapamycin reduces 

https://doi.org/10.1007/978-3-319-31889-9_43-1


Page 19 of 19Brown et al. Fluids and Barriers of the CNS           (2023) 20:42  

epileptogenesis and blood–brain barrier leakage but not microglia 
activation. Epilepsia. 2012;53:1254–63.

 63. Tanaka Y, Matsuwaki T, Yamanouchi K, Nishihara M. Increased lysosomal 
biogenesis in activated microglia and exacerbated neuronal damage 
after traumatic brain injury in progranulin-deficient mice. Neuroscience. 
2013;250:8–19.

 64. Bechmann I, Peter S, Beyer M, Gimsa U, Nitsch R. Presence of B7–2 
(CD86) and lack of B7–1 (CD(80) on myelin phagocytosing MHC-II-pos-
itive rat microglia is associated with nondestructive immunity in vivo. 
FASEB J. 2001;15:1086–8.

 65. Bohatschek M, Kloss CUA, Pfeffer K, Bluethmann H, Raivich G. B7.2 on 
activated and phagocytic microglia in the facial axotomy model: Regu-
lation by interleukin-1 receptor type 1, tumor necrosis factor receptors 
1 and 2 and endotoxin. J Neuroimmunol. 2004;156:132–45.

 66. Laman JD, de Boer M, Hart T. Minireview CD40 in clinical inflammation: 
from multiple sclerosis to atherosclerosis. Dev Immunol. 1998;8:78.

 67. Bercury KK, Macklin WB. Dynamics and mechanisms of CNS myelina-
tion. Dev Cell. 2015;9:447–58.

 68. Bouyssi-Kobar M, du Plessis AJ, Mccarter R, Brossard-Racine M, Murnick 
J, Tinkleman L, et al. Third trimester brain growth in preterm infants 
compared with in utero healthy fetuses. Pediatrics. 2016;8:78.

 69. Kostović I, Jovanov-Milošević N. The development of cerebral connec-
tions during the first 20–45 weeks’ gestation. Semin Fetal Neonatal 
Med. 2006;11:415–22.

 70. Amiel-Tison C, Gosselin J, Infante-Rivard C. Head growth and cranial 
assessment at neurological examination in infancy. Dev Med Child 
Neurol. 2002;89:6.

 71. Huang Y, Xu Z, Xiong S, Sun F, Qin G, Hu G, et al. Repopulated microglia 
are solely derived from the proliferation of residual microglia after acute 
depletion. Nat Neurosci. 2018;21:530–40.

 72. Lloyd AF, Davies CL, Holloway RK, Labrak Y, Ireland G, Carradori D, et al. 
Central nervous system regeneration is driven by microglia necroptosis 
and repopulation. Nat Neurosci. 2019;22:1046–52.

 73. Liu Y, Given KS, Dickson EL, Owens GP, Macklin WB, Bennett JL. 
Concentration-dependent effects of CSF1R inhibitors on oligodendro-
cyte progenitor cells ex vivo and in vivo. Exp Neurol. 2019;318:32–41.

 74. Erblich B, Zhu L, Etgen AM, Dobrenis K, Pollard JW. Absence of colony 
stimulation factor-1 receptor results in loss of microglia, disrupted brain 
development and olfactory deficits. PLoS ONE. 2011;6:8.

 75. Oosterhof N, Kuil LE, van der Linde HC, Burm SM, Berdowski W, van 
Ijcken WFJ, et al. Colony-Stimulating Factor 1 Receptor (CSF1R) regu-
lates microglia density and distribution, but not microglia differentia-
tion in vivo. Cell Rep. 2018;24:1203–17.

 76. del Bigio MR. Pathophysiologic consequences of hydrocephalus. Neu-
rosurg Clin N Am. 2001;12:639–49.

 77. Ayannuga OA, Shokunbi MT, Naicker TA. Myelin sheath injury in 
kaolin-induced hydrocephalus: a light and electron microscopy 
study. Pediatr Neurosurg. 2016;51:61–8.

 78. Back SA. White matter injury in the preterm infant: pathology and 
mechanisms. Acta Neuropathol. 2017;134:331–49.

 79. Santos EN, Fields DR. Regulation of myelination by microglia. Sci Adv. 
2021;7:50.

 80. Ulfig N, Bohl J, Neudörfer F, Rezaie P. Brain macrophages and micro-
glia in human fetal hydrocephalus. Brain Dev. 2004;26:307–15.

 81. Harris CA, Morales DM, Arshad R, McAllister JP, Limbrick DD. Cerebro-
spinal fluid biomarkers of neuroinflammation in children with hydro-
cephalus and shunt malfunction. Fluids Barriers CNS. 2021;18:89.

 82. Glees P, Hasan M. Ultrastructure of human cerebral macroglia and 
microglia: maturing and hydrocephalic frontal cortex. Neurosurg Rev. 
1990;13:231–42.

 83. Ross EJ, Graham DL, Money KM, Stanwood GD. Developmental 
consequences of fetal exposure to drugs: What we know and what 
we still must learn. Neuropsychopharmacology. 2015;9:61–87.

 84. Sminia T, de Groot CJA, Dijkstra CD, Koetsier JC, Polman CH. Mac-
rophages in the central nervous system of the rat. Immunobiology. 
1987;174:43–50.

