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SUMMARY

The choroid plexus (ChP) regulates brain development by secreting instructive cues and providing 

a protective brain barrier. Here, we show that polyI:C-mediated maternal immune activation leads 

to an inflammatory response in the developing embryonic mouse brain that manifests as pro-

inflammatory cerebrospinal fluid (CSF) and accumulation of ChP macrophages. Elevation of CSF-

CCL2 was sufficient to drive ChP immune cell recruitment, activation, and proliferation. In 

addition, ChP macrophages abandoned their regular tiling pattern and relocated to the ChP free 

margin where they breached the weakened epithelial barrier. We further found that these immune 

cells entered from the ChP into the brain via anatomically specialized “hotspots” at the distal tips 

of ChP villi. In vivo two-photon imaging demonstrated that surveillance behaviors in ChP 

macrophages had already emerged at this early stage of embryogenesis. Thus, the embryonic ChP 

forms a functional brain barrier that can mount an inflammatory response to external insults.
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eTOC blurb

Cui et al. find that the choroid plexus barrier propagates maternal inflammation to the embryonic 

brain by secreting inflammatory signals into the cerebrospinal fluid and gating macrophage entry 

into the brain via “hotspots,” contributing to an altered neuroimmune landscape. Two-photon 

imaging uncovers diverse surveillance behaviors of embryonic choroid plexus macrophages.
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INTRODUCTION

Immune system disturbances during development increase the susceptibility of offspring to 

multiple neurodevelopmental disorders (Ashwood et al., 2006; Estes and McAllister, 2016; 

Knuesel et al., 2014; Patterson, 2011). In particular, maternal infection and elevated levels of 

maternal serum cytokines during pregnancy are linked to a higher incidence of psychiatric 

disorders (Jones et al., 2016; Rudolph et al., 2018). In mice, maternal infection can be 

mimicked by mid-gestational exposure to a synthetic viral genome mimetic, polyinosine-

polycytidylic acid (polyI:C). Cytokine signaling during maternal immune activation (MIA) 

disrupts placental function and fetal brain development. Such disruptions can result in 
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postnatal behavioral deficits that model certain aspects of Autism Spectrum Disorders 

(ASDs) (Choi et al., 2016; Hsiao and Patterson, 2011; Malkova et al., 2012; Smith et al., 

2007). Additionally, dysregulation of brain parenchymal microglial development and 

function has been reported in MIA offspring, implicating an altered neuroimmune landscape 

(Bilbo et al., 2018; Cunningham et al., 2013; Matcovitch-Natan et al., 2016). However, it is 

not well understood how the inflammatory signals propagate from the peripheral maternal-

fetal barrier to the developing fetal brain.

The choroid plexus (ChP) forms the blood-cerebrospinal fluid (CSF) barrier, and secretes 

signals into the CSF that instruct brain development (Fame and Lehtinen, 2020; Ghersi-Egea 

et al., 2018; Lehtinen et al., 2011). In adults, the ChP also provides a gateway for immune 

cell entry into the CNS, and orchestrates the interplay between the central nervous system 

(CNS) and peripheral immune system (Engelhardt et al., 2017; Reboldi et al., 2009; 

Schwartz and Baruch, 2014). Aging-induced type-I interferon signaling at the ChP affects 

cognitive function and adult neurogenesis, highlighting the active roles of ChP in regulating 

brain function by orchestrating neuroimmune responses (Baruch et al., 2014). In contrast, 

much less is known about ChP immune cell behaviors during development. Indeed, it even 

remains unclear if embryonic ChP immune cells are capable of responding to external 

insults (Fame and Lehtinen, 2020; Kierdorf et al., 2019). Nonetheless, the embryonic ChP 

contains multiple immune cell populations expressing classic immune response machinery 

(Dani et al., 2019). A key question is whether the embryonic ChP contributes to disruptions 

of normal brain development associated with immune system activation (Ben-Reuven and 

Reiner, 2019). In particular, we asked if changes in the maternal environment caused by 

MIA alter embryonic ChP signaling, thereby compromising normal brain development.

Here, we show that the embryonic ChP is a site of inflammation in polyI:C-induced MIA. 

MIA triggered the accumulation of phagocytic macrophages and elevated chemotactic 

CCL2-CCR2 signaling at the embryonic ChP-CSF interface. These changes were paralleled 

by the emergence of a pro-inflammatory CSF signature and disruptions of ChP barrier 

integrity. We developed a two-photon imaging approach to characterize embryonic ChP 

macrophages in vivo, and observed diverse surveillance behaviors. Together, our findings 

demonstrate that the ChP helps establish an inflammatory state in the embryonic brain in 

response to maternal inflammation.

RESULTS

MIA triggers accumulation of activated macrophages at the embryonic ChP

MIA induced by intraperitoneal delivery of polyI:C, (20 mg/kg) to pregnant dams at 

embryonic day (E) 12.5 (Figure 1A) triggered an accumulation of Iba1+ macrophages at the 

ChP at E14.5 (Figure 1B-C). Most Iba1+ cells localized to the apical, CSF-facing surface of 

the ChP (e.g. epiplexus location, Figure 1D). Morphological analyses and double-staining of 

Iba1+ macrophages with the phagocytic marker CD68 revealed the putative activation states 

of these cells. MIA caused ChP Iba1+ cells to exhibit a morphological shift to a “round” 

shape with increased circularity (>0.4) and solidity (Figure 1E-G, Figure S1F, G). Co-

staining with the phagocytic marker, CD68, further demonstrated increased phagocytic 

activity of ChP macrophages during MIA (Figure 1H-I).
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Because phenotypes in the MIA model depend on the molecular size of the polyI:C reagent 

(Kowash et al., 2019), we validated our polyI:C quality in control experiments (Figure S1A). 

We also confirmed the presence of gut commensal segmented filamentous bacteria (critical 

for IL17-mediated, polyI:C-induced neurodevelopmental defects, Kim et al., 2017) in our 

colony (Figure S1B). As expected, MIA led to the upregulation of maternal serum cytokines 

3 hours following polyI:C challenge (Figure S1C), and induced cortical disorganization 

phenotypes in offspring at birth (Figure S1D, (Choi et al., 2016; Shin Yim et al., 2017)). At 

baseline, the lateral ventricle (LV) and the fourth ventricle (4V) ChP had comparable Iba1+ 

cell numbers (Figure S1E).

MIA is accompanied by increased CCL2 and other inflammatory mediators in embryonic 
CSF

Because the early CSF distributes instructive factors and provides a biomarker signature of 

the developing brain (Chau et al., 2015, 2018; Fame et al., 2019), we searched for evidence 

of inflammation in the cytokine profile of E14.5 CSF. We observed increased levels of 

proinflammatory cytokines including CCL2 (C-C motif Chemokine Ligand-2), interferons 

(IFNβ and IFNγ), and interleukins (IL1β and IL6), indicating that MIA shifted the 

embryonic CSF to a pro-inflammatory state (Figure 1J, K, Table S1). IL17a, which mediates 

aspects of neurodevelopmental defects in offspring in response to maternal inflammation 

(Choi et al., 2016), was not detected in E14.5 CSF following MIA using this assay (13-

plexed FACS-ELISA). We hypothesized that CSF cytokines participate in recruiting Iba1+ 

macrophages to the ChP In particular, the most significantly increased factor, CCL2, is 

known to recruit circulating myeloid cells to sites of inflammation in adult disease models 

(Garzia et al., 2018; Howe et al., 2017; Lu et al., 1998). We confirmed CSF-CCL2 elevation 

using sandwich ELISA (Figure 1L). Then we compared CCL2 levels across different body 

fluids at E14.5 (Figure S1H) and found a similar elevation in CCL2 in serum as in CSF 

(Figure S1I). As cytokine signaling at the placenta is upregulated by MIA (Hsiao and 

Patterson, 2011), we also tested if cytokine levels in the amniotic fluid (AF) reflected these 

changes. We did not observe changes in AF-CCL2 levels in response to MIA (Figure S1J, 

Table S2). These data demonstrate that MIA triggers a pro-inflammatory cytokine response 

in the developing embryo.

MIA upregulated CCL2-CCR2 signaling at the ChP-CSF interface

Given the accumulation of ChP macrophages and elevation of CSF-CCL2, we investigated 

whether ChP contributes to CSF-CCL2 upregulation. Analyses of single cell transcriptomics 

data (Dani et al., 2019) indicated that, at baseline, embryonic ChP macrophages express 

Ccl2 (Figure 2A, B, S2A). qRT-PCR and mRNA in situ hybridization of E14.5 ChP revealed 

an increase in Ccl2 expression in response to MIA (Figure 2E, S2B). Further, intracellular 

CCL2 was increased in the ChP (Figure 2F, S2C, (Lu et al., 1998)). We cannot rule out 

contributions by other CSF-contacting cell types (e.g., developing meningeal immune cells 

and neuroepithelial progenitors) to overall CSF-CCL2 levels (Figure 2E). Nevertheless, our 

data highlight the ChP as a brain tissue that likely contributes to elevated CSF-CCL2 levels 

during MIA.
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Because CCL2 can signal through the cell surface receptor, CCR2, to recruit circulating 

CCR2-expressing monocytes to sites of inflammation (Lu et al., 1998), we tested if a similar 

mechanism could contribute to ChP macrophage accumulation following MIA. Analysis of 

Ccr2 expression in single cell transcriptomic data (Dani et al., 2019) uncovered a small 

subset of CCR2-expressing monocytes in ChP at baseline (Figure 2C, D). Subsequent 

immunostaining in Ccr2+/RFP mice revealed an increase in Ccr2+/RFP monocytes in ChP 

following MIA (Figures 2G-I, S2D). Together, these data support the model that during 

MIA, increases in CCL2 in the ChP and CSF recruit CCR2-expressing cells to the ChP.

The upregulation of certain chemokines in AF and CSF correlates with neurodevelopmental 

disorders including ASD (Abdallah et al., 2012; Vargas et al., 2005). Given the relevance of 

clinical implications of the rodent MIA model in ASD pathology, we performed gene 

expression analyses of the embryonic LV ChP, focusing on the following chemokines: 

CCL3, CCL4, CCL5, CXCL1, and CXCL10. We found that the embryonic ChP had very 

low baseline expression of Ccl5 and Cxcl1 (Ct > 35, not shown). ChP Cxcl10 expression 

was upregulated by MIA, whereas the expression of Ccl3 and Ccl4 was unaffected (Figure 

S2E). Thus, MIA elevates the expression of additional chemokines as part of the ChP 

inflammatory response, mirroring the inflammatory profiles of the CSF and brain in ASD 

patients.

CSF-CCL2 augmentation stimulates Iba1+ cell accumulation at the ChP

To test if transient CSF-CCL2 elevation is sufficient to stimulate macrophage accumulation 

at the ChP, we delivered mouse recombinant CCL2 (rCCL2) by a single 

intracerebroventricular injection (in utero ICV) at E13.5 and analyzed ChP immune cells 24 

hours later (Figure 3A, B). Compared to vehicle controls, rCCL2 increased the number of 

Iba1+ cells at the ChP-CSF surface and the proportion of “round” Iba1+ cells, suggesting 

that the transient elevation of CCL2 in the CSF altered the activation status of these cells 

(Figure 3C, D).

We next used an adeno-associated viral approach (AAV) to determine if sustained 

production of CCL2 by ChP epithelial cells alters the brain’s immune environment. AAV 

was delivered by in utero ICV at E13.5, and samples were collected at E15.5 (Figure 3A). 

We confirmed AAV tropism for ChP epithelial cells in AAV-GFP controls (Figure 3E, (Chen 

et al., 2020; Haddad et al., 2013; Kaiser et al., 2020)). RNAscope in situ hybridization 

analyses revealed an increase in ChP Ccl2 expression (Figure 3F). However, AAV-CCL2 

additionally induced Ccl2 upregulation in the meninges (Figure 3F, right), likely reflecting a 

broader secondary inflammatory response caused by CCL2 overexpressed by the ChP. CSF-

CCL2 was increased ten-fold in AAV-CCL2 samples compared to AAV-GFP controls 

(Figure 3I). AAV-CCL2 ChP samples showed increased numbers of Iba1+ macrophages and 

CD45+ leukocytes (Figure 3G, H, J, K) with elevated prevalence of a round morphology 

(Figure 3L, M). An increase of Iba1+ cells at the apical CSF surface of the ventricular zone 

of the developing cerebral cortex was also observed in AAV-CCL2 samples (Figure S3), 

suggesting a global immune activation in the brain. Taken together, these results demonstrate 

that enhanced CSF-CCL2 availability during early brain development, either via direct 
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delivery of CCL2 into the CSF or sustained overexpression of CCL2 by the ChP, is sufficient 

to promote immune cell accumulation at the ChP and ventricle walls.

Two-photon imaging reveals embryonic ChP macrophage motility and mobility

We recently captured the movements of mature ChP macrophages in adult mice at baseline 

and following local and systemic insults (Shipley et al., 2020). In fixed tissues, the 

expression of CD68 is commonly exploited as a marker of increased macrophage activity 

and was increased in fixed AAV-CCL2 samples (Figure 4A, B). Here, we established a live 

embryo imaging platform for 3D imaging of ChP macrophages (Figure 4C). We imaged the 

ChP in 4V via the cisterna magna, as it was more readily accessible than LV ChP, while 

demonstrating similar immune cell accumulation and activation (Figure 4A, Figure S4A). To 

help preserve tissue health, embryos remained attached to the excised placenta and retained 

circulation for an average of one hour while bathed in warm (37°C) artificial CSF (not 
shown). To improve image clarity, 4V ChP was carefully exposed to avoid causing 

hemorrhage. Comparative histological analyses indicated that acute 4V ChP exposure did 

not induce any immediate additional immune response or cell death in the ChP during the 

experimental time period (Figure S4B-G). We used Cx3cr1+/GFP reporter mice for live 

imaging of GFP fluorescence in embryonic ChP macrophages (Dani et al., 2019; Shipley et 

al., 2020). In addition, to help distinguish ChP from adjacent tissues, and to distinguish 

between ChP surface macrophages (epiplexus) and those located within the stromal space, 

we also imaged ChP vasculature (via liver injection of Texas Red dextrans; Figure 4D, Video 

S1). Alternatively, we labeled ChP epithelial cells using AAV-tdTomato (in utero ICV 

delivery, 1 day prior to imaging; Figure 4E).

We characterized the motility and mobility of ChP Cx3cr1+/GFP macrophages. Consistent 

with a role in immune surveillance, embryonic ChP macrophages exhibited motile processes 

in control conditions (Video S2). Notably, these processes were shorter and less ramified 

than in adult (Shipley et al., 2020). Processes from neighboring cells sometimes contacted 

each other and lingered (Video S3). To quantitatively characterize cell behaviors, we first 

developed a custom analysis pipeline to stabilize the 3D volumes and to measure the local 

displacement of macrophage cell bodies (Figure S4H). Having estimated the movement of 

each macrophage, we then aligned a small movie centered on the macrophage, followed by 

estimation of the motility of macrophage processes (Figure 4F). The standard deviation of 

fluorescence intensity across time of each pixel in a region of interest (ROI) surrounding the 

cell was averaged across pixels in the ROI and normalized to the mean fluorescence of each 

cell body to obtain an estimate of cell process “motility” (Figure 4G, Figure S4I). Across 

individual cells, motility at ~ 3 μm from the edge of the cell body showed the greatest 

differences between cells (Figure 4H).

We next tested if CSF-CCL2 augmentation affected ChP immune cell motility and mobility. 

We confirmed CSF-CCL2 levels were upregulated 24 h post viral transduction, which was 

the timepoint selected for embryo imaging (Figure S4J). Histological analyses also showed 

that immune cells started to accumulate at the ChP at this time (Figure S4K-N). We 

observed somewhat faster moving processes in cells in the CCL2 condition than in controls 

(Videos S2, 4, 5). Further, some cells exhibited clear displacement, with cell bodies that 
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moved toward other cells (Video S6). Some ChP macrophages appeared to respond to CSF-

CCL2 elevation, as reflected by trends towards greater displacement and peak motility of 

macrophage processes (Video S7, Figure 4I), albeit to a varying degree across cells and 

samples. Further, cell displacement and cell process motility were significantly positively 

correlated (Figure 4J). Overall, the high-resolution live imaging approach revealed 

substantial macrophage motility in the developing ChP, indicating surveillance behavior.

CSF-CCL2 promotes immune cell infiltration and proliferation at the embryonic ChP

In adult mice, macrophages are evenly tiled across the ChP, and survey their “territory” in 

baseline conditions (Shipley et al., 2020). Here, we found that embryonic ChP macrophages 

also tiled the LV ChP at regular intervals at baseline (Figure 5A, S5A). The regularity of this 

tiling was disrupted by elevated CSF-CCL2 (Figure S5B). Nearest-neighbor analyses 

revealed that CSF-CCL2 shifted the macrophage distribution toward an irregular pattern 

involving an increased number of cells per tissue area (Figure 5A, Figure S5B-D). Further, 

we noticed a more dense clustering of macrophages along the CSF contacting free margin of 

the ChP (Figure 5B-D), suggesting immune cell recruitment at this site in the ChP.