 85. Alliot F, Godin I, Pessac B. Microglia derive from progenitors, originat-
ing from the yolk sac, and which proliferate in the brain. Dev Brain 
Res. 1999;117:145–52.

 86. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate 
mapping analysis reveals that adult microglia derive from primitive 
macrophages. Science. 2010;330:841–5.

 87. Zeger M, Popken G, Zhang J, Xuan S, Lu QR, Schwab MH, et al. 
Insulin-like growth factor type 1 receptor signaling in the cells of oli-
godendrocyte lineage is required for normal in vivo oligodendrocyte 
development and myelination. Glia. 2007;55:400–11.

 88. Djannatian M, Weikert U, Safaiyan S, Wrede C, Kislinger G, Ruhwedel T, 
et al. Myelin biogenesis is associated with pathological ultrastructure 
that is resolved by microglia during development. Glia. 2012;2:34. 
https:// doi. org/ 10. 1101/ 2021. 02. 02. 429485.

 89. Nemes-Baran AD, White DR, DeSilva TM. Fractalkine-dependent 
microglial pruning of viable oligodendrocyte progenitor cells regu-
lates myelination. Cell Rep. 2020;32:34.

 90. Arnold TD, Lizama CO, Cautivo KM, Santander N, Lin L, Qiu H, et al. 
Impaired αVβ8 and TGFβ signaling lead to microglial dysmaturation 
and neuromotor dysfunction. J Exp Med. 2019;216:900–15.

 91. Schafer DP, Stevens B. Microglia function in central nervous system 
development and plasticity. Cold Spring Harb Perspect Biol. 
2015;7:789.

 92. Torres L, Danver J, Ji K, Miyauchi JT, Chen D, Anderson ME, et al. 
Dynamic microglial modulation of spatial learning and social behav-
ior. Brain Behav Immun. 2016;55:6–16.

 93. Spangenberg E, Severson PL, Hohsfield LA, Crapser J, Zhang J, Burton 
EA, et al. Sustained microglial depletion with CSF1R inhibitor impairs 
parenchymal plaque development in an Alzheimer’s disease model. 
Nat Commun. 2019;10:89.

 94. Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, 
Quail DF, et al. CSF-1R inhibition alters macrophage polarization and 
blocks glioma progression. Nat Med. 2013;19:1264–72.

 95. Yu L, Su X, Li S, Zhao F, Mu D, Qu Y. Microglia and their promising role 
in ischemic brain injuries: an update. Front Cell Neurosci. 2020;14:78.

 96. Najafi AR, Crapser J, Jiang S, Ng W, Mortazavi A, West BL, et al. A 
limited capacity for microglial repopulation in the adult brain. Glia. 
2018;66:2385–96.

 97. O’Neil SM, Witcher KG, McKim DB, Godbout JP. Forced turnover of 
aged microglia induces an intermediate phenotype but does not 
rebalance CNS environmental cues driving priming to immune chal-
lenge. Acta Neuropathol Commun. 2018;6:129.

 98. Zhang Y, Zhao L, Wang X, Ma W, Lazere A, Qian H-H, et al. Repopulat-
ing retinal microglia restore endogenous organization and function 
under CX3CL1-CX3CR1 regulation. Neuropathol Commun. 2018;89:5.

 99. Karimy JK, Zhang J, Kurland DB, Theriault BC, Duran D, Stokum JA, 
et al. Inflammation-dependent cerebrospinal fluid hypersecretion by 
the choroid plexus epithelium in posthemorrhagic hydrocephalus. 
Nat Med. 2017;23:997–1003.

 100. Haruwaka K, Ikegami A, Tachibana Y, Ohno N, Konishi H, Hashimoto A, 
et al. Dual microglia effects on blood brain barrier permeability induced 
by systemic inflammation. Nat Commun. 2019;10:78.

 101. Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun YY, Chen HR, et al. 
Capillary-associated microglia regulate vascular structure and function 
through PANX1-P2RY12 coupling in mice. Nat Commun. 2021;12:56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1101/2021.02.02.429485

	Early postnatal microglial ablation in the Ccdc39 mouse model reveals adverse effects on brain development and in neonatal hydrocephalus
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animal line and mouse weight
	Drug administration
	Immunohistochemistry
	Microscope imaging and quantification
	Magnetic resonance imaging and quantification
	Statistical analysis

	Results
	PLX5622 successfully ablated neonatal microglia, including reactive amoeboid-shaped microglia in the prh mutant
	Microglia profiling in neonatal hydrocephalus and of those which survived PLX5622 treatment
	There is no improvement in white matter edema or grey matter thinning in PLX-prh mice
	PLX5622-mediated microglial ablation negatively impacts postnatal myelination in healthy brains
	PLX-treated prh mice have significantly larger ventricular volume
	Postnatal PLX5622 treatment did not affect the growth or survival of neonatal mice
	Microglia fully repopulated after discontinuation of PLX5622 by P20
	Repopulated microglia profiles 13 days after PLX5622 removal
	Myelination recovery 13 days after PLX5622 cessation

	Discussion
	Conclusion
	Anchor 27
	Acknowledgements
	References