Indeed, we noticed that a subset of 4V ChP Iba1+;CD45+/hi cells were positioned between 

epithelial cells in AAV-CCL2 samples (Figure 5E-G), suggesting immune cell infiltration 

across the barrier. Consistent with this hypothesis, these CD45+/hi cells were more 

frequently located near the distal tip of ChP villi (Figure 5H). In addition, we observed 

increased expression of Ly6C, a marker of infiltrating monocytes, in AAV-CCL2 samples 

(Figure S5E). Together, these data indicate that elevated CSF-CCL2 driven by ChP CCL2 

overexpression promotes immune cell infiltration across the ChP barrier at the distal tips of 

ChP villi “hotspots.”

CSF-CCL2 elevation also increased the population of proliferating Ki67+;Iba1+ cells in 4V 

ChP (Figure 5I). These data were corroborated by a larger percentage of BrdU+;Iba1+ cells 

in LV ChP (Figure S5F). Similarly, an increased BrdU+;Iba1+ cell population was captured 

in BrdU-pulsed MIA samples (Figure 5J, K). Taken together, these data demonstrate that 

both infiltration and proliferation from the circulation contribute to the accumulation of ChP 

immune cells following CSF-CCL2 augmentation.

Inflammation disrupts the ChP barrier by loosening tight junctions

Tight junctions between ChP epithelial cells contribute to blood-CSF barrier functions 

(Ghersi-Egea et al., 2018; Saunders et al., 2018). Inflammation has been shown to induce 

redistribution of tight junction proteins in endothelial cells (Murakami et al., 2009; 

Stamatovic et al., 2003, 2005). To test if CSF-CCL2 augmentation and accumulation of 

activated immune cells at the ChP are accompanied by altered tight junctions, we first 

analyzed the tight junction marker ZO-1 in LV ChP explants. Both CSF-CCL2 augmentation 

and MIA disrupted the ZO-1 distribution between ChP epithelial cells (Figure 6A, B, S6A). 

We also found a prominent difference in the subcellular distribution of Occludin expression: 

in control explants, Occludin continuously localized along each cell, outlining the epithelial 

cell borders, similar to ZO-1 staining. However, in AAV-CCL2 explants, the Occludin 

staining pattern was disrupted and appeared diffuse (Figure 6C). Meanwhile, β-catenin, a 
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component of adherens junctions that regulates cell adhesion and polarity (Brembeck et al., 

2006), revealed a wider intracellular border in the CCL2 condition (Figure 6C). 

Additionally, Claudin-1 staining in LV ChP explants revealed intermediate changes (not 
shown). CSF-CCL2 elevation led to a modest down-regulation of Cldn1 and Cldn2 mRNA, 

but not Ocln or Cldn3 mRNA (Figure S6B-E). Electron microscopy (EM) revealed reduced 

numbers of tight junction contact points, wider junctions, and a wider intercellular space 

between epithelial cells in CCL2 condition (Figure 6D, E, Figure S6F, G). Taken together, 

these data demonstrate that MIA and CSF-CCL2-associated inflammation weakens ChP 

tight junctions, a core feature of compromised barrier integrity.

We hypothesized that CSF-CCL2 augmentation ultimately dysregulates fetal brain 

development. First, at P0, we found massive immune cell accumulation at the LV ChP, and 

prominent infiltration of myeloid cells along the CSF-contacting surface of the forebrain 

(Figure S6H). CSF-CCL2 augmentation disrupted brain development (Figure 6F) such that 

8/12 AAV-CCL2 brains exhibited disorganized cortical patches along the dorso-lateral 

cerebral cortex, while these types of patches were not observed in the AAV-GFP group 

(Figure 6G, S6I). Together, these results demonstrate that ChP overexpression-driven CSF-

CCL2 augmentation can ultimately dysregulate fetal brain development.

DISCUSSION

We demonstrate that the developing ChP barrier is capable of responding to external insults, 

and propagates maternal inflammation to the developing brain. Using the MIA model, we 

uncovered a broad inflammatory response in the developing brain that manifests as an 

accumulation of macrophages at the ChP and an increase in pro-inflammatory CSF 

cytokines. We developed live imaging and analysis approaches for monitoring ChP 

macrophage behaviors in vivo in the embryonic brain with subcellular resolution. Using 

these tools and histological analyses, we found that elevated CCL2 at the CSF-ChP interface 

was sufficient to drive ChP immune cell activation, recruitment, and proliferation. In turn, 

ChP immune cells abandoned their regular tiling pattern and relocated along the ChP free 

margin, where they breached the barrier that was weakened by CCL2-associated 

inflammation. Anatomically distinct “hotspots” for immune cell entry from ChP to CSF 

emerged at the distal tips of ChP villi, where immune cells appeared strategically positioned 

to enter the ventricles.

Microglia, ChP macrophages, meningeal macrophages, and perivascular macrophages 

represent the majority of CNS myeloid cells critical for the maintenance of CNS 

homeostasis. During brain development, microglia exhibit a phagocytic transcriptomic 

profile, and regulate neurogenesis and synapse refinement (Cunningham et al., 2013; Kracht 

et al., 2020; Schafer et al., 2012; Squarzoni et al., 2014; Wilton et al., 2019). Aberrant 

microglial activity during development has devastating, life-long consequences on brain 

function (Bolton et al., 2017; Nelson and Lenz, 2017; Williamson et al., 2011). Although 

distinct in ontology, microglia share a unique transcriptomic signature with the brain border 

macrophages at embryonic age E14.5 (Hammond et al., 2018; Li and Barres, 2018). Our 

findings complement this emerging field of neuroimmunology, where the pro-inflammatory 

signature of the embryonic CSF barrier in response to MIA reflects altered CNS immune 
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cell function, and consequently impacts cerebral cortical development. Embryonic microglia 

regulate neural progenitor cell numbers, and the proliferation dynamics of neural progenitor 

cells is disrupted by MIA (Ben-Reuven and Reiner, 2019; Cunningham et al., 2013; Stolp et 

al., 2011). Thus, the aberrant macrophage accumulation we observed at the ventricular zone 

of the developing cerebral cortex (Figure S3B, Figure S6H) indicates that CCL2 in the CSF 

that originates from ChP may indirectly modulate neural progenitor proliferation by 

recruiting phagocytic macrophages into the brain parenchyma. Multiple cytokines and 

pathways from various sources contribute to the overall inflammatory response in the brain 

upon MIA stimulation, including IL17a, IL6 (Ben-Reuven and Reiner, 2019; Choi et al., 

2016; Smith et al., 2012), and CCL2 as discovered in this study.

During mid-gestation in mouse, the blood-brain barrier (BBB) is still developing and 

remains permeable to small molecules (Ben-Zvi et al., 2014; Daneman et al., 2010). Similar 

features are conserved across different species during early life (Ek et al., 2001, 2003, 2006; 

Knott et al., 1997; Saunders et al., 2012). Inflammation during gestation and early life 

increases BBB permeability and white matter damage (Stolp et al., 2005a, 2005b, 2011). 

The embryonic ChP has functional tight junctions (Liddelow et al., 2012). However, little is 

known about how insults during development affect the ChP (Fame and Lehtinen, 2020). 

Our findings demonstrate that during early brain development, inflammation leads to ChP 

immune cell accumulation, and loosens the ChP barrier. These findings extend our view of 

the gatekeeper role of embryonic ChP for not only as a gatekeeper regulating CNS entry of 

peripheral nutrients, toxins, and xenobiotics, but also entry of peripheral immune cells. 

During early cortical development, the meninges are also maturing and secrete factors 

important for brain development (Engelhardt et al., 2017; Siegenthaler and Pleasure, 2011; 

Siegenthaler et al., 2009). Our data hint that the developing meninges may also contribute to 

the CSF inflammatory response to MIA (Figure 2E, Figure S2A). Thus, the collective 

vulnerability of all brain barriers to inflammation likely leads to the manifestation of 

neurodevelopmental deficits caused by MIA.

The emerging field of brain border macrophages relies largely on histological and FACS-

based evaluation of cells (Kierdorf et al., 2019; Li and Barres, 2018). Remarkably, behaviors 

of these cells during development have never been visualized in real time. Our two-photon 

live imaging platform captures macrophage motility and mobility at the embryonic ChP 

barrier, thereby providing an opportunity to systematically investigate the early maturation 

of the brain’s immune system. Our findings that embryonic ChP macrophages are motile, 

mobile, and capable of responding to external stimuli complement recent findings that 

human fetal microglia are phagocytic and acquire immune-sensing properties early in 

development, at 9 to 18 gestational weeks (Kracht et al., 2020). Given the morphological 

differences between the embryonic ChP macrophages and ramified adult macrophages and 

microglia, the typical approaches to skeletonize and analyze cell branching as a measure of 

activity were not feasible (Davalos et al., 2005; Madry et al., 2018; Nimmerjahn et al., 2005; 

Shipley et al., 2020). We overcame this challenge by developing a method using the mean 

standard deviation of GFP fluorescence intensity adjacent to the cell body to quantitatively 

analyze process movements. One limitation of this approach is that the imaging time is 

constrained by the health of the preparation, averaging approximately one hour. While we 

did not observe an immediate additional immune response of 4V ChP in our surgical 
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preparation, 4V ChP exposure is nevertheless invasive. Thus, we cannot exclude the 

possibility that an additional inflammatory response from the preparation of the embryo for 

imaging may further alter cell behaviors. Performing the imaging shortly following viral 

transduction may also introduce an unintended “altered baseline” that differs from truly 

naïve conditions (Figure S4J). Future advances in imaging the fully intact embryonic brain 

(Yuryev et al., 2016), including with three-photon imaging (Ouzounov et al., 2017), should 

facilitate longer-term tracking of individual cells.

CSF from ASD patients display hallmarks of neuroinflammation including increased CCL2 

expression (Ashwood et al., 2006; Vargas et al., 2005). Neuropathology of ASD brain tissue 

has also revealed microglial activation and T cell infiltration at the brain-CSF interface 

(DiStasio et al., 2019; Morgan et al., 2010; Vargas et al., 2005). Our data suggest an 

additional potential route of infiltration at the ChP blood-CSF barrier. Future studies could 

examine this hypothesis in clinical samples. While CSF-CCL2 was upregulated in E14.5 

mouse CSF following MIA, additional cytokines and chemokines (such as IL6 and 

CXCL10, Figure 1F, Figure S2E) were also elevated under these conditions. Thus, CCL2 

represents one of multiple factors that together contribute to disease pathology. Together 

with recent advances in MRI diagnostics implicating increased extra-axial CSF as predictive 

of ASD (Shen, 2018), our findings of ChP-CSF inflammation should inspire the 

development of CSF-based biomarkers for the early diagnosis of ASD, and novel therapies 

aimed at barrier intervention for preventing neurodevelopmental disorders.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, maria.lehtinen@childrens.harvard.edu.

Materials Availability—This study did not generate mouse lines. The plasmid generated 

for this study is available from the corresponding author upon request.

Data and Code Availability—The imaging registration, cell motility and mobility 

analysis algorithms generated for this study are available at https://github.com/LehtinenLab/

Cui2020-code. Original data is available from the corresponding author upon request.

EXPERIMENT MODEL AND SUBJECT DETAILS

Animals—All mouse work was performed in accordance with the Institutional Animal 

Care and Use Committees (IACUC) at Boston Children’s Hospital. Six to eight week old 

C57BL/6 and CD-1 (ICR) breeders were purchased from Taconic Farms or Charles River 

Laboratories (CRL), and gut SFB (Eubacteria as a control (Barman et al., 2008)) was 

confirmed after import into the facility. In-house bred timed-pregnant C57BL/6 mice (E14.5 

or E15.5) were used for ChP histology, CSF, and AF analysis following MIA. Timed 

pregnant CD-1 dams were used for in utero ICV studies and were purchased (CRL). 

Cx3cr1GFP (B6.129P2(Cg)-Cx3cr1tm1Litt/J, Jax Stock #005582) and Ccr2RFP (B6.129(Cg)-

Ccr2tm2.1Ifc/J, Jax Stock #017586) lines were maintained by breeding with C57BL/6. For 
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both reporter lines, C57BL/6 females were bred with homozygous Cx3cr1GFP or Ccr2RFP 

males, such that all samples used for experiments were heterozygous. All animals were 

housed under 12hr/12hr day night cycle with access to standard chow and water ad libitum.

METHODS DETAILS

Maternal Immune Activation—For timed pregnancies, females were checked for the 

presence of plugs, and the date of the plug was noted as embryonic day 0.5 (E0.5). 

Bodyweight was monitored every 3-4 days, and ultrasound was available to help confirm 

gestational age. On E12.5, pregnant dams received a single dose (20 mg/kg; i.p.) of 

polyinosinic-polycytidylic acid (polyI:C, Sigma Aldrich) or saline as vehicle control. 

Maternal blood was collected by tail-nick three hours following the injections. Following 

coagulation and centrifugation, serum samples were analyzed by LEGENDplex™ Mouse 

Inflammation Panel FACS-ELISA (BioLegend) to confirm successful immune activation.

Embryonic body fluid collection and analysis—AF was collected by inserting a 

glass capillary into the intra-amniotic space close to the snout. CSF was collected by 

inserting a glass capillary into cisterna magna, and processed as described (Zappaterra et al., 

2013). Samples were pooled across litters and their purity was erified under the dissection 

scope. Blood was collected by glass capillary following a neck artery nick. Serum samples 

were analyzed following coagulation and centrifugation.

For LegendPlex cytokine FACS-ELISA analysis, CSF and AF samples were diluted two-

fold and processed according to the manufacturer’s instructions. Following resuspension, 

beads were run on a FACS Celesta (BD Biosciences) and results were analyzed by 

LegendPlex v7.1 software. For CCL2 sandwich ELISA (Abcam), CSF and serum samples 

were diluted for 10-fold and processed according to the manufacturer’s instructions.

Brain tissue processing for histology—Samples were fixed in 4% PFA at 4°C for 2-3 

hrs. For cryosectioning, samples were sucrose protected as at 4°C as follows: 30% sucrose 

(overnight), 1:1 mixture of 30% sucrose and Optimal Cutting Temperature (OCT, overnight), 

and OCT (1 hr). Samples were then frozen in OCT and cryosectioned at 14 μm unless 

otherwise noted.

Immunostaining and image acquisition—Cryosections were rehydrated with PBS, 

then permeabilized and blocked with 5% goat serum in PBS with either 0.3% TritonX-100 

(0.04% Tween-20 was used for CCL2 staining). Following overnight incubation with 

primary antibodies at 4°C, sections were washed, incubated with secondary antibodies at 

room temperature for one hour, and counterstained with Hoechst (ThermoFisher Scientific) 

before being mounted with Fluoromount-G (SouthernBiotech). E14.5-E15.5 ChP explants 

were micro-dissected in HyClone Hank's 1X Balanced Salt Solutions (HBSS, GE 

Healthcare) and drop-fixed in 4% PFA. After fixing for 15 min. at room temperature, ChP 

explants were stabilized on a Sylgard plate for immunostaining. For BrdU and Ki67 

staining, an antigen retrieval step was included: A vegetable steamer (IHC World) was filled 

with water and preheated until the chamber temperature reached 100°C; sections were 

immersed in boiling citric acid buffer (10 mM citric acid, 0.05% Tween 20, pH 6) and 
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steamed for 20 min. Sections were cooled to room temperature prior to immunostaining. 

RNAscope in situ hybridization to detect Ccl2 transcripts (ACD) was processed according to 

the manufacturer’s instructions. For Ccl2 transcript detection in MIA samples, due to low 

abundance of the transcript at baseline, a high-sensitivity DAB reaction protocol was used 

with 30 min incubation following the addition of DAB substrate mixture.

Epifluorescence images were acquired using a Nikon TiEclipse (Cellular Imaging Core, 

IDDRC, BCH). Confocal images (CCL2 staining and ZO-1 staining) were acquired with 

Zeiss LSM710 (IDDRC, Cellular Imaging Core, BCH). Image acquisition settings 

(wavelengths, exposure, gain, pinhole, etc.) were kept consistent for different samples.

RNA extraction, qRT-PCR—E14.5 LV ChP, 4V ChP, meninges and neuroepithelium 

were micro-dissected in HBSS. Tissue from three individuals were pooled together for RNA 

extraction (RecoverAll Total Nucleic Acid Isolation Kit, ThermoFisher Scientific). 100 ng 

RNA was used for reverse transcription (ImProm-II Reverse Transcription System, 

Promega), and 1 μl cDNA product was used for Taqman assay (Taqman Fast Universal PCR 

Master Mix, ThermoFisher Scientific).

Embryonic ChP single cell RNA Seq dataset—Mouse embryonic ChP single cell 

RNAseq dataset was acquired and analyzed by N.D., N.H., M.K.L., R.H.H., and A.R. in 

Dani et al., 2019. Full material and method details are available at: https://www.biorxiv.org/

content/10.1101/627539v1.full. Briefly, whole embryonic ChP tissue from each ventricle 

was micro-dissected, digested, and live cells were FACS sorted. Single cells (~ 7,000 cells) 

were processed through the 10X Genomics Single Cell 3’ platform.

In utero intracerebroventricular (ICV) injections and BrdU pulses—Timed 

pregnant mice (E13.5) were anesthetized with isoflurane and placed on a heatpad. A 

laparotomy was performed and 1 μl of designated reagents (including fast green dye for easy 

visualization of the injected solution filling the ventricles) was introduced into one lateral 

ventricle. Mouse Ccl2 (NCBI reference sequence: NM_011333.3) was synthesized (IDT) 

and assembled into AAV2/5 vector (pAAV-MCS empty vector, Agilent) using EcoRI and 

HindIII (New England Biolabs) and produced by the Viral Core (Boston Children’s 

Hospital). For AAV transduction, the desired AAV was diluted in sterile PBS to 1×1013 

gc/ml, and a final volume of 1 μl was introduced into one individual. Alternatively, 1 μl of 

100 ng/ml CCL2 protein (Recombinant Mouse CCL2/JE/MCP-1 Protein, CF, R&D 

Systems, reconstituted in sterile PBS) was delivered per embryo and equal volume of sterile 

PBS was used as control. BrdU (50 mg/kg, Millipore Sigma; i.p.) was delivered maternally 

at designated time points.

Two-photon imaging of embryonic ChP—Timed-pregnant mice (E14.5) were 

anesthetized with isoflurane and placed on a heating pad. A laparotomy was performed, and 

embryos were gently exposed. Vasculature labeling was achieved by adapting a previous 

protocol (Ben-Zvi et al., 2014): 3.5 μl of 5 mg/ml Texas Red-Dextran (70 kD, ThermoFisher 

Scientific) was delivered into the developing liver using a fine-tip glass capillary tube. 

During the following five-minute circulation time, samples were kept moist using warm 

HBSS. The samples and the placenta were carefully transferred into an imaging chamber 
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filled with continuously circulating artificial CSF at 37°C (Alzet formulation as provided 

online: https://www.alzet.com/guide-to-use/preparation-of-artificial-csf/, 150 mM Na, 3 mM 

K, 1.4 mM Ca, 0.8 mM Mg, 1 mM P, 155 mM Cl). The skin and skull over the 4th ventricle 

were removed, exposing the ventricular system.

3D volumetric images were acquired to robustly track the ChP across short and long 

timescales due to mouse motion, changes in posture, and occasional axial drift of ChP. 

Recordings were 30 to 45 min long on average. Two-photon imaging of immune cells was 

performed using a resonant-scanning two-photon microscope (Olympus MPE-RS 

Multiphoton Microscope; 12.8 frame/s; 512 × 512 pixels/frame; 0.16 volumes/s, 81 planes/

volume; volume size: 254 × 254 × 400 μm3) and a 25X objective (Olympus 

XLPLN25XSVMP2, 1.0 NA, 4 mm W.D.) with ~1.3X zoom (~394 × 394 μm2). Volume 

scanning on the Olympus was achieved by using a piezoelectric microscope stage 

(nPFocus250). Laser power at 940 nm (Mai Tai DeepSee laser, Spectra Physics) measured 

below the objective was 30-40 mW.

Transmission electron microscopy—E14.5 LV ChP tissue was micro-dissected in 

HBSS (Thermo Fisher Scientific) and drop-fixed immediately in FGP fixative (5% 

Glutaraldehyde, 2.5% Paraformaldehyde and 0.06% picric acid in 0.2 M sodium cacodylate 

buffer, pH 7.4). After 2 hours of fixation at room temperature, the tissue was washed in 0.1 

M cacodylate buffer and post-fixed with 1% Osmiumtetroxide (OsO4)/1.5% Potassium 

ferrocyanide (KFeCN6) for 1 hour, washed twice in water, and once in 50mM Maleate buffer 

pH 5.15 (MB) and incubated in 1% uranyl acetate in MB for 1hr followed by 1 wash in MB, 

2 washes in water and subsequent dehydration in grades of alcohol (10 min each; 50%, 70%, 

90%, 2×10 min 100%). Samples were then put in propyleneoxide for 1 hr and infiltrated ON 

in a 1:1 mixture of propyleneoxide and TAAB Epon (TAAB Laboratories Equipment Ltd, 

https://taab.co.uk). The following day, the samples were embedded in TAAB Epon and 

polymerized at 60°C for 48 hrs. Ultrathin sections (about 80 nm) were cut on a Reichert 

Ultracut-S microtome, picked up on to copper grids stained with lead citrate. Images were 

acquired with a JEOL 1200EX transmission electron microscope, and recorded with an 

AMT 2k CCD camera (Biological Electron Microscopy Facility, Harvard Medical School).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifications of cell numbers and macrophage activation—For brain section 

staining and analysis, at least three sections from each individual were stained, imaged and 

analyzed. Sections from consistent anatomical locations in the ChP of at least three 

individuals (please refer to specific sample sizes in Figure Legends) were analyzed in each 

group. All cell number quantifications were performed in Fiji (ImageJ) automatically using 

the “Analyze particles” function in Fiji after adjusting brightness/contrast to a consistent 

setting and adjusting threshold (Otsu) to generate a binary image. If there were clearly two 

binary objects (e.g. cells in close contact to each other in the raw image), watershed was 

used to separate them. ChP tissue area was traced with “Polygon selections” according to 

Hoechst staining, measured and used to normalize cell numbers. Cells whose Iba1+ staining 

area appeared to be external to the traced tissue margin were considered “surface/epiplexus 

cells.” Circularity and solidity of Iba1+ macrophages were measured using “Shape 
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descriptions” in combination with the “Analyze particles” function in Fiji. Iba1+ cell 

morphology was characterized based on previously published observations on developing 

microglia at similar developmental stages (Bolton et al., 2017; Wu et al., 1992). Using the 

“Analyze particles” function, the percentage of CD68+ signal within Iba1+ macrophages was 

quantified as (CD68+; Iba1+ / Iba1+) % to reflect ChP macrophage phagocytic activity.

Brain development severity score index—Disruption to brain development was 

scored based on CUX1, CTIP2, and Iba1 staining of four coronal sections per sample, and 

sections from consistent anatomical locations were analyzed. Point were assigned based on 

the presence of the following phenotypes: (1) alterations of gross brain morphology along 

the dorsal-lateral cerebral cortex; (2) cell distribution disruptions or clusters of cells 

occurring near the pial surface; (3) severe cortical thinning and ventricle enlargement; (4) 

severity of SVZ disruption (score = 1 if SVZ region thickness was irregular along the 

ventricle, score = 2 if massive macrophage infiltration was observed following Iba1 

staining); (5) in the event of cortical patches, one point was given per patch. The total score 

from the above criteria provided the “Severity score” presented in Figure 6F.

Nearest neighbor analysis—The nearest neighbor analyses were carried out as 

previously described (Shipley et al., 2020). Specifically, locations of cell centers were 

selected using the Cell Counter plugin in Fiji. The tissue outline was drawn manually and 

the image region within this outline was converted to a binary mask using Fiji. Whole LV 

ChP explants were used to trace Cx3cr1GFP/+ cell locations. Areas where the tissue was 

pinned (to stabilize for staining Figure S4A, B) or folded were excluded from further 

analyses, to avoid bias in cell-cell distances introduced by tissue-pinning or tissue-folding. 

The nearest-neighbor distance was calculated for each individual cell, and the cumulative 

distribution function was plotted using the spatstat package in R.

Simulated distributions based on a 2D Poisson distribution of cell location, assuming 

random cell locations (vs. tiled spacing) were generated iteratively 100 times. The mean of 

these simulated distributions yielded the “Poisson” estimate, while their extrema yielded a p 

= 0.01 acceptance interval.

Studentized permutation test was used to compare differences of different groups (Baddeley 

et al., 2016). Basically, it does a random permutation of the point pattern list, and calculates 

the Monte Carlo P value based on measures of variances from the group means.

Analysis of CD45+/hi cells breaching the barrier near the tips or troughs of 
ChP villi—First, the user traced the border of the 3V ChP from a coronal IHC section. 

Next, the user manually selected the position of each immune cell that was putatively 

crossing the epithelium. The cell position on the border curve (outlining the epithelium of 

the ChP) was the point on the curve closest to the manually selected point. The border curve 

was reparameterized along its path such that each point on the curve had a unique path 

distance, D, starting from the leftmost edge of the ChP in the image. Crucially, D is 

monotonic, as opposed to the border curve, which can fold back on itself. The border curve 

“prominence” was plotted as a function of D, the border path distance from the leftmost 

edge. These values were high-pass filtered to account for the large curvature of the ChP, 
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preserving only the prominence of the villi. Each cell position was also converted to a 

coordinate along the border curve. The local extrema of this curve represent the alternating 

tips and troughs of the ChP villi. The relative distance of each cell’s position from the 

nearest tip and trough is given as:

Relative distance = Tip distance
Trougℎ distance + tip distance

such that a point exactly on the tip would have a relative distance of 0, and a point in the 

trough would have a relative distance of 1. This relative distance score was calculated for 

each breaching cell across all AAV-CCL2 ChP samples.

Imaging registration—We used a previously described custom 3D registration pipeline in 

Matlab (Mathworks) to account for tissue motion and warping (Shipley et al., 2020). Due to 

the rapid motility of immune cells across seconds, 3D registration of individual volumes was 

necessary to properly account for ChP movement at these rapid timescales.

To account for fast intra-volume changes, within each individual volume, each plane was 

iteratively matched to its neighbor by cross-correlating the Fourier transformation of the two 

images to find the transverse X and Y shifts.

After intra-volume alignment, reference volumes were generated by averaging every 20 

volumes. To account for inter-volume lateral and axial shifts, each volume was then 

registered to its respective reference volume by cross-correlating the 3D Fourier 

transformation of the two volumes to find the X, Y, and Z shifts. Each reference volume was 

registered to the first reference volume using the same method.

Axial projections, such as mean, median, and maximum projections, were then performed. 

Finally, the movie of these projected images was further stabilized in three successive steps: 

(i.) matching each frame to the average of the first 50 frames, (ii.) matching each frame of 

the resulting movie iteratively to its neighbor, (iii.) matching each frame of the resulting 

movie to the average of the first 50 frames.

Motility analysis—The aligned, 4D XYZT recording was mean projected over time to 

obtain an average XYZ volume. In this average volume, 3D XYZ coordinates of immune 

cell centroids were manually selected. True positions were defined as the weighted centroid 

within a 15x15x20 μm neighborhood centered on the manual selection.

For analyses of individual immune cells, the raw XYZT movie was cropped to a 40 x 40 x 

50 μm3 area around a centroid. A 5-minute portion of this cropped 4D movie was then mean 

Z projected to obtain a 40 x 40 μm2 movie (XYT) video. A target image was created by 

averaging every frame of this movie. Local translational registration was performed by 

cross-correlating each movie frame with this target image in Fourier space (i.e. rigid-body 

translation correction, (Guizar-Sicairos and Fienup, 2008)). These XY translation 

corrections were cumulatively summed to calculate the total displacement of each cell in the 

XY plane.
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The mean of the registered movie was taken as the mean fluorescence image. The mean 

fluorescence image was binarized using Otsu’s method in MATLAB. If there were two 

binary objects (e.g. from a neighboring cell), a watershed transform was applied, and the 

region ontaining the center of the field of view was considered the field of view, and the rest 

was masked out.

This masked, registered movie was bandpass filtered. A low-pass movie was made with a 

rolling mean of 3 frames; a high-pass movie was made with a rolling mean of 20 frames; the 

bandpass filtered movie was made by taking the absolute difference between the low-pass 

and high-pass movies. A standard deviation bandpass image was created by taking the 

standard deviation of the rectified, bandpass filtered movie; a mean image was created by 

taking the mean of the original movie over time. The standard deviation image was 

pixelwise divided by the mean image to make a normalized motility image.

The binarized fluorescent image was iteratively dilated to make 16 equidistant annuli, each 

with a width of 0.5 μm. The motility image was masked by each annulus mask, to make a 

16-element array of average motility across all pixels at each distance from 0 to 8 μm 

beyond the outer edge of a cell (in 0.5 μm bins). This process was repeated for each 

individual cell centroid, and for each recorded movie.

Statistical Analyses—All experiments were repeated in a minimum of two litters of mice 

each group, from independent experiments, unless otherwise specified. Statistical analyses 

were performed using Prism 7 (GraphPad), R 3.5 and Python 2.7. Quantitative data from 

biological replicates are presented as the “mean ± S.E.M.”, unless otherwise noted. 

Appropriate statistical tests were selected based on sample size, distribution of data, and the 

homogeneity of variances. Outliers were excluded using the ROUT method (Q = 1%). For 

datasets with n > 8, D'Agostino-Pearson normality test was used to assess whether the 

dataset was normally distributed. Parametric tests were chosen for datasets with n < 8 and 

for larger datasets when the data were distributed normally. The Mann-Whitney test was 

used for non-parametric comparisons of two groups of datasets. The F test or Brown 

Forsythe’s test were used to assess variances between data sets from different groups. 

Differences between two different groups (subjected to different treatment) were analyzed 

by two-tailed unpaired t-test when variances between groups were similar, otherwise 

Welch’s t-test was selected. For the GLMM analysis of cell motility and mobility across 

conditions, data were analyzed in Python 2.7, and R 3.5; statistics were calculated using the 

lme4 and afex packages in R; P values were calculated using the Kenward-Roger 

approximation for degrees of freedom. For the nearest-neighbor analyses, studentized 

permutation test was used to compare differences of different groups. Please refer to figures 

and figure legends for statistical details. P values < 0.05 were considered significant (* P < 

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001), P > 0.05 were not statistically 

significant (N.S.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Embryonic choroid plexus (ChP) mounts inflammatory responses to maternal 

infection

• Embryonic CSF contains key biomarkers of neurodevelopmental disorders

• Two-photon imaging reveals macrophage motility and mobility at embryonic 

ChP

• CCL2 weakens ChP barrier and recruits immune cells through ChP barrier 

hotspots
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Figure 1. MIA triggers macrophage accumulation at the embryonic ChP and modifies CSF 
composition.
(A) Schematic of experimental paradigm and E14.5 brain. (B) LV ChP macrophages from 

saline- or polyI:C conditions. Arrow: macrophages in ChP stromal space; arrowheads: 

macrophages at ChP surface. Scale = 20 μm. (C) Iba1+ macrophage numbers per LV ChP. 

**P = 0.0030, unpaired t-test. (D) Percent of epiplexus ChP macrophages. **P = 0.0029, 

unpaired t-test. (E) Iba1+ macrophage circularity. ****P < 0.0001, unpaired t-test. Dashed 

lines: median and quartile values. Data points: individual cells. (F) Schematic depicting 

major morphological states of Iba1+ macrophages at E14.5. (G) Round ChP Iba1+ 

macrophages (% of total). **P = 0.0020, unpaired t-test. See also Figure S1F. (H) CD68+ 

macrophages from MIA E14.5 LV ChP Arrows: “thin” macrophage, CD68−;Iba1+; 

arrowheads: “round” macrophages, CD68+;Iba1+. Scale = 50 μm. (I) Macrophages (Iba1+) 

that are phagocytic (CD68+;Iba1+, in %) in (H) (% of total). **P = 0.0021, unpaired t-test. 
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(J) Cytokines and chemokines in E14.5 CSF and AF. n ≥ 4 litters per group. (K) Relative 

changes in CCL2 in CSF samples from (J). *P = 0.025, unpaired t-test. (L) E14.5 CSF 

[CCL2] analyzed by sandwich ELISA. n = 3 litters per group, *P = 0.0039, unpaired t-test. 

All data presented as mean ± S.E.M., except in (J) where mean values are presented. See 

also Figure S1, Tables S1-S2.
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Figure 2. MIA is accompanied by increased CCL2-CCR2 signaling at the ChP-CSF barrier.
(A) Ccl2 and (B) Ccr2 expression in E16.5 ChP from Dani et al., bioRxiv, 2019. Endo: 

endothelial cells; NG: neuroglia. (C-D) Violin plots showing Ccl2 (C) and Ccr2 (D) 
expression in embryonic ChP immune cell subclusters from Dani et al., bioRxiv, 2019. (E) 
Ccl2 expression (qRT-PCR) in CSF-contacting tissue following MIA, normalized to saline. 

LV ChP: *P = 0.016; Neuroepithelium, *P = 0.031; Meninges: *P = 0.033 Welch’s t-test. 

One outlier in polyI:C LV ChP sample and one outlier in saline neuroepithelium sample 

were removed using the ROUT method (Q = 1%). (F) ChP schematic and representative 

images of CCL2 cellular distribution in LV ChP. Asterisks: co-localization of CCL2 and 

Clathrin. Scale = 10 μm. See also Figure S2D for antibody validation. (G) E14.5 4V ChP 

schematic. (H) Ccr2+/RFP monocytes in 4V ChP of MIA E14.5 Ccr2+/RFP samples. Scale = 

100 μm. (I) Ccr2+/RFP monocyte numbers (per LV ChP) for (H). ****P < 0.0001, unpaired 

t-test. All data presented as mean ± S.E.M. See also Figure S2.
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Figure 3. CSF-CCL2 supplementation stimulates immune cell accumulation at the ChP.
(A) Schematic of in utero ICV injection paradigm. (B) ChP macrophages in PBS or rCCL2. 

(C-D) Cell location (C) and shape (D) of macrophages in (B). (C) Epiplexus macrophages 

(% of total). **P = 0.0011, Welch’s t-test. (D) Round macrophages (% of total). ****P < 

0.0001, unpaired t-test. (E) Representative image of E15.5 AAV-GFP brain, 48 h post 

infection. Red dashed line: meninges where no GFP signal was observed using the viral 

transduction paradigm illustrated in (A). Scale = 200 μm. (F) Representative image of Ccl2 
RNAscope in situ hybridization of untreated or AAV-CCL2 E15.5 section. Representative 4x 

images of brain sections for AAV-GFP or AAV-CCL2 condition (left; Scale = 1 mm) and 

representative 20x images showing LV ChP (middle; scale = 100 μm) and meninges (right; 
scale = 100 μm). Red dashed line: epithelial cells of LV ChP where Ccl2 transcript was most 

enriched in AAV-CCL2 samples; green dashed line: meninges where Ccl2 transcript was 

detected but at lower levels than in LV ChP epithelial cells from AAV-CCL2 samples. (G-H) 

LV ChP macrophages (G) and immune cells (H) in AAV-GFP or -CCL2 conditions. (I) CSF 
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CCL2 concentrations; n = 3 litters/condition. ****P < 0.0001, unpaired t-test. (J-K) LV ChP 

Iba1+ (J) and CD45+ (K) cell numbers in each condition. ***P = 0.0002, Welch’s t-test. *P 
= 0.0195, unpaired t-test. (L-M) Location (L) and shape (M) of Iba1+ cell in (G). (L) 
Epiplexus macrophages (% of total). **P = 0.011, unpaired t-test. (M) Round macrophages 

(% of total). **P = 0.012, unpaired t-test. Scale = 50 μm. All data presented as mean ± 

S.E.M. See also Figure S3.

Cui et al. Page 27

Dev Cell. Author manuscript; available in PMC 2021 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Visualizing immune cells at the developing ChP.
(A) Phagocytic macrophages at E15.5 4V ChP Scale = 50 μm. (B) Phagocytic 4V ChP 

macrophages (CD68+;Iba1+; % of total Iba1+), mean ± S.E.M. ***P = 0.0002, unpaired t-

test. (C) Schematic of imaging setup. (D) Z-projection of E14.5 4V ChP across time-

averaged imaging volume of GFP+ cells and Dextran-labeled ChP vasculature from a naive 

Cx3cr1+/GFP sample. Arrows: GFP+ cells in the stromal region of 4V ChP. Arrowhead: GFP
+ cell at 4V ChP tissue surface (epiplexus cell). Scale = 50 μm. (E) Z-projection image of 

E14.5 4V ChP GFP+ macrophages and tdTomato+ epithelial cells from a Cx3cr1+/GFP 

sample. Images taken 1 day after in utero ICV delivery of AAV-Cre (control) and AAV-

tdTomato (mixture ratio of Cre : tdTomato = 5 : 1). Data are from recordings averaging 30-

minutes. Scale = 50 μm. Dashed white lines: 4V ChP boundaries. (F) Schematic of cells 

exhibiting low (Cell 1) or high (Cell 2) motility. Low motility cells showed limited 

movement of processes, leading to a smaller motility “halo” than high-motility cells. (G) 
ChP macrophages with estimated motility “halos” (see below), from an AAV-CCL2 + AAV-

tdTomato Cx3cr1+/GFP sample. (H) Procedure for estimating motility in low- and high-

motility cells. Top row: mean cell body fluorescence (green) and standard deviation of 
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bandpass filtered fluorescence across time, at each pixel (motility “halo,” magenta). Second 
row: standard deviation of bandpass-filtered fluorescence. Third row: Mean cell body 

fluorescence. Regions with the same pseudocolor hue indicate pixels with a similar distance 

from the outer edge of the cell body (up to 8 μm away; see also hollow squares in F). 

Bottom row: for all pixels at a given distance from the outer edge of the cell (cf. colors at top 

of panel), we calculated the average of the standard deviation (third row) normalized by 

mean fluorescence (second row). This showed that the example cell at right (a “High 

motility” cell from the CCL2 condition) had elevated motility of processes peaking at 2-3 

μm from the cell border. (I) Heatmap of motility (same estimate as bottom row of H) for 

every imaged cell in Cre and CCL2 conditions (1 cell / row). For each sample, rows were 

sorted by the cell’s peak motility. Green lines separate data from different samples (Cre: n = 

66 cells from 4 individuals; CCL2: n = 89 cells from 5 individuals). Cells from the first 

sample of each condition correspond to cells in Video S7. Gray scale indicates motility 

score. (J) Relationship between cell displacement and peak motility for each cell for all 

samples (with a different symbol for each individual) and conditions (CCL2 and Cre; see 

Methods). We noted a trend to greater displacement and mobility for CCL2 vs. Cre 

conditions. However, these differences may be due, in part, to overall variability across 

individuals. Indeed, we could not determine whether the CCL2 vs. control condition had a 

significant effect on motility (P = 0.33) or displacement (P = 0.67) when accounting 

differences across individuals using a normally distributed generalized linear mixed effects 

model (GLMM) with an identity link function, with the category type as a predictive 

variable and the sample number as a fixed effect. We also asked whether displacement and 

motility were correlated and found that the level of motility strongly predicted that of 

displacement (P < 0.0001) even when accounting for sample number (using a normally 

distributed GLMM with an identity link function, with the displacement as a predictive 

variable and both the sample number as a fixed effect). See also Figure S4, Videos S1-7.

Cui et al. Page 29

Dev Cell. Author manuscript; available in PMC 2021 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. ChP barrier properties are altered by CSF composition.
(A-E) Macrophage distribution analysis of LV ChP explants of naïve (untreated), AAV-Cre 

(AAV control), and AAV-CCL2 Cx3cr1+/GFP conditions. (A) Cumulative distribution of 

nearest-neighbor distances across GFP+ immune cells indicates that differences between 

groups are statistically significant (studentized permutation test, P = 0.003). See also Figure 

S5C. (B) Schematic depicting LV ChP explant and binned areas for cell counting. A, 

Anterior; P, Posterior. (C) Cx3cr1+/GFP LV ChP explants from each condition. (D) GFP+ cell 

numbers from bin #1 (CSF-contacting region) to bin #5 (brain-proximal region). GFP+ cell 

density (% of total GFP+ cells across bins). AAV-Cre vs. AAV-CCL2: ** P = 0.037 (Bin #1), 

*** P = 0.0009 (Bin #3); AAV-Cre vs. naive: # P = 0.0017 (Bin #3), # P = 0.0017 (Bin #4). 

All other P-values > 0.05. n = 3 for naive and AAV-Cre, n = 6 for AAV-CCL2, two-way 

ANOVA, P values corrected for multiple comparisons by Holm-Sidak test. Scale = 100 μm. 

(E) Immune cells (CD45, pseudocolored in green) breaching 4V ChP epithelium. In AAV-

GFP condition, CD45+ cells were mostly seen in the 4V ChP stromal space. In AAV-CCL2 

condition, Iba1+ and CD45+ cells were in stromal space, on the ChP surface, and between 

epithelial cells (arrowheads). Dashed lines: 4V ChP. Arrowheads: putative transmigrating 

immune cells at distal tip of 4V ChP villi. Arrow: transmigrating immune cell at trough 

between 4V ChP villi. Scale = 50 μm. (F) Schematic depicting a breaching immune cell. (G) 
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Number of cells breaching the barrier per ChP villus: GFP = 0, n = 9; CCL2 = 0.57 ± 0.16, n 

= 6. * P = 0.018 Welch’s t-test. (H) Violin plots and individual cell data illustrating the 

distribution of relative distances of the “barrier breaching” CD45+/hi cells from the distal tip 

of the adjacent 4V ChP villus (‘0’: cell at tip; ‘1’: cell at trough). 65.5% of cells had a 

relative distance of ≤ 0.1 from the tip of the villus, 6.9% cells had relative distance ≥ 0.5, n = 

29 cells from 6 AAV-CCL2 individuals. (I) Proliferating (Ki67, green pseudocolored) 

immune cells (Iba1, red) in 4V ChP of AAV-GFP or AAV-CCL2 individuals. Arrowheads in 

I, J: BrdU+;Iba1+ cells. Scale bars = 50 μm. (J) Top: schematic of BrdU labeling. Bottom: 

LV ChP BrdU+ and Iba1+ staining related to (K). (K) Iba1+ cells that are BrdU+ (% of total). 

***P = 0.0006, unpaired t-test. Scale = 50 μm. All data presented as mean ± S.E.M. except 

in (H). See also Figure S5.
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Figure 6. ChP barrier properties and embryonic brain development are altered by CSF-CCL2 
augmentation.
(A-B) Mean z-projection images showing ZO-1 staining of LV ChP explants from (A) AAV-

GFP or -CCL2 conditions, and (B) E14.5 control or MIA conditions. Arrowheads: 

representative staining patterns; scale = 20 μm. (C) Representative mean z-projection 

images, and orthogonal images of boxed areas showing Occludin and β-catenin staining. 

Scale = 20 μm, or 5 μm in close-up views. For each condition in (A) to (C), two regions of 

interest per explant were examined, and whole mount LV ChP explants of n ≥ 3 individuals 

from two litters were scanned and assessed. (D) EM of tight junctions (TJ) between ChP 

epithelial cells from PBS or recombinant CCL2 (rCCL2) conditions. Scale = 100 nm. TJ: 

red; intercellular space (S): magenta; arrowheads: contact points; blue dashed lines: CSF-

facing apical surface of the LV ChP (E) Top: schematic showing TJ between ChP epithelial 

cells. Bottom: number of contact points per μm. LV ChP samples from n = 3 individuals, at 

least 10 TJ per sample were analyzed, *P = 0.033, unpaired t-test. (F) P0 cortical 

disorganization severity scores. n = 7 from two litters for AAV-GFP, and n = 12 from three 

litters for AAV-CCL2. ** P = 0.0048, unpaired t-test. (G) Representative zoomed-in images 
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showing cortical disorganization patches of P0 samples from (F). Scale = 100 μm. See also 
Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-MCP1 (CCL2) Abcam Cat#ab7202

Rabbit anti-Iba1 Fujifilm Wako Cat#019-19741

Rat monoclonal [FA-11] anti-CD68 Abcam Cat#ab53444

Chicken polyclonal to GFP Abcam Cat#ab13970

Rabbit anti-RFP Rockland Cat#600-401-379

Rat Anti-Mouse CD45, Clone 30-F11 BD Pharmingen Cat#550539

Mouse Anti-BrdU (5-bromo-2’-deoxyuridine), Clone B44 Becton Dickinson Cat#347580

Mouse monoclonal Anti-AQP1 (1/22) Santa Cruz cat#sc-32737

Mouse Anti-Ki-67, Clone B56 BD Pharmingen cat#550609

Rabbit polyclonal Anti-ZO-1 ThermoFisher Scientific cat#61-7300

Rabbit Occludin Polyclonal Antibody ThermoFisher Scientific cat#71-1500

Rabbit Claudin1 Polyclonal Antibody ThermoFisher Scientific cat#51-9000

Mouse Anti-Clathrin Heavy Chain, Clone 23/Clathrin Heavy 
Chain

BD Transduction Laboratories Cat#610449

Rabbit polyclonal anti-CDP (CUX1) Santa Cruz Cat#sc-13024

Rat monoclonal [25B6] to Ctip2 Abcam Cat#ab18465

Rabbit polyclonal Cleaved Caspase-3 (Asp175) Cell Signaling Technology Cat#9661

Rat monoclonal [ER-MP20] to Ly6c Abcam Cat#ab15627

Bacterial and Virus Strains

AVV2/5-mCCL2-hGH Boston Children’s Hospital viral 
core, IDDRC

N/A

AAV2/5-CAG-GFP-WPRE Boston Children’s Hospital viral 
core, IDDRC

N/A

AAV2/5-CAG-Cre-WPRE Boston Children’s Hospital viral 
core, IDDRC

N/A

AAV2/5-CAG-tdTomato-WPRE Boston Children’s Hospital viral 
core, IDDRC

N/A

Chemicals, Peptides, and Recombinant Proteins

polyinosinic-polycytidylic acid (polyI:C) Sigma Cat#P9582, Lot#086M4045V, 
077M4039V

Recombinant Mouse CCL2/JE/MCP-1 Protein, CF R&D Systems Cat#479-JE-050/CF

Critical Commercial Assays

LEGENDplex™ Mouse Inflammation Panel FACS-ELISA BioLegend Cat#740446

MCP-1 ELISA kit Abcam Cat#ab208979

RNAscope H202 & Protease Plus Reagents ACD Bio Cat#322330

RNAscope 2.5 HD Dectection Reagent-BROWN ACD Bio Cat#322310

RecoverAll Total Nucleic Acid Isolation Kit ThermoFisher Scientific Cat#AM1975

ImProm-II Reverse Transcription System Promega Cat#A3800

Taqman Fast Universal PCR Master Mix ThermoFisher Scientific Cat#4366073
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: C57BL/6 Taconic Farms, Charles River 
Laboratories

N/A

Mouse: CD-1 (ICR) Charles River Laboratories N/A

Mouse: Cx3cr1GFP (B6.129P2(Cg)-Cx3cr1tm1LItt/J) The Jackson Laboratory Stock# 005582

Mouse: Ccl2 KO (B6.129S4-Ccl2tm1Rol/J) The Jackson Laboratory Stock# 004434

Mouse: Ccr2RFP (B6.129(Cg)-Ccr2tm2.1Ifc/J) The Jackson Laboratory Stock# 017586

Oligonucleotides

Mouse GAPD (GAPDH) Endogenous Control (VIC™/MGB 
probe)

ThermoFisher Scientific Cat#4352339E

Mouse Ccl2 (FAM-MGB, Assay ID: Mm00441242_m1) ThermoFisher Scientific Cat#4453320

Mouse Cxcl10 (FAM-MGB, Assay ID: Mm00445235_m1) ThermoFisher Scientific Cat#4453320

Mouse Ccl3 (FAM-MGB, Assay ID: Mm00441259_g1) ThermoFisher Scientific Cat#4453320

Mouse Ccl4 (FAM-MGB, Assay ID: Mm00443111_m1) ThermoFisher Scientific Cat#4453320

Mouse Occln (FAM-MGB, Assay ID: Mm00500912_m1) ThermoFisher Scientific Cat# 4448892

Mouse Cldn1 (FAM-MGB, Assay ID: Mm00516701_m1) ThermoFisher Scientific Cat# 4448892

Mouse Cldn2 (FAM-MGB, Assay ID: Mm00516703_s1) ThermoFisher Scientific Cat# 4448892

Mouse Cldn3 (FAM-MGB, Assay ID: Mm01196233_s1) ThermoFisher Scientific Cat#4448892

Mouse GAPD (GAPDH) Endogenous Control (VIC-MGB) ThermoFisher Scientific Cat#4352339E

Mouse Ccl2 RNAscope probe (Probe-Mm-CCL2) ACD Bio Cat#311791

Recombinant DNA

Mouse Ccl2 CDS (NCBI reference sequence: NM_011333.3) IDT gBlocks Gene Fragments

pAAV-MCS empty vector Agilent Cat#240071

Software and Algorithms

LegendPlex v7.1 software Biolegend https://www.biolegend.com/enus/
legendplex#software

GraphPad Prism 7.04 GraphPad https://www.graphpad.com/
scientificsoftware/prism/

FIJI (version 2.0.0-rc-69/1.52p) ImageJ https://imagej.net/Fiji

MATLAB 2018b MathWorks https://www.mathworks.com/?
s_tid=gn_logo

Python 2.7 Python Software Foundation www.python.org/

R 3.5 The R Foundation https://cran.r-project.org/

Imaging registration and analysis algorithms Shipley et al., 2020 and this study https://github.com/LehtinenLab/
Cui2020-code

Other

Hoechst 33342 ThermoFisher Scientific Cat#H3570

70kD Texas Red-Dextran ThermoFisher Scientific Cat#D1830
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